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Abstract:



One of the ways to simultaneously increase the strength and the fracture and impact toughness of structural materials is by producing multilayered materials. In this paper we discuss the structure and properties of a seven-layer composite obtained by explosive welding of high-strength titanium alloys. The structure of the composite was characterized using light microscopy, scanning electron microscopy (SEM), and transmission electron microscopy (TEM). At the interfaces between plates, formation of waves and vortices was observed. The wave formation is discussed with respect to the kinetic energy loss. The vortices consisted of a mixture of two alloys and possessed a martensitic structure comprising α′ and β phases of titanium. Localized plastic deformation occurred along the interfaces during explosive welding by formation of shear bands. The most intensive shear banding occurred in the vicinity of the upper interfaces. The local hardness at the interfaces increased due to the formation of the quenched structures. The interfaces between titanium alloys positively influenced the impact toughness of the composite, which increased in comparison with that of bulk titanium alloys by a factor of 3.5. The strength characteristics of the composite remained at the same level as that of the bulk material (1100–1200 MPa).
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1. Introduction


Titanium and titanium alloys are widely used structural materials in the aircraft industry, shipbuilding, chemical engineering, medicine, and other industrial sectors which demand a combination of high mechanical properties and unique physical and chemical properties [1]. One of the biggest advantages of titanium alloys is their low specific weight, which in combination with enhanced strength and fatigue characteristics, and high temperature and corrosion resistance, provide the reliable service of titanium products under different loading conditions [2].



One of the most important characteristics defining the quality of titanium alloys is the strength level. Several main methods are currently utilized for strengthening titanium and its alloys. Among them are alloying, heat treatment, and severe plastic deformation [3,4,5,6]. The aforementioned methods efficiently increase the ultimate tensile strength (UTS) and the yield strength (YS) of titanium. For example, the UTS of commercially pure (CP) titanium as a rule does not exceed 450 MPa, while the strength of titanium alloys can reach 1200 MPa. Heat treatment of some high-strength titanium alloys increases the UTS up to 1500 MPa [7]. Equal channel angular pressing (ECAP) increases the UTS of CP titanium by a factor of 2.5 [3,4,5,6]. However, an important disadvantage of all these technologies is the decrease of ductility and impact toughness of the material, which negatively affects the reliability of titanium products.



Several approaches can be proposed to resolve a contradiction between strength and toughness of alloys. One of them is the fabrication of laminated composites [8], which significantly improves elongation at fracture, impact toughness, fracture toughness, and fatigue life of materials, maintaining the strength at the initial level [9]. The enhanced crack growth resistance and impact toughness of multilayered metallic materials are provided by the positive influence of interfaces which deflect and deviate nucleating and propagating cracks during static and dynamic loadings [9]. Consequently, a part of the energy required for damage of the material is consumed for propagation of cracks along the interfaces and their renucleation in every new layer.



There are several technologies for the fabrication of laminated composites. For instance, roll bonding [10,11,12,13,14,15] and diffusion (reaction) bonding [12,16,17] have been known for a long time. In several studies (e.g., [18,19]), an explosive welding technique has been proposed for fabrication of laminated composites. Formation of multilayered composites by explosive welding of either similar or dissimilar steels significantly improves their impact toughness and crack growth resistance and simultaneously increases strength [20,21,22]. The strengthening of explosively welded materials is due to the high-strain-rate plastic deformation of colliding plates, which is particularly strong near the interfaces [18,23].



Thus, application of explosive welding for the formation of layered titanium-based composites may be an efficient strategy for the fabrication of high-strength, lightweight, and reliable structural materials. The aim of this study is the fabrication of a high-strength Ti-based composite with enhanced impact toughness by a single-step explosive welding technique. The structure and properties of the composite are discussed.




2. Materials and Methods


The seven-layer composite was produced by explosive welding according to the parallel scheme with a stand-off distance of 1 mm (Figure 1). Four plates of VT23 and three plates of VT14 titanium alloys were used as initial materials. Both materials belong to the martensitic α + β titanium alloys but have different quantities of β stabilizers. The elemental composition of plates is shown in Table 1. The thicknesses of VT23 and VT14 were 1.5 and 0.6 mm, respectively; dimensions of the welded workpieces were 50 mm × 100 mm. A 30 mm thick layer of ammonite 6ZhV was used as an explosive.


