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Abstract:  
Solid-state bonding shows irreplaceable advantages in joining similar and dissimilar materials with poor weldability compared with fusion welding methods. To widen its applications in manufacturing safety-critical structural parts, a sound bonding quality must be achieved under less strict conditions. In this work, the metallurgical bonding is formed by hot compressing two Inconel 718 parts to different strain levels at the temperature of 1150°C, strain rate of 0.1s-1 under a low vacuum. Full tensile strength and ductility comparable to the parent materials have been achieved for the first time by 0.5 engineering strain. The severe plastic deformation at hot temperature rapidly bonds the two parts by effectively closing the interface micro-voids, breaking up the oxide film, and in the meantime, accelerating the grain boundary(GB) migration through the dynamic recrystallization(DRx). Based on these observations, a theoretical model is proposed to describe the bonding process under hot deforming condition and the achieved relative interface bond quality, in which the cohesion between oxide-oxide and oxide-metal is assumed, and impairing effect of remaining dispersed oxides is minimized with the attempt of introducing a strain-amplifying factor. The insights and model provide the basis for further understanding of the solid-state bonding-by-hot-deforming under practical conditions and explore its wider application with ideal joint integrity.  
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1. Introduction
Compared with fusion based welding methods, bonding in solid state shows irreplaceable advantages and broad applicability in joining materials with poor weldability and dissimilar materials. As there is no melting and solidification involved, some defects such as thermal cracks and coarse dendritic microstructure, and undesirable phase transformation could be avoided. To achieve metallurgical joint, (A.Hill and E.R.Wallach, 1989) stated fresh metals were to be brought into intimate contact and form a metallic bond by diffusion, creep or plastic deformation, as suggested by (Mori et al., 2013). Plastic deformation is the most efficient and rapid method and it has been implemented in varies joining processes, e.g. cold pressure welding, roll bonding, extrusion bonding and friction welding. Also, it has been involved in some important manufacturing processes, including the direction power forging which was studied by (Bai et al., 2015) or the crack healing in hot forging by (C.Y.Park and D.Y.Yang, 1996) and (Lee et al., 2011), or rolling by (Afshan et al., 2013). 
Although the solid-state bonding methods have been widely involved, (Bralla, 2006) pointed out its application has always been limited out of load-bearing components due to the inferior joint performance. Full strength and ductility comparable to parent material were difficult to achieve. Diffusion bonding (DB) has successfully been applied in practice with parent level performance achieved, however, as shown in (Shirzadi et al., 2001) and (Sah et al., 2013), only when the surface contamination barrier problem has been dealt with proper surface treatment and strict oxygen-free environment control; moreover, the considerably long duration is needed for complete micro-voids closure in DB. 
Compared to the time-dependent diffusion governing bonding process, the bonding by plastic deformation is more efficient and shows potential in immediate bonding application, e.g. cold wire welding and roll bonding for making cladded multi-material panels which were reviewed in (Bralla, 2006) and (Mori et al., 2013). However, without a high vacuum environment provided, the surface contamination and oxidation are the main problems in bonding. (Vaidyanath et al., 1959) and (Bay, 1979a), (Bay, 1983), (Bay et al., 1985)’s earlier studies on roll bonding showed that the shear strength of the joint could be obtained only after reaching a critical plastic strain at the interface. (Cooper and Allwood, 2014) presented no more than 80% of the full parent shear strength could be restored even when local strain over 0.5 was applied. As explained in (Bay, 1983) and characterized in (Le et al., 2004), the poor joint quality was due to the existence of the remaining oxide film fragments. Friction welding introduces severe shear strain by stirring or linear friction, which breaks the contamination layer more thoroughly. However, it was point out by (Chamanfar et al., 2015) that friction welded joints normally present relatively lower ductility. Formation of the oxide film on the interface and its evolution during hot-compression bonding was characterized and studied in (Xie et al., 2018) and (Xie et al., 2019), and it proved that the dissolution of oxide scale overing the post-holding treatment helped the recovery of the joint properties . 
