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Abstract

:

This work aims to investigate the joining of Ti6Al4V alloy to alumina by diffusion bonding using titanium interlayers: thin films (1 µm) and commercial titanium foils (5 µm). The Ti thin films were deposited by magnetron sputtering onto alumina. The joints were processed at 900, 950, and 1000 °C, dwell time of 10 and 60 min, under contact pressure. Experiments without interlayer were performed for comparison purposes. Microstructural characterization of the interfaces was conducted by optical microscopy (OM), scanning electron microscopy (SEM) with energy dispersive X-ray spectroscopy (EDS), and electron backscatter diffraction (EBSD). The mechanical characterization of the joints was performed by nanoindentation to obtain hardness and reduced Young’s modulus distribution maps and shear strength tests. Joints processed without interlayer have only been achieved at 1000 °C. Conversely, joints processed using Ti thin films as interlayer showed promising results at temperatures of 950 °C for 60 min and 1000 °C for 10 and 60 min, under low pressure. The Ti adhesion to the alumina is a critical aspect of the diffusion bonding process and the joints produced with Ti freestanding foils were unsuccessful. The nanoindentation results revealed that the interfaces show hardness and reduced Young modulus, which reflect the observed microstructure. The average shear strength values are similar for all joints tested (52 ± 14 MPa for the joint processed without interlayer and 49 ± 25 MPa for the joint processed with interlayer), which confirms that the use of the Ti thin film improves the diffusion bonding of the Ti6Al4V alloy to alumina, enabling a decrease in the joining temperature and time.
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1. Introduction


Ti6Al4V is the most used commercial titanium alloy due to its excellent performance and attractive properties, such as high-temperature specific strength, low density, excellent creep, and corrosion resistance [1]. Combining this titanium alloy with advanced ceramics, e.g., alumina (Al2O3), which has high thermal stability, excellent wear and corrosion resistance, and chemical inertness [2], can be interesting for applications in the medical, aircraft, nuclear and micro-electro-mechanical systems (MEMS) sectors [1,3,4,5,6]. However, obtaining sound joints with good mechanical properties between titanium alloys and ceramic materials has been challenging due to their different properties, e.g., thermal conductivity, coefficient of thermal expansion (CTE), and chemical properties. This mismatch of properties induces the formation of residual stresses at the joint’s interface during cooling. Researchers have worked to improve knowledge about the mechanisms that affect the joining of metals to ceramics [7,8,9,10,11,12,13,14]. The most reported technologies in the literature with regards to joining dissimilar materials are brazing and solid-state diffusion bonding [15,16,17]. Brazing [18,19,20,21,22,23,24,25,26,27,28] is an attractive process that consists of adding a filler metal between the base materials. Ag-based commercial alloys can be used successfully as brazing alloys since they improve the reaction between metal and ceramic and enhance wetting [29]. However, this brazing alloy produces an interface with a lower service temperature than the titanium alloy. Furthermore, heterogeneous interfaces at microstructure and chemical composition level are formed, and post-processing heat treatments are necessary [30]. Diffusion bonding can obtain sound joints between dissimilar materials, mainly when interlayers are applied to join the faying diffusion surfaces. In this case, cracks due to residual stress can be prevented [10,17,31,32,33,34,35,36,37,38]. Active elements have been used as interlayers, e.g., titanium, niobium, and zirconium [15,16]. Titanium is the most used interlayer; for instance, it reacts with Al2O3 by diffusion bonding resulting in the formation of TiO, TiAl, and Ti3Al [8]. The use of interlayers in diffusion bonding can be one option to reduce the bonding temperature, pressure and time and make the process more industrially attractive [39]. This may be even more important in metal-ceramic joining, when the joint is subjected to thermal cycling or thermal shock, large stress concentrations may be introduced in parts of the ceramic.