Figure 1. Scheme of the explosive welding of the seven-layer composite.
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Table 1. The elemental composition of initial materials, wt %.





	Titanium Alloy
	Ti
	Fe
	Cr
	Mo
	V
	Al
	Others





	VT23
	Bal.
	0.56
	0.85
	1.74
	4.58
	4.54
	0.43



	VT14
	Bal.
	0.29
	-
	3.10
	1.45
	4.91
	0.76









Structural investigations were carried out using an AxioObserver Z1m (Carl Zeiss, Oberkochen, Germany) optical microscope and an EVO 50 XVP (Carl Zeiss) scanning electron microscope (SEM) equipped with an energy-dispersive X-ray (EDX) analyzer. Samples for structural investigations were cut out along the direction of a collision point velocity and were mounted in polymer material using a SimpliMet 1000 (Buehler, Uzwil, Switzerland) hot mounting press. Preparation of the sample surfaces was carried out according to a standard procedure consisting of grinding by abrasive SiC papers with grain size varying from 100 to 5 µm and polishing by alumina with a grain size of 3 µm. Fine polishing was carried out using a colloidal silica solution with a grain size of 0.04 µm. Grinding and polishing was carried out using LaboPol-5 (Struers, Cleveland, OH, USA) equipment. The microstructure of the titanium alloys was revealed by etching with a solution of 5% HNO3, 3% HCl, and 2% HF in water. The fine structure of the interfaces and adjacent material was studied using a Tecnai G2 20 transmission electron microscope (TEM). For preparation of TEM specimens, Gatan Dimple Grinder Model 656 and Gatan PIPS Model 691 equipment were used.



Microhardness profiles were measured using a 402 MVD (Wolpert Group, Bretzfeld, Germany) semi-automatic microhardness tester. The load on the diamond indenter was 50 g. The mechanical properties of the material were estimated by means of tensile tests and impact tests. Tensile strength was determined using an Instron 3369 testing machine. The dimensions of the samples were 100 mm × 8 mm × 4 mm. The samples were loaded in the direction parallel to the interfaces. The average value of tensile strength was calculated based on the results of 5 measurements. Impact toughness was measured using a Metrocom impact testing machine with the maximum impact energy of 300 J. V-notched Charpy samples with dimensions of 55 mm × 10 mm × 5 mm were prepared for testing. Load was applied in the direction perpendicular to the interfaces (in the crack-arrester orientation).




3. Results and Discussion


3.1. Structural Investigations of the Interfaces Between Titanium Alloys


The explosive welding process led to the formation of a seven-layer composite consisting of alternatively stacked VT23 and VT14 layers (Figure 2). The morphology of the interfaces of the explosively welded dissimilar titanium alloys was wavy and was characterized by the presence of vortices in local areas of the welds. Variations in the wave amplitude (A) and the wave length (λ) with the interface number are shown in Figure 3a. It can be noticed that A and λ values periodically increase and decrease but, finally, these dependences are decaying. The periodical variation of A and λ can be explained in the following way. Hokamoto et al. [24] showed that in a single-shot multilayer welding, A and λ parameters depend linearly on the kinetic energy lost during collision of the plates (ΔKE). ΔKE can be found using the following equation [25]:


[image: ]



(1)




where [image: ] is the mass of the flyer plates per unit area, [image: ] is the mass of the collided plates per unit area, and [image: ] is the collision velocity. It is clear that for each new interface, the [image: ] value will be greater than for the previous one.


Figure 2. Panoramic view of the composite cross section.
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Figure 3. Amplitude, wave length (a), and kinetic energy loss (ΔKE) (b,c) for different interfaces.
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The collision plate velocity [image: ] decreases for each new interface according to the following equation [24]:


[image: ]



(2)




where [image: ] is the collision velocity at the current interface, and [image: ] is the collision velocity at the next interface. Thus, the collision velocity is smaller for each new layer. If the mass of each plate is the same, then ΔKE will gradually decrease with the interface number. However, since at even and odd interfaces the mass of the collided plate [image: ] is different due to the different thicknesses of the VT23 and VT14 plates, the ΔKE value will oscillate as shown in Figure 3b. Figure 3c shows a plot of λ versus ΔKE, which illustrates that λ has roughly linear dependence on ΔKE with some deviation for large values of ΔKE.