Mechanism studies have been the focus for many decades to understand the solid-state bonding process and the reasons behind their inferior joint performance. Due to the variety of the influencing factors, it is difficult to have a unified theory taking all factors into consideration, and a proper description of microstructure evolution during the entire bonding process and its final property. The film theory is the most accepted and observation-oriented mechanism so far for the bond formation under plastic deformation with surface contamination existed. The theory was first proposed by (Bay, 1979b) and developed by (Bay et al., 1985) and (Zhang and Bay, 1996) based on the observation of residual oxides on fracture surfaces in (Mohamed and Washburn, 1975). It was explained that the needed critical surface expansion to achieve a bond strength is due to the presence of ductile cover film. Also, the bonding quality depends on a two-step process: the fracture of surface contamination layer and the subsequent extrusion of the virgin metal through the cracks to meet and form joint. Thus surface expansion and normal pressure are two basic parameters. (Cooper and Allwood, 2014) recently developed Bay’s model and they assumed the oxide film to be brittle and oxidation occurs during the early stage of the bonding, which explains no strength obtained until the critical strain achieved. With the help of FE simulation, Cooper has also included the effects of shear stress and more precise extrusion pressure calculation using more detailed oxide dimension parameter, which described the role of multiple parameters in bonding and predicted a lower but more accurate bond strength for cold welding. On the basis of film theory, (Khaledi et al., 2018) has conducted the FE simulation on a micro-level and the effects of dimension and distribution of oxides on the final tensile performance has been investigated. 
Except for the interface contamination barrier condition, studies have also reported the important role of microstructure in determining final joint performance. The recrystallization theory, proposed by (Parks, 1953), indicates the effect of crystal growth during Rx on eliminating the bond line. (Y. Huang et al., 1999) also reported a high bond strength of superplastic AA7075 after diffusion bonding for 30 min when the bond line was removed by the initiation of Rx and grain growth. And no more than 0.52 of the parent bond strength was achieved when only full interface contact was achieved without Rx. This microstructural effect has been barely discussed in the cold pressure welding due to the rare occurrence of Rx initiation at room temperature. While when high process temperature and high strain are involved, the microstructural effect cannot be ignored since the joint has undergone an obvious evolution and become a vital factor affecting the final joint performance, e.g. in friction welding or hot compressive bonding processes. As reviewed in (Chamanfar et al., 2012) and (Chamanfar et al., 2015), the grains in friction welded zone would be largely refined due to the severe shear-induced plastic deformation, which enhances the microhardness and the tensile strength while reducing the ductility to some extent. For hot compressive bonding methods, the microstructure characterization is more focused on the interface migration during recrystallization(Rx). In the mechanism study on compress-bonded pure copper by (Zhang et al., 2019), DRx by GB migrating near the bonding zone plays a crucial role in the final performance. A smooth integral hardness distribution across the copper joint area resulted from the complete GB migration over the bond line at the strain of 0.5. Similar interface GB migration behaviour was also shown in the hot compression bonded nickel-based superalloys by (Zhang et al., 2020a) and (Zhang et al., 2020b), in which a complete GB migration, coming along with full Rx, accounted for the higher ending strength. 
The mechanism, either film theory or recrystallization theory, has been discussed separately in most studies. Existing modelling work, mainly based on the film theory, predicts inferior bond quality with the presence of remaining oxides. For the bonding based on hot plastic deformation to be applied in a more realistic environment, both theories need to be coupled to determine the final joint performance. To develop the comprehensive theory and model accounting for the full-strength achievement, it is important to determine the role of each factor in this integrated bonding process. 
In this work, the attempt of bonding-by-hot-deforming method has been conducted on nickel-based Inconel 718 (IN718). The DRx-induced microstructure evolution in bonding under hot working condition (high temperature and large strain) has the potential to achieve a full-strength joining in a short time. As a highly alloyed material, thermal crack problems have been found for Inconel 718 in traditional fusion welding and casting processes, thus bonding achieved under hot deformation could be a promising future technique to join and form the components.