Researchers have been working to improve the joining between dissimilar materials by diffusion bonding. Barrena et al. [40] investigated the joining of Ti6Al4V to Al2O3 by diffusion bonding using as interlayer an Ag-Cu alloy (72 wt.% Ag, 28 wt.% Cu) with a thickness of 60 µm produced by electron beam evaporation. The interface’s microstructure was composed of different Ti-Cu phases and (Ag), and the shear tests showed a maximum of 140 MPa obtained at a temperature of 750 °C and a dwell time of 30 min. Yu et al. [10] joined Ti6Al4V to Ti2SnC using Cu foil (50 µm) as an interlayer in Ar atmosphere performed at a temperature of 750 °C during 60 min; a relatively low temperature was allowed due to the destabilization of Ti2SnC that occurs below 700 °C. The interface’s microstructure is formed mainly by Ti3Cu4 and TiCu4, and the maximum value obtained at the shear tests was around 86 MPa [10]. Kliauga and Ferrante [41] joined Al2O3 to AISI304 stainless steel using a commercial Ti sheet with a thickness of 500 µm by diffusion bonding processed at 800 °C during 180 min and at 900 and 1000 °C during 120 min under a pressure of 15 MPa in vacuum. The authors investigated the interfacial reaction products of Ti/Al2O3. The microstructure characterization of the surface fracture showed that the composition depends on the temperature and dwell time. The joints produced at a temperature of 800 °C for 180 min exhibit the Ti3Al phase at the interface close to the titanium base material, while TiAl is observed on the ceramic side. However, for joints obtained at 900 and 1000 °C during 120 min, the interface is constituted only by Ti3Al. In similar work, Travessa and Ferrante [42] diffusion bonded the same base materials and interlayer at 700 °C for 120 min, and 800 °C for 15 and 120 min. The experiments were unsuccessful, and no reaction could be seen at the interface. Rocha et al. [43] joined pure Ti to Al2O3 by diffusion bonding at 800 °C for 90 min under a pressure of 5 MPa. The characterization of the Ti/Al2O3 interface identified the presence of TiAl adjacent to alumina and Ti3Al adjacent to pure Ti. In addition, the authors applied galvanic corrosion tests to study the chemical degradation of the interfaces, and the results showed that the corrosion resistance was impaired by the TiAl phase. During the joining of Ti to Al2O3, TiAl intermetallic phase always comes up in zones adjacent to alumina, and the TiAl/Ti3Al ratio can increase with the thickness of the Ti interlayer [44].



Although some works referred to low temperature bonding (750–800 °C), the development of new approaches should be investigated to reduce the formation of (Ag) at the interface, as is the case when Ag-based alloys are used as interlayers. The presence of (Ag) is detrimental to the service temperature and should be avoided.



The objective of the present work consists in the study of the feasibility of joining Ti6Al4V to Al2O3 by diffusion bonding using titanium as interlayer material. Different titanium interlayers were investigated: Ti thin films deposited onto Al2O3 base material by magnetron sputtering and freestanding Ti thin foils. The joints processed using Ti foils have a lower processing cost and are more straightforward than those using thin films obtained by magnetron sputtering. However, the lack of adhesion between the Ti foils and ceramics might make it difficult to get sound joints. The Ti interlayer was selected to allow an interface with a chemical composition similar to one of the base materials, avoiding the formation of phases that will impair the service temperature and with characteristics that promote the diffusion, enabling a decrease in the diffusion bonding processing conditions. Joining without interlayer was also conducted using the same parameters to evaluate the potential of these interlayers. The microstructural characterization of the joints’ interface was carried out by optical microscopy (OM), scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDS), and electron backscatter diffraction (EBSD), while the mechanical characterization was performed by nanoindentation tests across the joints’ interface and shear strength tests.




2. Materials and Methods


2.1. Base Materials


Ti6Al4V alloy and polycrystalline Al2O3 (purity of 99%) were purchased from Goodfellow in rods with 7 and 6 mm diameters, respectively. They were cut 5 mm in length, ground, and polished down to 1 µm diamond suspension and 0.03 µm silica using standard metallographic procedure, then cleaned with deionized water, acetone, and ethanol in an ultrasonic bath and dried with heat blow air. The results of the polishing were assessed by optical microscopy (OM) (DM4000, Leica Microsystems, Wetzlar, Germany) and average roughness (Ra) of the surfaces was measured by profilometry (Perthometer SP4, with laser probe (Mahr Perthometer SP4, Göttingem, Germany)).