During explosion welding, high pressure and strain rates, as well as high heating and cooling rates, are achieved at the collision point. This induces substantial structural transformations in the material adjacent to the interfaces. Particularly, formation of a severely deformed structure and vortices (or remelted zones) was observed.



High strain rate and severe plastic deformation led to the formation of highly elongated grains and shear bands (Figure 4). Localized shear bands often appear during dynamic loading of materials, for instance, during high-speed collision of metallic plates [26]. Formation of these bands typically occurs in materials with low work hardenability, low thermal conductivity, high strain rate sensitivity, and high propensity for thermal softening [27]. Titanium and its alloys comply fully with the aforementioned requirements and adiabatic shearing is a natural response of these alloys on dynamic loading. Shear bands predominantly appeared at the first, second, and third plates, which were subjected to the highest load during explosive welding. One may notice (Figure 4a), that separation between shear bands considerably decreased near the boundary between the plates. In the vicinity of the interface, the separation between individual shear bands almost vanished, and narrow shear bands merged in thicker bands, which arranged themselves parallel to the interface (Figure 4c). TEM investigations revealed locally deformed areas adjacent to the less-strained material (Zone 1 and Zone 2 in Figure 5, respectively). Shear bands were characterized by elongation of titanium grains in the strain direction (Figure 5, Zone 1). A similar phenomenon was observed by authors of [28] when studying shear banding in Ti6Al4V. The small size of crystallites in shear bands compared to the neighboring grains gives evidence about the formation of subgrains. The mechanism of the structure formation in shear bands was suggested by several authors including Meyers et al. [29]. According to their model, the deformation starts with the homogeneous distribution of dislocations, which further rearranges itself into elongated dislocation cells. This process is known as dynamic recovery. As the deformation continues and the misorientation increases, these cells become elongated subgrains. Eventually, the elongated subgrains break up into approximately equiaxed micrograins. However, in our case, dynamic recrystallization did not take place. This means that titanium during explosive welding was subjected to subrecrystallization strains. Attributes of deformation were also observed in Zone 2 (Figure 5). This area was saturated with dislocations. In this picture, one can observe dislocation tangles as well as more energetically favorable dislocation distribution such as dislocation walls. It worth noting that shear banding did not induce any phase transformations in Zone 1 which is clearly seen in the diffraction pattern (Figure 5). The phase composition of the material in the shear bands and in the adjacent material was identical and corresponded to the mixture of α- and β-Ti (Figure 5).


Figure 4. Shear bands near the VT23–VT14 interfaces obtained by explosive welding: (a) light microscopy image; (b,с) Scanning electron microscope (SME) images.
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Figure 5. Results of transmission electron microscope (TEM) investigations of the shear bands and adjacent material.
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The other particularity of interfaces consisted of the formation of mixing zones (Figure 6a,b). Due to turbulent movement of the material during mixing, these areas are commonly called “vortices”. The results of EDX analysis confirmed the mixing of the two alloys in vortices (Table 2). The mixing zone contained intermediate amounts of alloying elements in comparison with the VT23 and VT14 alloys. The largest number of vortices was observed at the upper wavy interfaces. Several hypothetical mechanisms of vortex formation are proposed; nevertheless, none of them is generally accepted. However, it is quite obvious that formation of vortices is associated with severe plastic deformation of the material at the collision zone, heating of local zones up to temperatures exceeding the temperature of α → β transformation (880 ± 50 °С) and, probably, the melting temperature of titanium alloys, and subsequent rapid cooling. The combination of aforementioned processes led to martensite formation upon cooling of the vortices (Figure 6 and Figure 7a). The formation of a needle-like structure is typically attributed to the metastable hexagonal (α′) phase or martensitic orthorhombic phase (α”). Rapid cooling may lead to formation of a metastable phase along with a stable phase [30]. Electron diffraction patterns obtained from separate crystals show existence of β-Ti and α′-Ti crystals with different orientations respective to the β phase in vortex zones (see Figure 7b). Analysis of continuous cooling transformation (CCT) diagrams for titanium alloys indicates that formation of α” phase and α′ phase in VT23 and VT14, respectively, occurs when the cooling rate of vortices exceeds 102 K/s. Results of the numerical simulation presented in [31] indicated that the cooling rate during the explosive welding process could reach 107 K/s. This cooling rate is 5 orders of magnitude higher than the temperature necessary for metastable α”-Ti and α′-Ti formation. However, only α′-Ti was observed in vortices due to the dilution of VT23 with titanium from VT14 in mixing zones. Thus, the quantity of β stabilizers in the vortex alloy was not enough for formation of α”-Ti.