The focuses of this work are to clarify how the Rx affects the bonding interface with the presence of oxide film, to describe the combined effects of multiple factors on the bonding mechanism, and to achieve better joint integrity with both improved strength and ductility. Firstly, the influence of these factors on joint properties is shown by tensile test results, and the effects of bonding parameters on the interface bonding behaviour are discussed. Then, the evolution of the bond line, the oxide film and grain structure are investigated over the bonding process. Finally, a new theoretical model to describe the physical bonding behaviour under hot deforming condition is proposed and used to predict the final bond quality.
2. Methodology
2.1 Materials 
The adopted wrought Inconel 718 was received from BIAM (Beijing Institute of Aeronautical Materials, China). The chemical composition is mainly Ni 49.78%, Cr 18.85%, Fe 18.26%, Nb 5.51%, Mo 3.29%, Ti 0.93%, Al 0.43%. The original microstructure, as shown in Fig.1a, contains matrix gamma γ, gamma prime γ’, delta phases δ and regular-shaped carbide or nitrides (e.g. NbC/ TiC). The as-received Inconel 718 was machined to be two half-cylinders with threaded ends, of which the dimension is shown in Fig.2c. The surface on the bold end is the one to be bonded, and it was polished with P1200 abrasive paper to remove the contamination layer. After polishing, the samples were cleaned in an ultrasonic bath and soaked in acetone. 
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Fig. 1 a) The initial microstructure of the as-received wrought IN718; b) the microstructure of the IN718 after being heated up to 1150°C and soaked for 3mins.

2.2 The bonding test:
The hot compression bonding tests were conducted using Gleeble 3800 simulator, which can precisely control and monitor the temperature, stroke and strain rate, and provide a roughly 1 torr vacuum. Two half bar samples were fitted in copper grips with their axes kept aligned. The compression bonding set-up in the Gleeble chamber is shown in Fig.2a. 
To eliminate the complex influences of multiple phases during the bonding process, two ground surfaces were brought into contact under a pre-force of -0.5kN, and the sample was resistance heated to 1150°C and soaked for 3min before the hot compression. When Inconel 718 was heated up to 1150°C, which is over the solvus temperature of δ phase, only carbides remained randomly distributed in the γ matrix. An interrupted sample was prepared after this heating and soaking process, as shown in Fig. 1b. The gamma prime and delta phase after the pre-heating and soaking process was removed and the grains grew from 20μm to 200μm. This ensured that no phase transformation would occur during the hot bonding by deforming process.
The entire heating and compressing scheme are given in Fig.2b. The compression proceeds under stroke control: strain and strain rate were controlled by programming the relative movement of the grips and the speed of the stroke change. The two half cylinder bars were compressed to different strain levels, and the engineering strain was set to be 0.05, 0.1, 0.3, 0.5, separately, based on the initial 20mm length of the exposed central part. The bonded samples are shown in Fig. 2d. Strain rate was set at 0.1s-1. Repeatability tests have been conducted three times for each condition. Furthermore, to benchmark the parent materials performance of the same final microstructure, a bar sample without an interface in the middle were hot compressed under the same thermal-mechanical conditions, e.g. the temperature, heating strategy, strain and strain rate, were controlled to be consistent with the compressive bonding tests of two half parts. This excludes all other microstructural influence on the final mechanical performance but the bonding interface.
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Fig. 2 a) Compressive bonding set-up on Gleeble 3800; b) the heating scheme; c) half cylinder sample to be bonded and whole cylinder sample for the reference test; d) bonded samples after compression (the reference samples are with the same shape, and the marked area taken for microstructure characterization); e) the dimension of tensile sample and fractured samples.

