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Abstract
This study demonstrates an approach of utilizing high-pressure torsion (HPT) to fabricate a novel hybrid material by the direct bonding of Al and Ti disks at room temperature under a compressive pressure of 6.0 GPa and with increasing numbers of HPT turns up to 50. Detailed structural observations revealed the formation of a multi-layered nanostructure in the edge regions of the disks with a grain size of ~30 nm. X-ray diffraction (XRD) and selected area electron diffraction (SAED) confirmed the presence of three intermetallic compounds, AlTi, Al3Ti and Ti3Al, in the layered structures. Processing by HPT led to the formation of a hybrid nanocomposite with exceptional hardness (over 300 Hv) in the edge regions of the disks. Special emphasis was placed on understanding the evolution of hardness in the hybrid material. The investigation demonstrates a significant opportunity for using HPT processing to deepen the knowledge on diffusion bonding and mechanical joining technologies as well as for fabricating new and valuable hybrid nanomaterials.
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1. Introduction
High-pressure torsion (HPT) is a severe plastic deformation (SPD) technique which enables scientists to achieve truly nanometric-sized grains by a simultaneous combination of large compressive stresses (typically several GPa) and torsional forces [1–3].  In the HPT method, a sample in the form of a thin disk is placed between two solid anvils and compressed under a pressure of several GPa at room or an elevated temperature. At the same time, the sample is subjected to torsional strain initiated by the rotation of one of the anvils with respect to the other. Frictional forces prevent any sliding between the disk sample and the anvils, therefore allowing torsional deformation applied onto the disk sample. 
The equivalent strain (von Mises strain) εeq imposed on the sample in the form of a disk in HPT is described by an Eq.1 below [4]:
	
	
	(1) 