2.2. Titanium Interlayer


The titanium thin films were deposited onto the polished surfaces of alumina (substrate) by direct current magnetron sputtering using a Ti (99.99% pure) target (150 mm × 150 mm × 6 mm thick). After achieving a base pressure below 5 × 10−4 Pa in the sputtering chamber, Ar was introduced (P ~ 1.5 × 10−1 Pa). The substrate materials were cleaned by heating followed by Ar+ (current of 20 A) etching using an ion gun. To avoid residual impurities from the substrates, assuring a good adhesion between the substrate and the Ti film, the total etching time employed was increased to 12–10 min higher than the usual conditions. The deposition starts once the cleaning of the substrate is concluded, after introducing more argon into the sputtering chamber (4.0 × 10−1 Pa deposition pressure). The power density applied to the Ti target was 6.70 × 10−2 W·mm−2. The Ti films were produced using a substrate rotation speed of ~23 rpm and a deposition time of 20 min to achieve a thickness of ~1.0 µm. The titanium foil was purchased from Goodfellow with a purity of 99.6%, dimensions of 25 mm × 25 mm, and thickness of 5 µm. For the joining experiments, the foil was cut into rectangular parts with sizes of 7 mm × 7 mm.




2.3. Adhesion


The adhesion strength between the Ti thin films and Al2O3 was measured by a pull-off test using an apparatus as referred to in [45,46]; however, the substrate has a surface area three times higher than in the literature. The test consists of gluing the film deposited onto the alumina substrate to a rigid rod, following the curing time of the glue. Then, the set was fixed by the grips of a tensile test machine. The tensile tests were carried out under environmental conditions using a load cell of 500 N and a loading speed of 10 µm/min. The adhesion strength was estimated for three specimens to obtain the average value.




2.4. Diffusion Bonding


Ti6Al4V and Al2O3 joining was performed in a tubular horizontal furnace (Termolab Electrical Furnace, Agueda, Portugal) under a vacuum level of 10−2 Pa. Figure 1 displays the device used to assure contact pressure of the faying surfaces. The dissimilar base materials were joined with and without Ti interlayer, and diffusion bonding was carried out at 900, 950, and 1000 °C, during 10 and 60 min. The heating and cooling rates were 5 and 3 °C/ min, respectively.




2.5. Microstructural Characterization


Optical microscopy (OM) was used to overview the soundness of the joints’ interface. A DM 4000 M optical microscope equipped with a Leica DFC 420 camera (Leica Microsystems, Wetzlar, Germany) was used to achieve this objective.



For the microstructural and chemical characterization, cross-sections of the joints were prepared using standard metallographic techniques. Afterward, the joints’ interfaces were analyzed by scanning electron microscopy (SEM) (FEI Quanta 400FEG ESEM/EDAX Genesis X4M (FEI Company, Hillsboro, OR, USA)) operating at an accelerating voltage of 15 keV, coupled with energy dispersive X-ray spectroscopy (EDS) (Oxford Instrument, Oxfordshire, UK) by the standardless quantification method. Electron backscatter diffraction (EBSD) analyses were conducted using an acceleration voltage of 15 keV to obtain Kikuchi patterns using a detector TSL-EDAX EBSD Unit (EDAX Inc. (Ametek), Mahwah, NJ, USA), allowing the phases in localized zones of the interfaces to be identified. The indexation of the patterns was made by ICDD PDF2 (2006) database.




2.6. Mechanical Characterization


Hardness and reduced Young’s modulus were evaluated across the joints by nanoindentation. The experiments were carried out in a computer-controlled apparatus equipped with a Berkovich diamond indenter (NanoTest, Micro Materials Limited, Wrexham, UK). A maximum load of 5 mN was selected, and 8 × 12 matrices were defined, starting on the Ti6Al4V side, crossing the joints’ interface, and moving towards the alumina base material. The distances between rows and columns were 5 and 3 μm, respectively. Loading/unloading was carried out in 30 s, with 30 s at maximum load and at 10% of maximum load during unloading for thermal drift correction. Hardness and reduced Young’s modulus were determined by the Oliver and Pharr method [47].



Mechanical characterization was also performed by shear tests; three specimens were tested at room temperature at a rate of 1 mm/min for each joint. Figure 2 shows the shear strength apparatus used in this investigation and a schematic illustration. The fracture surface of the joints submitted to shear strength tests was evaluated by digital microscope DVM6 (Leica Microsystems, Wetzlar, Germany).