2.3 Tensile tests:
Tensile tests at room temperature were conducted to evaluate the properties of the joints. Tensile samples were machined from the bonded bar samples according to the configuration shown in Fig.2e, and also fractured tensile samples are shown. The fracture surfaces were observed using SEM. Ultimate tensile strength (UTS) and yielding strength (YS) were determined using the recorded force-stroke data, and elongation (E) was defined as the uniform elongation when UTS is achieved before necking occurs.
2.4 Microstructure characterization:
In order to understand the bonding behaviour of the interfaces and its microstructure evolution, compression bonding tests were repeated for microstructure characterization. The central area of the bonding zone, where the tensile sample was taken from (as shown in Fig.2d), was observed. Metallographic samples were prepared according to standard procedures and etched with Adler’s Ⅱ solution. The microstructure was characterized using OM, SEM and EBSD. EBSD measurement was carried out with Hitachi S-3400N at an operating voltage of 20 kV, an aperture size of 120 μm and a working distance of 10 mm. The step sizes of 0.4 or 5 µm depending on the grain size being analyzed. Automated orientation and recrystallization analyses were performed with the Matlab MTEX toolbox. 
2.5 The FE simulation of the hot compression bonding process
To validate the newly proposed model, a finite element (FE) analysis has been carried out using the commercial software QForm 9.0. In this work, the Inconel 718 JMAK Huang data is used, and the comparison between data from the library and collected by Gleeble hot compression tests are shown in Fig. 3. This assures the accurate description of the deformation behaviour for Inconel 718 under hot working condition. Moreover, the thermal field is simulated and kept in consistence with the temperature distribution measured using the thermal couples during the Gleeble deforming bonding process, as shown in Fig. 4.
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Fig. 3 The flow stress-strain data from QForm library(Inconel718) and data collected from Gleeble hot compression tests.
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Fig. 4 The temperature distribution of the exposed zone to be hot compressed from Gleeble collected data and QForm simulated data.
3. Results and Discussions

3.1 Tensile properties of the joints
[image: ]
Fig. 5 The tensile test results: a) ultimate tensile strength(UTS); b) yielding strength(YS); c) elongation(E) of IN718 samples bonded at 1150°C/0.1s-1.

Two half bar samples have been bonded under compression, and tensile properties have been tested at room temperature. The bonding process was proceeded under hot forging condition with constant temperature and strain rate, exploring the strain effect on the final bond strength. Height reduction is used here representing the strain as the engineering strain is calculated from the stroke change. Tensile results are shown in Fig.5.
The UTS show an increasing trend for the joints bonded with an increasing imposed compressive strain, as shown in Fig. 5a. This dependence of tensile strength on the applied compressive strain is similar to that of the tested shear strength in the previous roll bonding or pressure welding studies of (Bay et al., 1985) and (Mohamed and Washburn, 1975). It has been explained that the oxide film needs to be stretched under larger strain to expose the clean metal and form the bond. More severe deformation parallel to the interface is induced at a higher height reduction, and the material flow helps the intimate contact of the surfaces to be bonded. 
The tensile bonding strength is obtained at a relatively low strain when the sample is compressed at a reduction ratio of 0.05 as seen in Fig. 5a. This compressive strain is much lower than the critical strain for initiating bonding existed in the cold roll bonding processes. For example, a typical value of the critical surface expansion for Al-Al contacting pairs is 0.3 in (Bay et al., 1985). A critical value of 0.4 height reduction has been reported for the Al plates coated with Ni layer by (Bay et al., 1985). As stated in the classic cold roll bond models by (Bay, 1979b), later (Le et al., 2004) and (Cooper and Allwood, 2014), this critical strain exists because the contamination and oxide film on the bonding interface stop the contact between clean surfaces at a lower strain level and makes no contribution to the bond. However, according to the studies of hot-pressed alumina-nickel by (Lourdin et al., 1996), a higher interface strength has been achieved under appropriate pressure and temperature. For the bond formed at a similar temperature and stress condition in this study, the cohesion between the existing oxide film with metal matrix could be the reason for the bond strength achieved at a lower strain level.