where N is the number of HPT revolutions (turns), r is the radial distance from the centre of the disk and h is the final thickness of the sample. Analysis of Eq.1 shows there is a variation in the strain value across the disk, with the maximum value on the edge and the minimum in the centre of the disk (in theory εeq=0 as r=0). Therefore, according to the equation HPT-processed materials will show inhomogeneous microstructures and properties. On the other hand, it is possible to fabricate materials with reasonably homogeneous microstructures as reported elsewhere [3]. 
The advantage of the HPT method is undoubtedly the possibility of applying very large strains through a sufficiently high number of HPT turns, where this strain is much larger than in other severe plastic deformation methods. However, there is a certain limitation regarding the minimum grain size that may be attained via SPD processing as well as any associated  improvement in the mechanical properties [5,6]. Depending on the type of metal subjected to HPT processing, three main types of behaviour may be identified: strain hardening, strain softening with recovery and strain softening without recovery [5–7]. The dominant types of metals demonstrate the strain hardening type of behaviour, associated with a significant increase in mechanical properties during deformation up to some saturation level [5,6]. However, the enhanced mechanical properties are usually combined with a reduction in plasticity which significantly limits the possible application of HPT-processed materials [5,6]. On the other hand, in materials exhibiting strain softening, such as pure aluminium, it is not possible to obtain true ultrafine-grained and nanograined structure because of the recovery processes taking place during plastic deformation [6,8–10]. Nonetheless, they are showing relatively good plasticity associated with a modest increase in mechanical properties resulting from a fractional decrease in grain size which in turn tends to eliminate those materials from industrial applications.
The potential solution to overcome the limits of grain refinement and enhancement in mechanical properties lies in developing a new class of hybrid materials fabricated by HPT [11–18]. In this approach two or more dissimilar metals are joined through HPT to obtain a multilayered hybrid material with new and unique properties. Since this is a new approach, there is to date only a limited number of scientific reports focused on the fabrication of high-performance materials by bonding dissimilar bulk metals to form a new metal system through HPT. The first report demonstrated the potential for forming a spiral texture by processing of an Al-Cu hybrid material though HPT using four quarter-disks, including two of pure Cu and two of an Al-6061 alloy [19]. However, this study described only the computational calculation of the distribution of equivalent stress in the processed disk using a finite element method and there was no detailed microstructural analysis and mechanical testing of the processed disk. Later, this approach was improved and further developed by bonding of separate Al and Mg disks processed through HPT by stacking a set of two or three disks [20,21] producing multi-layered nanostructures. This same approach was used in several other investigations using stacks of three or more disks of Al-Cu [18,22–24], Cu-Ta [25], Zn-Mg [26,27], Fe-V [28], Cu-Sn [29], Zr-Nb [30].This series of research investigations proved that HPT is a good technique to create a strong bonding of the dissimilar metal disks. Moreover, for higher numbers of HPT revolutions a strong tendency for segregation was observed with the nucleation of intermetallic compounds through diffusion bonding. This led to a significant increase of hardness which was higher than may be achieved for the initial metals.  
Accordingly, the present work was initiated to evaluate the microstructural changes and the mechanical properties evolution in the Al-Ti system synthesized by the HPT procedure to high number of turns (up to 50 revolutions). In particular, the investigation is designed to examine the extent of microstructural refinement, the formation and decomposition of composite microstructures during deformation, the formation of any intermetallic compounds and their impact on the subsequent mechanical properties.
2. Experimental materials and procedures
A bulk nanocrystalline Al-Ti hybrid material was prepared by mechanical bonding of a commercial purity aluminium Al (Al-1050 alloy) and a commercial purity titanium (CP-Ti). Both alloys were received as extruded rods with diameters of 10 mm. Those rods were cut into a series of disks with thicknesses of around 1 mm and then the disks were polished to final thicknesses of 0.3 and 0.15 mm for Al and Ti, respectively. Hybrid materials were synthesised using conventional HPT processing with the exception that the straining was applied to a stack of a few disks instead of one as described in an earlier study [31]. A stack of three Al and two Ti disks were processed through HPT at room temperature under quasi-constrained conditions [32] with a constant speed of 1 rpm and under an applied pressure of 6.0 GPa, for total numbers of revolutions N of 10, 20, 30, 40 and 50. Each anvil had a cavity depth 0.25 mm and the final thickness of sample was about 0.8 mm. In addition, Al-1050 and Ti samples in the initial state and after HPT processing for 10 revolutions were used as reference samples.