3. Results and Discussion


3.1. Ti Thin Films Deposited onto Al2O3


The adhesion of the Ti films to Al2O3 plays a vital role in the joints processed by diffusion bonding, and is affected by the surface topography of the Al2O3 substrate. Profilometry measured the substrate’s surface roughness, and the results showed Ra values of 0.10 µm. Figure 3 shows the cross-section of the titanium thin film as deposited onto the surface of Al2O3. The Ti thin film is highlighted in light grey, and its total thickness is close to 1 µm, as desired. The adhesion pull-off test shows an average adhesion strength of 8 MPa, slightly below the 10 MPa referred to in the literature [48]. However, the thin films were not detached from the alumina substrate at the end of the experiments; only the interface glue/film was broken, which suggests that the adhesion strength is sufficient. Therefore, this value seems enough for the envisaged application.




3.2. Diffusion Bonding without Interlayer


The joining between Ti6Al4V and Al2O3 without interlayer was only successful by diffusion bonding at 1000 °C with dwell times of 10 and 60 min with contact pressure. Figure 4 shows the cross-section of the joints interface. Some defects are observed in zones adjacent to alumina. This can be explained by the following factors: the lack of base materials surfaces’ contact, the formation of brittle phases, or the development of residual stress, which promotes cracks during the cooling of the joints. The same defects were observed in joints obtained for both dwell times, 10 and 60 min. Figure 4b shows the interface in high magnification, and EDS analyzed zones highlighted in red. Figure 5 shows the SEM image of the interface produced for 10 min and the Ti, Al, and O EDS elemental distribution mapping. Despite the short bonding time, the EDS results show the occurrence diffusion of Al from Al2O3 and Ti and Al from Ti6Al4V to the interface. Zone Z1 in the vicinity of Ti6Al4V has contents of 78.9% Ti, 19.6% Al, and 1.5% V (at. %), combining the EDS results with ternary phase diagram [49], suggests the α-Ti phase is predominant. Zone Z2 comprises 73.3% Ti, 25.3% Al, and 1.4% V (at. %), and besides the α-Ti phase, the α2-Ti3Al phase may have also been formed. Some round and elongated particles near Al2O3 (Z3) have a chemical composition of 61.9% Ti, 36.6% Al, and 1.5% V and can be identified as γ-TiAl and α2-Ti3Al phases.




3.3. Diffusion Bonding Using Ti Thin Films Deposited onto Al2O3


The joining of dissimilar materials using interlayers on faying surfaces of the base materials is an approach to reduce the residual stresses in the diffusion bonding process and improve the contact between the faying surfaces [8,29,50,51,52,53,54]. Joining between Ti6Al4V and Al2O3 using Ti thin films deposited onto Al2O3 was performed at temperatures of 900, 950, and 1000 °C and dwell times of 10 and 60 min. Unsuccessful joints were obtained at 900 °C, for both bonding times, and joints processed at 950 °C for 10 min. The base materials were separated after cooling, proving that the diffusion bonding conditions were insufficient to promote the bonding of the dissimilar materials. Successful joints were obtained at 950 °C for 60 min and 1000 °C for 10 and 60 min with Ti thin film interlayer. Figure 6 shows SEM images of the interfaces of the joints processed under these conditions. Table 1 shows the EDS results of the zones marked on the SEM images of Figure 6. The identification of the possible phase(s) was performed by combining the EDS results with the Ti-Al-V phase diagram [49].



Figure 6a shows the joint processed at 950 °C and 60 min that exhibits an interface with a total thickness of ~15 µm, and the bond line is not visible. The interface can be divided into two distinct layers. The layer close to the Ti6Al4V (Z2) exhibits a chemical composition similar to the Ti base material (Z1), although slightly higher V content. Ti6Al4V is constituted by α-Ti phase (Z1) matrix with a β-Ti phase (Z4) rich in V at the grain boundaries. Combining the EDS results with the Ti-Al-V phase diagram, a layer of α-Ti phase can be identified. The layer adjacent to Al2O3 (Z3) has twice the Al content (22.5 at%) than that found in the layer adjacent to Ti6Al4V (10.2 at.% Al). The EDS results combined with the phase diagram suggest that this layer is mainly composed of the α2-Ti3Al phase. Close to Al2O3, darker particles were observed that could be identified as γ-TiAl (Z5).