Figure 6. Quenched structure of vortices formed at VT23–VT14 interfaces: (a) light microscopy image; (b,c) SEM images.
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Figure 7. Results of TEM investigations of the vortex zone: (a) the structure of a vortex; (b) electron diffraction pattern obtained from the area shown in (a).
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Table 2. Elemental composition of the material adjacent to the interfaces, wt %.





	Zone of Analysis
	Ti
	Al
	V
	Cr
	Fe
	Mo





	VT23
	86.12
	4.68
	4.81
	1.1
	0.6
	2.7



	VT14
	91.04
	4.2
	-
	-
	-
	4.76



	Mixing zone
	89.55
	4.47
	2.3
	0.4
	-
	3.28









It can be supposed that temperatures in the vortices were much higher than the temperature of α → β transformation. As was mentioned above, during the explosive welding process, the central parts of the vortices can be heated up to the melting point. This fact is confirmed by the formation of discontinuities in the middle part of some mixing zones, which may be associated with solidification shrinkage (Figure 6a). Mixing zones at the lower interfaces merged into a continuous layer with a thickness of 10–15 µm. This layer was located along the interfaces (Figure 6c). This phenomenon can be explained by the trapping of the jet. Cowan et al. [32] reported that trapping occurs in the absence of oscillation when two initially parallel plates collide. The cast structure of this layer results from the melting which is induced by the transfer of extremely high energies from the jet to the welded material. The formation of a continuous molten layer only at the lower interfaces can probably be explained by the small collision angle of the lower plates. As it was shown before (2), the collision plate velocity decrease for each new layer; consequently, the collision angle is also decreased due to its relation with the collision plate velocity via the equation [33,34]


[image: ]



(3)




where [image: ] is the collision angle between two neighbor plates, [image: ] is the collision velocity at the interface between these plates, and [image: ] is the velocity of a contact point at the upper interface.



The above information can be summarized as follows. During the explosive welding, the intensive plastic deformation of α and β titanium grains occurred. The maximum plastic strain was reached near the VT23–VT14 interfaces as well as in the shear bands. The heat released during the deformation of plates led to increase of the temperature at the local areas of the interfaces up to the α → β polymorphic transformation point and even higher (up to the melting temperature). The heat exchange with unaffected surrounding material provided a high cooling rate and martensitic transformation occurred which manifested in the formation of a needle-like structure and α′-Ti.




3.2. Mechanical Properties of the Composite


The distribution of microhardness across two layers is shown in Figure 8. The indentation was carried out in the direction from a VT23 plate toward a VT14 plate through the interface between titanium alloys.


Figure 8. Results of microhardness measurements of the material near the interface between titanium alloys.
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The measurements did not reveal any noticeable increase of the microhardness caused by the work hardening near the interface. No significant increase of the hardness due to the presence of shear bands was observed as well. This fact can be explained by the small size of the heavily deformed areas (maximum 10 µm) which were smaller than the indenter imprint. However, a microhardness increase was observed in vortices with the martensitic structure. The average microhardness level of the vortices was 450 HV, while the microhardness of the VT23 and VT14 titanium alloys was about 345 HV.



The strength of the composite was estimated based on the results of tensile tests. The impact toughness was measured during impact bending tests. The results obtained were compared with the literature data provided for initial materials (Figure 9).