The HPT-processed disks were initially examined by X-ray diffraction (XRD) using Bruker D8 Discover and an energy for the emitter beam of 30 kV. The filtered Co Kα X-Ray radiation was focussed to a point with a radius of 1 mm and all specimens were scanned on cross-sectional planes in the edge regions. Each sample was illuminated by high intensity hard X-rays for 5 s per step, the 2Θ angle was between 20° and 90° and the step size Δ2Θ was 0.025°.
After processing by HPT, each disk was cut vertically along a randomly selected diameter to obtain two semi-circular disks. One vertical cross-section from each disk was mounted in resin, ground and polished to obtain a mirror-like surface. Then, samples were examined using light microscopy (LM) with a Zeiss Axio Observer. Panoramic photos of the overall cross-sections were made in order to provide preliminary information on the quality of bonding between the individual components. To prepare the panoramic images, a series of photos were made and then placed together to give an overall perspective.
In order to evaluate the quality of bonding between the Al and Ti elements a scanning electron microscope (SEM) Hitachi SU8000 was used. In addition, maps of the chemical compositions were recorded for selected samples using the energy-dispersive X-ray spectroscopy (EDX) technique. SEM investigations were conducted in two modes: secondary electron mode (SE) and backscattered electron mode (BSE) on the cross-sections of disks. Microstructural observations were carried out in the peripheral regions (approximately 1.0 mm from the edge) of each disk. Specimens for SEM analysis were prepared using Hitachi IM4000 ion milling system. In practice, ion milling is a damage-less process and the polishing with an ion beam eliminates all deformation, stresses and oxide layers. Moreover, the surface quality is sufficiently good that it is possible to observe the structure of such prepared joints through the channelling contrast in an SEM. 
Detailed microstructural analysis was carried out using a transmission electron microscope (TEM) JEOL JEM 1200 operating at an accelerating voltage of 120 kV and CS-corrected dedicated scanning transmission electron microscope (STEM) Hitachi HD2700, operating at 200 kV. Samples for TEM/STEM observations were prepared using a Focused Ion Beam (FIB) Hitachi NB-5000 microscope. The lamellas were cut from the cross-section of the sample in the direction parallel to the direction of rotation. STEM observations were carried out in bright-field (BF) and high-angle annular dark field (HAADF) modes. For selected samples, selected area electron diffraction (SAED) patterns were obtained.
The microstructures were evaluated quantitatively using a computer-aided image analyser. The grain sizes were described in terms of the equivalent grain diameter, deq, defined as the diameter of a circle with a surface area equal to the surface area of the grain.
Micro-computed tomography (microCT) was performed on the samples by means of a SkyScan 1172 (Bruker, USA), in order to investigate the microstructural distribution of the material constituents. For this purpose, the source voltage and source current were set to 100 kV and 100 μA, respectively. Al+Cu X-Ray filters were used. The obtained pixel sizes were 5 and 2 μm, the scanning procedures were carried out by performing a rotation of the emitted X-ray by 180°, with a step size of 0.3° and 0.2°, and an exposure time of 580 ms and 600 ms per projection for the 10 turns and 50 turns samples, respectively.
To examine the mechanical properties of the samples, microhardness and nanoindentation tests were performed. The microhardness measurements were carried out using a Zwick/Roell Z2.5 hardness testing machine with a load of 200 g. The hardness of the initial materials was measured as well as EDX linear analysis, conducted in the middle of cross-sections of the initial samples after HPT processing (Al-1050 and Ti after 10 revolutions). For the linear analysis, the distances between consecutive measurement points were 0.2 mm. Hardness maps of selected samples of the Al-Ti hybrid materials were prepared applying the distances between consecutive measurements points of 0.1 mm. Measurements were carried out on the cross-sections of selected samples and the microhardness data were then used to prepare colour-coded contour maps displaying the hardness distributions within each disk. 
Microhardness measurements were complemented by nanoindentation studies conducted using an Anton Paar device operating in the load-control mode with a Berkovich pyramidal-shaped diamond tip. The value of the maximum applied force was chosen to be 50 mN to allow for measurements within the thin mixing layers of the hybrid material. To obtain reliable values of mechanical properties, at least 20 tests were measured per sample/condition. A series of measurements were performed in the peripheral areas for the hybrid material processed for 50 turns and HPT-processed CP-Ti as well as for Al-1050 in the as-received and HPT-processed state. The reduced Young’s modulus (Er) and hardness (H) were obtained from the load-displacement curves using the method of Oliver and Pharr [33]. The elastic and plastic energies of deformation were measured and the contribution of each in the total energy of deformation was then calculated. The elastic energy was obtained from the area enclosed between the unloading indentation segment and the displacement axis, whereas the plastic energy was assessed from the area between the loading and unloading indentation segments and the displacement axis.