Figure 6b shows the joint interface obtained at 1000 °C using a bonding time of 10 min. The interface has a thickness of ~13 µm, and two different layers are also observed. Despite the short bonding time, the bonding temperature promoted the formation of a sound interface because the diffusion coefficient exponentially increases with temperature [55]. Identical to the interface produced at 950 °C, the layer adjacent to Ti6Al4V (Z3) is composed of α-Ti with a thickness of ~5 µm. The layer adjacent to Al2O3 (Z4), with a thickness of ~8 µm, has contents of 75.0 at.% Ti and 25.0 at.% Al suggesting that the Ti3Al phase was formed during the diffusion bonding process. In-between the Al2O3 and this interface layer, it is possible to observe a thin layer (~1 µm) composed of alternated different grey columnar small grains. However, it was not possible to perform EDS analyses owing to its reduced thickness.



Increasing the bonding time at 1000 °C to 60 min promotes the change in the thickness of the layers that compose the interface. This interface can be observed in Figure 6c. The increase in the bonding time results in the decrease in the α-Ti phase and the growth of the Ti3Al layer with TiAl particles close to Al2O3 (Z4 in Figure 6c).



The confirmation of the phases at the interfaces was conducted by EBSD, which allows Kikuchi patterns of tiny zones to be obtained due to the reduced interaction volume. Figure 7 shows EBSD Kikuchi patterns of the joint processed at 1000 °C for 60 min. This technique was of paramount importance to confirm the presence of the γ-TiAl intermetallic phase close to the Al2O3 base material.



The nanoindentation experiments were performed across the joints interface and adjacent base materials. Hardness and reduced Young’s modulus (Er) maps were obtained to understand their distribution across the joints interface (Figure 8). The reduced Young’s modulus map is only shown for the joint interface processed at 1000 °C for 60 min. The different hardness values allow the base materials to be identified, as well as the interface. As expected, the Al2O3 displays the highest hardness value, around 30–50 GPa. The interface hardness is similar to that of titanium alloy but increases slightly near the Al2O3 base material. The increase in temperature and time of diffusion bonding promotes an increase in the hardness of the interface that is in accordance with the microstructural characterization. The increase in the diffusion bonding temperature or time induces the increase in the thickness of the α2-Ti3Al and α2-Ti3Al + γ-TiAl layers, which can be associated with the increase in the hardness.



Regarding the reduced Young’s modulus, the map (Figure 8d) allows the different regions to be distinguished from the lower values (Ti6Al4V) towards, the higher values (Al2O3), passing by the two interface layers. The thicker layer corresponding to α2-Ti3Al has a slightly higher modulus than the Ti alloy base material, while the thinner layer (α2-Ti3Al + γ-TiAl) has an even higher modulus (Figure 8d). The Al2O3 base material has the highest reduced Young’s modulus.



The shear strength of the joints was evaluated by shear tests. Table 2 displays the values of the shear strength of the joints processed at 1000 °C for 60 min, with and without interlayers, and at 950 °C for 60 min with an interlayer (Ti thin film). At 950 °C, only two values are presented because, for the third sample, during the test, the sample was fractured but fitted in the support, and the computer continued to record the force—this test being considered invalid. The average shear strength values are very similar for the samples processed at 1000 °C for 60 min (52 ± 14 MPa for the joint processed without interlayer and 49 ± 25 MPa for the joint processed with interlayer). In fact, the use of the Ti interlayer allows the decrease in the bonding conditions without impairing the mechanical properties. This can be explained since the microstructure of the interface is very similar, and the interface is composed of the same phases. The Ti thin films improve the adhesion to the ceramic base material and, due to the fine microstructure, enhance the diffusion across the interface during the joining process. These results confirm that these interlayers improve the bonding process of these dissimilar materials.