Figure 9. Results of tensile and impact bending tests of the explosively welded composite and properties of bulk VT23 and VT14 titanium alloys. The highest, the lowest, and the average values of properties of the bulk materials are calculated based on the data of Il′in et al. [7].
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The diagram (Figure 9) shows that the UTS of bulk VT23 and VT14 varies in a wide range depending on heat treatment and work hardening (from 700 to 1570 MPa for VT23 and from 835 to 1370 MPa for VT14). Average UTS values are 1075 and 1175 MPa for VT14 and VT23, respectively. The UTS of the seven-layer composite (1135 MPa) is close to these values. Thus, no significant strengthening was caused by explosive welding.



However, the impact toughness of the composite was 3.5-fold higher in comparison with that of the bulk titanium alloys. Similar phenomena were previously observed by Hokamoto et al. [24]. They observed a 1.7- to 4.3-fold increase of impact toughness of explosively welded carbon steel and low-carbon steel composite in comparison with its components. Kum et al. [35] and Lee et al. [36,37] observed a similar effect in ultrahigh-carbon steel laminates, and in Ni–steel and brass–steel laminates.



The impact toughness increase is typically explained by a positive influence of interfaces [35,36,37]. Wadsworth and Lesuer [9] describe several mechanisms of impact toughness increase in multilayered structures. Among them there are (1) crack deflection, (2) crack blunting, (3) crack bridging, (4) stress redistribution, (5) crack front convolution, and (6) local plane stress deformation. In our study we observed partial delamination of the composite, i.e., cracks propagated along the loading direction and in the perpendicular direction. Thus, at least the first mechanism acted during the fracture. Consequently, some of the energy required for the fracture was spent for delamination and renucleation of a crack, contributing to an impact toughness increase. The main evidence for delamination is the appearance of the wavy interfaces in microphotographs (Figure 10). In the picture which demonstrates the fracture along the interface, the waves oriented perpendicular to the detonation front are clearly seen. The other regions of the fracture surface exhibited the ductile “cup and cones” mechanism of failure. Fractographic studies did not reveal any evidence of a brittle fracture along the shear bands.


Figure 10. Fracture surfaces of VT23–VT14 multilayered materials.
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Lesuer et al. mentioned that the fracture toughness increases in laminated systems with a greater amount of delamination events [38]. Delamination can be promoted by a higher number of interfaces. Consequently, one can expect an increase in impact toughness with an increase of layer quantity. In this study, we increased the impact toughness of high-strength titanium alloys by using seven layers. One can expect that an increase of number of the layers would contribute to a further increase of this characteristic. However, explosive welding of multilayer material in one step involves a number of difficulties. An increase in the layer number without an increase in the amount of explosive can lead to a weaker bonding of lower layers and decrease the quality of the multilayer materials. An increase in the amount of explosive may cause the fracturing of upper layers due to the strong plastic deformation. An approach which can be used to solve these problems is the explosive welding of a large number of metallic plates in several steps. This technology was previously successfully approved in [22] and can be successfully applied for the formation of multilayered materials with improved mechanical properties.





4. Conclusions


Explosive welding is an efficient technology which allows the joining of several high-strength titanium plates in one step. In this study, a seven-layer laminated composite with high-quality joints was obtained. Interfaces between titanium plates possessed a typical wavy morphology. The amplitude and the wave length at the interfaces decreased in an oscillating way due to the different thicknesses of the welded plates which caused different kinetic energy losses at odd and even interfaces during explosive welding. Particularly significant structural changes occurred near the interfaces. Shear bands and the formation of vortices with a quenched structure were observed. The largest number of shear bands and vortices was observed in the upper welds which experienced higher load. The individual shear bands characterized by elongation of titanium grains merged in thicker bands near the interfaces. The martensitic structure at the interfaces appeared due to the high temperatures of vortices and a high cooling rate (exceeding 102 K/s) due to heat exchange with unaffected material. Stable β-Ti and metastable α′-Ti were found in these areas. Quenched microvolumes possessed a high level of hardness (450 HV). The UTS of the composite (1135 MPa) was close to the UTS of its components. At the same time, the impact toughness of the composite was 3.5-fold higher in comparison with that of the bulk materials, which is explained by the positive influence of the interfaces.
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