3. Experimental results

3.1. Microstructures of HPT-processed hybrid materials
The LM images, prepared on cross-sections of 5-layered Al-Ti systems, are presented in Fig. 1 after deforming through various number of turns. In the samples after 10 and 20 turns, there are bent and fragmented Ti plates in the Al matrix without any significant mixing between the two components. There is also evidence for some delamination between the Ti and Al disks. Increasing the numbers of revolutions up to 50 gradually leads to a refinement of the two components and their mixing, and to a general elimination of any cracks and delaminations in the disks. However, even after 50 HPT turns the structure remains inhomogeneous, with visible differences between the edge and the centre of the disks. In the sample processed for 50 turns, the Ti and Al parts are indistinguishable in the edge area, which suggests the occurrence of a strong mixing between those elements. In addition, increasing the numbers of revolutions gradually leads to an expansion of the Al-Ti mixing zone in the sample, which is well observed when comparing images of samples processed from 30 to 50 turns as the area where large Ti fragments are present decreases in favour of an increase in the mixing zone of Al and Ti. 
To gain a deeper understanding of the joining and mixing phenomenon which occurs in this system during HPT processing, the composites were further investigated using micro-computed X-ray tomography. This non-destructive characterization technique permits observations of new features that are generally invisible with more conventional imaging techniques such as LM or SEM analysis. The MicroCT 3D-reconstruction (in three planes: x-z, y-z and x-y-z) of the Al-Ti composites after 10 and 50 revolutions are presented on Figs 2 and 3 respectively. Fig. 2 a and b show the scan of a quarter of the HPT disk after 10 HPT turns which corresponds to about 13.4 mm3 of material. It is apparent that torsional straining by HPT led to a bending, necking and finally to a fragmentation of the Ti phase (marked as red) across the disk diameter. This fragmentation effect is more intense with increasing numbers of turns which is evident after 50 HPT turns (Fig. 3 a, b and c). To show more details, a smaller volume of material from a mid-section of the disk was selected for the analysis (0.52 mm3) but the analysis itself was conducted with a higher resolution. It should be noted that this MicroCT technique is not adequate for showing elements smaller than 1-2 µm. Nevertheless, the MicroCT reconstruction of the sample after 50 turns shows intense fragmentation of the Ti phase and its uniform distribution within the Al matrix. 
Detailed microstructural observations were conducted using SEM, as shown by the SEM images in Figs 4 and 5 for the Al-Ti samples processed for 10, 20 and 50 turns where the brighter contrast represents the regions enriched in Ti and the darker contrast corresponds to the Al-rich regions. Fig. 4 shows detailed SEM images of the samples processed for 10 (a) and 20 (b,c) turns with visible delaminations and discontinuities between components as indicated by the red arrows but with no noticeable mixing between Al and Ti because the interfaces between the Al and Ti components are readily distinguishable. At the same time there is a strong bending of Ti layers inside the Al matrix and this becomes more intense with increasing numbers of turns. It is apparent that 10 and 20 rotations are not sufficient to fully bond the components and therefore further processing was applied to higher numbers of turns.
Increasing the numbers of rotations up to 50 turns produces a severe fragmentation of the disks with a more homogeneous distribution of fragments of Ti in the Al matrix at the edge regions, as illustrated in Fig. 5 showing SEM images of the Al-Ti sample processed for 50 turns. It is readily apparent that after 50 turns the dominant part of the sample consists of relatively small fragmented parts of the Ti disk in the Al matrix, as shown in Fig. 5a. Increasing the numbers of revolutions up to 50 turns therefore permits a reduction in the sizes of the areas enriched in Ti. The red arrows in Fig. 5a,c indicate regions with enhanced mixing where the BSE contrast changes, suggesting a mixing between Al and Ti and the formation of intermetallic phases. As confirmed by both LM, MicroCT and SEM observations, the numbers of large Ti fragments, with diameters above 100 μm, is smaller than in the samples processed by lower numbers of rotations, as shown in Fig. 5.
A compositional EDX analysis of the selected area was performed in the form of maps, as presented in Fig. 6. It is apparent that the analysed zone contains both Al and Ti, where Al is the matrix and Ti occurs in the form of larger fragments as well as within the mixing zones with Al.
To analyse the grain refinement and mixing processes in the sample after 50 turns, a TEM/STEM analysis was conducted. In Fig. 7 representative STEM (a,b,c) and TEM (d,e) images of the 5-layered Al-Ti system processed by HPT for 50 turns are presented. Fig. 7a,b shows overall images of the sample in BF and HAADF modes, respectively. In the HAADF image there are bands enriched in Ti (bright), an Al matrix (dark grey) and mixing zones of Al-Ti (light grey). Mixing zones, in the form of bands, form a particular layered structure with alternately occurring zones of mixing placed inside an Al matrix with a width of less than ~70 nm, as presented in Fig. 7d,e. Grains inside the mixing zone, indicated by red arrows in Fig. 7d, have a size below 30 nm, while grains in the Al matrix are around 200 nm. Grains in the Al matrix (Fig. 7c,e) are distinguished by the presence of dislocations forming a cell structure, while grains in the mixing zone are in general free of any defects. Yellow arrows are used to mark another peculiarity of the microstructure where there are very thin layers with thicknesses of around 30 nm that are rich in Ti, that vertically subdivide the layers, as was described earlier for the Al-Mg system [34]. Those layers are probably a mixture of Al and Ti, generated during processing by high-pressure torsion. By contrast, the average grain sizes in the separate Al and Ti disks were measured as ∼700 and ∼100 nm, respectively, after processing by HPT for 10 turns. 
Linear chemical analysis, as illustrated in Fig. 8, was performed on a cross-section through the Ti-enriched bands. The point scanning and the line profile revealed that the thin layers are composed of 75-86% of Al (red line) and 14-25% of Ti (green line), thereby indicating the formation of the Al3Ti phase. 
To confirm the formation of intermetallic phases inside the mixing zones, complementary SAED pattern analyses were performed, as presented in Fig. 9. The electron diffraction patterns confirmed the presence of intermetallic grains randomly distributed in the matrix, such as AlTi, Al3Ti and AlTi3. Strong diffraction rings for the (001) AlTi and (101) Al3Ti phases can be observed in the inner part of the diffractogram. It is noted that the formation of such intermetallic phases is consistent with other reports on Al-Ti systems [35–38].
The phase compositions were also complemented by XRD analysis and the pattern for the sample after 50 turns is shown in Fig. 10. These patterns reveal a significant broadening of the peaks due to the severe grain refinement. The patterns also confirm the presence of the Al and Ti phases and the formation of the AlTi, AlTi3 and Al3Ti phases with a strongest peak for the Al3Ti phase.