Figure 9 presents the fracture surface of the samples with higher and lower shear strength values. It can be observed that when the fracture occurs at the ceramic base material, the shear strength is higher. The fracture occurs at the Al2O3 and then propagates to the interface (Figure 9a). On the contrary, when the fracture occurs at the interface and propagates through the interface, the shear strength value is lower, (Figure 9b). This happen when the joint presents some defects at the interface, such as pores in the layer close to the Al2O3, that promote the nucleation of the fissure at the interface.



Based on the reaction between the Ti thin film and the base materials observed at different diffusion bonding temperatures and times, a common mechanism can be pointed out to explain the formation of the interface microstructure during the joining of Al2O3 to Ti6Al4V alloy. Figure 10 shows a schematic illustration of a possible mechanism for the formation of the interfaces, as well as the microstructure of the interface obtained at different temperatures and times. During the bonding process, due to the temperature increase, the Ti of the film starts to diffuse from the film towards the base materials, while the Ti and Al of the Ti alloy and the Al of the ceramic diffuse towards the interface. The Ti film at the interface starts to grow significantly, and this is also due to the fine grain microstructure of the film because it is produced by magnetron sputtering, which enhances diffusion. The Al diffusing from the Al2O3 will combine with the Ti at the interface and form a layer of α2-Ti3Al. With increasing diffusion due to higher temperature and time, the α2-Ti3Al layer thickness will increase. At high temperatures and long times, diffusion will result in a thicker α2-Ti3Al layer and the formation of alternating α2-Ti3Al and γ-TiAl grains along the Al2O3 base material. During cooling, different microstructures will form, which are represented in Figure 10d–f. The thickness of the layers that compose the interfaces depend on the temperature and time of diffusion bonding, since this process is ensured by the diffusion of the elements that react and form the different reaction layers.




3.4. Diffusion Bonding with Freestanding Ti Thin Foils


Diffusion bonding experiments of Ti6Al4V to Al2O3 using 5 µm freestanding Ti foils were performed at 950 °C for 10 and 60 min. The joining was unsucessful under these bonding conditions. Figure 11 shows OM images of the interface produced at 950 °C for 60 min. Based on these images, the lack of joint between the Ti foil and the Al2O3 base material is clear. In addition, between the Ti foil and the Ti6Al4V alloy, there are also unbounded areas that can be observed. These results suggest that the bonding conditions are not sufficient to promote the joining between dissimilar materials, revealing that having the Al2O3 base material coated with Ti thin films is a more promising approach. The films deposited on Al2O3 are crucial to guarantee the adhesion between the Ti interlayer and the ceramic material. This adhesion is essential for the success of the ceramic/metal solid state diffusion bonding process. Furthermore, the fine microstructure of the thin film deposited by sputtering seems to be a parameter to take into account. The bond between the Ti foil and the Ti6Al4V alloy also fails, showing that this interlayer does not present the requisites to be applied in the diffusion bonding process under study.





4. Conclusions


Diffusion bonding of Ti6Al4V to Al2O3 using titanium as interlayer was investigated in this work. Two different interlayers were considered to evaluate the effect of the adhesion during the diffusion bonding process. Sputtered Ti thin films (1 µm) deposited onto Al2O3 base material and commercial freestanding titanium foils (5 µm) were used for this purpose. Without interlayers, the diffusion bonding experiments were only achieved at 1000 °C for 10 and 60 min. However, some defects are observed close to the ceramic base material. Using Ti films with ~1 µm thickness, the contact between the base materials was improved, allowing sound joints to be obtained at 950 °C for 60 min. The joining interface was characterized by α-Ti, α2-Ti3Al and γ-TiAl phases. The increase in the joining temperature and time promote the increase in the thickness of the layers at the interface. An intense diffusion is observed, and the fine microstructure of the thin film seems to improve the diffusion bonding process. The use of Ti freestanding films was unsuccessful, proving that the adhesion to the ceramic material is a crucial aspect for this approach. The hardness maps confirm the microstructural results, revealing that the interface exhibited a hardness similar to the Ti6Al4V, but it increases with the increase in temperature and time of the diffusion bonding process. The average shear strength values are similar for all joints tested, confirming that the use of the Ti thin film improves the diffusion bonding of the Ti6Al4V alloy to alumina, promoting a decrease in the temperature and time required to achieve sound ceramic/metal joining.
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Figure 1. Device used to apply the contact pressure at the faying surfaces during the diffusion bonding experiments. 
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Figure 2. Shear strength test device and respective schematic illustration. 
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Figure 3. SEM image of the cross-section of as-deposited Ti thin film with total thickness close to 1 µm. 
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Figure 4. SEM images of the joints without interlayer processed at (a) 1000 °C for 60 min and (b) 1000 °C for 10 min. 
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Figure 5. (a) SEM image and EDS elemental maps of (b) Ti, (c) Al, and (d) O of the interface obtained without interlayer at 1000 °C and dwell time of 10 min. 
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Figure 6. SEM images of the joints with Ti thin film interlayer processed at (a) 950 °C for 60 min, (b) 1000 °C for 10 min, and (c) 1000 °C for 60 min. 
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Figure 7. (a) SEM images of the interface produced with Ti thin film processed at 1000 °C for 60 min, (b) EBSD Kikuchi patterns of the grain marked as 1 in (a) indexed as γ-TiAl, and (c) EBSD Kikuchi patterns of the grain marked as 2 in (a) indexed as α2-Ti3Al. 
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Figure 8. (a–c) Hardness maps of the joints processed at 950 °C for 60 min, 1000 °C for 10 min, and 1000 °C for 60 min, respectively, and (d) reduced Young’s modulus map across the joint processed at 1000 °C for 60 min. 
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Figure 9. Fracture surface of the joints with (a,c,e,g) higher and (b,d,f,h) lower shear strength values: (a,b) low magnification of the Al2O3 samples, (c,d) high magnification of the regions marked in (a,b), respectively, (e–h) 3D representation of regions (c,d). 
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Figure 10. Microstructure evolution during the diffusion bonding of Ti6Al4V to Al2O3 using Ti thin films: (a) initial microstructure, (b) sequence of the formation and growth of the α2-Ti3Al layer due to Ti and Al diffusion, (c) growth of α-Ti, formation of α2-Ti3Al layer and formation of α2-Ti3Al and γ-TiAl grains close to Al2O3 base material, (d) microstructure of the interface formed at 950 °C for 60 min, (e) microstructure of the interface formed at 1000 °C for 10 min and (f) microstructure of the interface formed at 1000 °C for 60 min. 
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Figure 11. OM images of the joint processed at 950 °C for 60 min using a Ti freestanding thin foil as interlayer. 
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Table 1. Chemical composition obtained by EDS of the zones in Figure 6.
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Conditions

	
Zone

	
Element (at.%)

	
Possible Phases




	
Ti

	
Al

	
V






	
950 °C/60 min

	
1

	
88.5

	
10.3

	
1.2

	
α-Ti




	
2

	
88.3

	
10.3

	
1.5

	
α-Ti




	
3

	
76.5

	
22.5

	
1.0

	
α2-Ti3Al




	
4

	
80.3

	
6.7

	
13.0

	
β-Ti




	
5

	
65.1

	
33.7

	
1.2

	
α2-Ti3Al + γ-TiAl




	
1000 °C/10 min

	
1

	
86.8

	
11.6

	
1.6

	
α-Ti




	
2

	
73.3

	
19.7

	
7.0

	
β-Ti




	
3

	
86.0

	
11.9

	
2.1

	
α-Ti




	
4

	
75.0

	
25.0

	
*

	
α2-Ti3Al




	
1000 °C/60 min

	
1

	
88.3

	
11.7

	
*

	
α-Ti




	
2

	
77.1

	
6.9

	
16.0

	
β-Ti




	
3

	
74.5

	
25.5

	
*

	
α2-Ti3Al




	
4

	
57.6

	
42.4

	
*

	
α2-Ti3Al + γ-TiAl








*—not detected.
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Table 2. Shear strength values of the joints produced without interlayer at 1000 °C for 60 min and with Ti thin film at 1000 and 950 °C for 60 min.
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Joint Processing Conditions

	
Interlayers

	
Shear Strength (MPa)






	
1000 °C for 60 min

	
without

	
66




	
54




	
38




	
1000 °C for 60 min

	
Ti thin film

	
77




	
41




	
27




	
950 °C for 60 min

	
Ti thin film

	
43 1




	
30








1—only two values are present since one test was considered invalid.
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