3.2. Evaluation of mechanical properties 

3.2.1. Microhardness

Microhardness measurements were performed as a first step to evaluate the mechanical properties of the hybrid material and for a comparison with the properties of the initial materials. The hardness distribution across the disk radius is presented in Fig. 11 a. where the hardness values in the initial state were 26 and 219 Hv for Al and Ti, respectively. After processing by HPT, the hardness in both samples underwent a significant increase with an average hardness across the disk of 51 Hv and 316 Hv for Al and Ti, respectively. In Al processed for 10 turns of HPT, the hardness across the disk was reasonably homogeneous but with slightly lower values in the central area than in the peripheral region so that an essentially saturation condition was observed. In the case of Ti, the hardness values were less homogeneous but without a strong dependence on the distance from the centre.
In all samples, the minimum hardness values were located near the disk center and the maximum in the peripheral region with a gradual rise across the disks. In the Al-Ti sample processed by 50 turns, an increase in hardness was observed compared to the HPT-processed Al. The minimum hardness values in the center of the disk were close to the level of ~60 Hv for the HPT-processed Al 1050 alloy, while on the edge of a disk the values were very high and even exceeded ~250 Hv at the edge. In the peripheral region of the sample processed for 50 turns the hardness values were reasonably homogenous, indicating an efficient mixing between Al and Ti. 
The hardness distribution map for the sample after 50 turns is presented in Fig.11b and this confirms the observations made during the linear chemical analysis. It is readily apparent that the sample exhibits a gradual increase in hardness across the disk with the lowest hardness values near the centre and the highest, at close to ~300 Hv, in the peripheral region. The increase in hardness is gradual and confirms the occurrence of a gradual mixing between Al and Ti. 

3.2.2. Nanoindentation
Nanoindentation was used to examine the micro/nano-mechanical response of the Al–Ti system processed by HPT. Nanoindentation tests were performed as a complementary procedure for evaluating the mechanical properties.
Fig. 12a shows representative load-penetration depth curves measured at the edges of the Al-Ti hybrid material, the Al-1050 alloy in the HPT-processed and as-received states and the HPT-processed CP-Ti. Each curve was obtained from a series of at least 20 measurements. A significant decrease in the maximum and final penetration depths is observed between the Al-Ti hybrid material and the Al-1050 alloy thereby indicating a strengthening of the material. The indentation plot of the Al-Ti hybrid material (red) resembles that of the HPT-processed titanium which suggests that the properties of the composite became closer to that of the HPT-processed Ti. As shown in Table 1, the hardness and Young´s modulus values of the Al-Ti hybrid material are significantly higher than for the as-received and HPT-processed Al, with a Young´s modulus of 105 GPa (increase of 40% when compared to HPT-processed Al) and a hardness value of 3720 MPa (increase of 420% when compared to HPT-processed Al). 
The ratio of H/Er presented in Table 1 was measured as an indication of the wear resistance. As was shown in earlier reports [39,40], both hardness as well as the reciprocal value of elastic modulus have an influence on the wear resistance (higher H and lower Er improve wear resitance). Therefore, the higher H/Er ratio of the Al-Ti hybrid and HPT-processed Ti indicates a higher wear resistance than for the HPT-processed Al and as-received Al. 
In Table 1 and Fig 12b information is given on the ratio of the elastic and plastic energies versus the total energy of deformation during nanoindentation. It is demonstrated that the contribution of elastic energy is higher for the Al-Ti hybrid and the HPT-processed Ti (23% and 26%, respectively) than for the as-received and HPT-processed Al (3% and 6%, respectively). The higher contribution of elastic energy in the total energy of deformation is an indication of a higher elastic recovery and therefore of the ability of a material to regain the initial shape after deformation. On the other hand, the contribution of plastic energy in the total energy of deformation (sometimes called “plasticity index”) is an indication of the overall plasticity of the material. Therefore, the HPT-processed Al and the as-received Al show higher plasticity than the HPT-processed Ti and the Al-Ti hybrid. 

[bookmark: _Ref74657791]Table 1 Values of Young´s modulus, hardness and energies of deformation
	Sample 
	Young´s modulus (GPa)
	Hardness (MPa)
	H/E (wear resistance)
	Welast /Wtotal
	Wplast /Wtotal

	Al-Ti HPT
	105±5
	3720±346
	0.035
	0.23
	0.77

	Al 1050 HPT
	81±2
	714±12
	0.009
	0.06
	0.94

	Al 1050 as-received
	79±1
	449±15
	0.006
	0.03
	0.97

	Ti HPT
	114±4
	5330±528
	0.047
	0.26
	0.74



4. Discussion
4.1. Unique microstructure formation in the Al-Ti hybrid system
The results from this investigation demonstrate that the HPT technique has a potential for producing a bonding of dissimilar bulk metals when suitable processing parameters are applied. Earlier studies described the potential for using HPT as a technique for the synthesis of hybrid materials for systems such as Al-Mg [20,21], Al-Cu [18,22–24], Cu-Sn [41], steel-vanadium [42] and Al-Ti [31]. HPT-processed hybrid systems can be characterized by a unique layered microstructure [20,42] with significant grain refinement [21,42] and the formation of intermetallic phases [18,20] as well as enhanced mechanical properties [20,42]. However, it should be noted that the microstructure of processed Al-Ti disks is strongly influenced by the processing parameters. Depending on the numbers of HPT turns, the disks may contain a variety of microstructural features such as bent, cracked and fragmented parts of the Ti disks or vortex like structures and lamellar systems [43,44] which determine the potential of the hybrid materials to exhibit superior mechanical properties [45–49]. This suggests that a certain physical mechanism governs the transformation of the structural components inside the sample at the stage of transition from a wavy laminar flow to chaotic mixing of the components. For this reason it is crucial to determine the method for creating these structures. 
[bookmark: _Hlk90897792]During the HPT of laminates, the hard layers inhibit the shear in the soft layers. This leads to a strain gradient. This is confirmed by experiments showing that grain refinement with the formation of high-angle grain boundaries is more pronounced and occurs more quickly in softer alloys than in harder ones [50]. At the interface, the hard layer constrains the deformation of the soft one, which means that the soft layer is compressed and the hard one is under tension. Accordingly, buckling of their interface towards the hard layer occurs. At certain point periodic constrictions appear in the titanium layers leading to their fragmentation. The SEM and μCT investigations (Figs 2 and 4) confirm that in the initial stages of deformation, corresponding to low numbers of revolutions, when the shear forces exceed a critical level the harder Ti phase is refined continuously by elongation, repeated bending or necking and by a fragmentation into smaller elements [51]. Fig. 13 presents some structural images illustrating the model of further deformation of these Ti fragments. With increasing numbers of HPT turns, the overall hardness of the hybrid increases which leads to a strong shear localization. Due to this, small fragments of Ti are torn off from the Ti disk (Fig. 13a,b) and they pass into the Al matrix. Thereafter, these Ti fragments undergo further intense deformation, forming a vortex-like structure consisting of very thin Ti layers alternately arranged within the Al matrix, as shown in Fig. 13b,c. At a certain point, severely refined fragments of Ti are mixed with Al forming a lamellar structure, as illustrated in Fig. 13c. As a result, after 50 HPT turns almost a full mixing of elements is achieved in the edge regions of the disks. The final microstructure after 50 HPT turns is a composite containing an Al-rich matrix with a grain size of ∼200 nm and fine Ti-rich layers with a size of about ∼30 nm which are dispersed evenly within the matrix.
Moreover, it was also shown that intermetallic Al-Ti phases were generated within these lamellar structures. The formation of intermetallic phases is possible due to enhanced atomic reactions during HPT processing which are influenced by the increased density of lattice defects (vacancies, dislocations and grain boundaries) and the reduction in the atomic diffusion distance due to microstructural refinement [18,52].  As a consequence of the grain refinement, the atomic diffusion paths are shortened and this enables solid-state reactions and the formation of intermetallic phases as confirmed through the EDX mapping and SAED in Fig. 8 and Fig. 9, respectively. Such a microstructure achieved by HPT processing leads to very significant improvements in the mechanical properties. The present hybrid material exhibits extraordinary mechanical properties measured by the microhardness (Hv of 300) and nanoindentation tests 
(H ~3700 MPa and Young modulus of 105 GPa).
4.2. Saturation shift in the hybrid materials
Although severe plastic deformation methods are widely recognized as fabrication techniques for ultrafine-grained and even nanocrystalline materials, it is also well known that obtaining a true nanocrystalline structure, especially in pure metals, is very difficult. This is due to a saturation effect which can be explained as a certain level of accumulated strain above which it is impossible to achieve further microstructural refinement and strengthening [53,54]. 
To date, several techniques were implemented in order to overcome the saturation effect and thereby to obtain a more refined structure and better mechanical performances of the SPD-processed materials. One of these techniques is the use of a combination of two or more different SPD methods to activate more slip systems, such as hydrostatic extrusion followed by HPT [53] or ECAP followed by HPT [54–57]. It was demonstrated that a combination of two SPD methods provides an advantage in grain refinement when compared with processing only by HPT.  
In this study, an alternative approach was proposed to overcome the saturation effect through the fabrication of hybrid materials by subjecting a set of dissimilar metal disks to HPT processing. The matrix material used in this study was a commercial purity aluminium alloy Al-1050 which exhibits a saturation effect after processing through 5 or more HPT turns at 298 K [58–60]. To study the saturation effect in the hybrid Al-Ti, the experimental microhardness points from Fig.12 were plotted in Fig.14 against the equivalent strain and the experimental data were supplemented with the datum points for the initial Al and Ti metals after 10 HPT turns. First of all it should be mentioned that Eq. 1 can be used only to give a very rough estimate the equivalent strain in hybrid materials. It does not take into account the stress concentration on the interfaces between the soft Al and hard Ti phases, interactions with intermetallic phases or shearing instabilities in the turbulent flow model [12]. The procedure for correctly calculating the equivalent strain of hybrid materials seems to be the next challenge for researchers

The datum points for the initial materials are in reasonable agreement and fall around the solid line. In the early stages of HPT, the hardness values for Al and Ti rise very rapidly with the accumulating strain but ultimately there is no significant further increase at equivalent strains above ∼20 and ~70 for these two materials, respectively, and thereafter the microhardness values become essentially saturated at Hv ≈ 51 and Hv ≈ 350, respectively. Nevertheless, the Al-Ti hybrid system processed under 50 HPT turns behaves differently. In the first stages of deformation (equivalent strains < 300-400) the hardness values are essentially uniform (~50 Hv units) with only a few points of higher hardness values (100-150 Hv). However, a further increase in the strain produces a successive increase in hardness (above 300 Hv), without the occurrence of any saturation effect. The nanoindentation study not only confirmed the large increase of hardness, but also of the H/Er ratio in the Al-Ti hybrid system, indicating much higher wear resistance when compared to the HPT-processed Al 1050. This unusual behaviour can be explained by the formation of a solid solution between the Al and Ti phases. For low strains, and in the mid-sections of the disks, there is no apparent mixing of materials (Figs 2 and 4). This means that the only phenomenon occurring in the microstructure is grain refinement which is so intense after 50 HPT turns that it induces saturation in the Al and Ti phases. In the edge regions where the strain is higher the microhardness increases due to the mixing of the Al and Ti elements. This notable enhancement in the strain hardenability appears to be due to the combination of multiple strengthening mechanisms, including solid solution strengthening which has a strong impact on the minimum grain size and Hall-Petch strengthening [61] . However, the observed strain hardening in the present Al-Ti hybrids is mainly attributed to in-situ phase transformations of Al to the hard AlTi, AlTi3 and Al3Ti phases (Figs 9 and 10) [35,36]. A similar hardening effect was also reported earlier for other hybrid systems synthesized by HPT such as the Zn–Mg system [26] where the hardness after HPT was eight times higher than for the initial material, the Al–Cu  system [24] where the hardness was five times higher and the Al–Mg system [20,61] where the hardness three times higher.
The results presented in this study on the mechanical bonding of dissimilar metals by HPT demonstrates that the fabrication of hybrid materials may be a simple and readily available solution for overcoming, or at least shifting, the saturation effect by means of the applied strain while continuing to achieve enhanced grain refinement and superior mechanical performances in the as-produced materials.



5. Conclusions 
· Al-Ti hybrid materials were synthesised using quasi-constrained HPT processing under 6.0 GPa and 1 rpm for 10, 20, 30, 40 and 50 turns. The microstructures and mechanical properties evolution were investigated by SEM, TEM/STEM, SAED, MicroCT, XRD, Vickers microhardness and nano-indentation testing.
· A relatively homogeneous lamellar microstructure, consisting of an ultrafine-grained (~200 nm) Al matrix and nanoscale (~30 nm) Ti rich layers, was formed at the disk periphery after 50 HPT turns.
· After 50 turns of HPT processing, the Al-Ti hybrid material exhibited remarkably improved hardness and Young’s modulus by comparison with the initial commercial purity Al and Ti. The average Vickers microhardness value was ∼300 Hv and the Young’s modulus measured in nanoindentation was ~105 GPa.
· HPT promotes the solid-state reaction of Al and Ti elements so that there is the formation of AlTi, Al3Ti and AlTi3 phases as well as a dissolution of Al and Ti components in each matrix.
· An investigation of the strain hardening capacity revealed that the Al-Ti hybrid system follows a two-regime behaviour during HPT processing. The first regime, up to an equivalent strain of ~400, indicates regions with no mixing of materials and limited strain hardening. The second region, above an equivalent strain of ~400, exhibits exceptional strain hardening due to intense grain refinement, solid-state reactions and the formation of intermetallic phases.
· The results demonstrate the potential for using HPT processing at room temperature to create advanced microstructures and excellent mechanical properties that are not generally achievable through other processing routes.
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Fig. 2 MicroCT 3D-reconstruction of Al-Ti composite after 10 HPT turns. Scan of a quarter of HPT disk where Ti plates (marked as red) are severely bent and fragmented.
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Fig. 3 MicroCT 3D-reconstruction of Al-Ti composite after 50 HPT turns. Scan of a small region of HPT disk, mid-section of the disk, showing strong fragmentation of Ti phase (marked as red) and its uniform distribution in the Al matrix.
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Fig. 4 Selected SEM images of the 5-layered system processed by HPT for: a) 10 turns, b and c) 20 turns. Red arrows indicate areas of delaminations and discontinuities.
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Fig. 5 SEM images of the Al-Ti sample processed for 50 turns.
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Fig. 6 EDX maps of the Al-Ti sample processed for 50 turns
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Fig. 8 EDX linear analysis through the mixing layer, where Al is represented by the red line and Ti by the green line.
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Fig. 9 SAED pattern showing presence of several intermetallic phases from the Al-Ti system
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Fig. 10 XRD pattern of hybrid Al-Ti processed for 50 turns
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[bookmark: _Hlk82609738]Fig. 11 a) Microhardness distribution along the sample radius, b) Microhardness distribution across the disk in the Al-Ti sample processed for 50 turns
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Fig. 13 Exemplary SEM images of the Al/Ti interfaces after HPT deformation
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Fig. 14 Hardness as a function of accumulated strain in the Al-Ti hybrid material processed for 50 turns. HPT-processed Al-1050 and CP-Ti are added as a reference.  T always means temperature – it would be better to change the illustration so that it says 10 turns, and 50 turns.
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