The elongation results show a similar changing trend with UTS over the increasing imposed compressive strain level as seen in Fig.5b, however, the YS has also increased very mildly over the imposed compressive strain. The variation of UTS, YS and E can also be seen from the tensile curves in Fig. 6a: the elastic zone and yielding zone of four curves keep increasing similarly; while after yielding, they start to present different hardening effects and fracture strains. Joint formed under lower compressive strain shows lower hardening stress and fractures at the earlier stage. YS indicates the dislocation slip resistance from the grain boundaries or residual dislocation structure, and the YS difference gives a hint for the different grain sizes for these samples bonded at the different strain. Whereas the significant variations in UTS are more comprehensively affected by factors including microstructure, defects and interfaces. As UTS is based on both the YS and E, combined with the hardening process, hence E is considered to be more directly related to the joint quality. The elongation of the joints increases with an almost constant rate as a function of applied compressive plastic bonding strain, which also implies the direct dependence of joint quality on elongation.
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Fig. 6 a) The tensile engineering stress-strain curves; b) the failure surfaces of IN718 samples bonded.

As shown in Fig. 2e, all bonded samples fracture in the middle area. Figure 6b shows the fracture morphologies of bonded samples. In consistence with the inferior elongations of under-bonded samples at lower compressive strain, their fracture surfaces are relatively flat and show intergranular brittle feature. Some grain boundaries can be clearly observed as straight edges on the fracture surfaces of samples compress bonded under 5% and 10% reduction. For the sample bonded at 50% reduction, some dimples can be seen, and the failure surface turns to be bumpier, which implies a more ductile fracture mode for the joint. 
It is important to note that, joints fractures near the middle is not evidence that the joint interface is weaker. The fracture position near the middle could be a possible combined result of the bond interface and the non-uniform microstructure distribution along with the whole deformed bar sample. As the central exposed part of the whole sample has been subjected to heating without ageing, thus acting as weaker point, while the other parts are held in the anvil connecting to the cooling system so to maintains the as-received higher strength. To separate this mixed effect of the microstructure and the interface, references without the presence of interface in the middle have been deformed and tested under the same thermal-mechanical conditions. and they are supposed to have identical microstructures with their corresponding bonded sample, except the middle interface.
3.2 Relative tensile properties of joints to references
[image: ]
Fig. 7 a) The tensile test results referred to the results of samples compressed at the same condition (reference test). b) The tensile engineering stress-strain curves referred to the results of samples compressed at the same condition (reference test). 

The comparison between the bonding strength of the bonded sample and reference sample is shown in Fig. 7. The bonding strength ratio of the bonded sample to reference is considered here to reflect the joining interface behaviour, excluding the effect of microstructure on the joint properties. The UTS ratio and E ratio are increasing with height reduction, and when the height is 50% compressed, the ratios of both UTS and E approach 100%. For the YS, there is no such obvious change for different deformation strain, and the ratio keeps being stable at roughly 1.0, which is consistent with the results shown in Fig. 6a. The achievement of tensile property ratios approaching 1.0 indicates full recovery of the joint integrity. Figure 7b shows the corresponding stress-strain curves, and tensile stress of the bonded samples follows the references well in the elastic and initial plastic region; whereas, the bonded samples show brittle fracture before achieving UTS. 
These interrupted stress-strain curves clearly show the variation in yielding, hardening, ultimate tensile stress and ductility of samples bonded at different stages of the thermal-mechanical tests. For samples bonded at lower strain, their inferior UTS is not only caused by microstructure but is also impaired by the incomplete joining of the interfaces. These under-bonded interfaces act as inner defects during the tensile test and determine the fracture of joints and its necking. With these interface defects being healed at large deformation(50%), the tensile stress tends to reach a plateau right before the failure and shows necking behaviour. 
3.3 The interface behaviour of the bond 
3.3.1 The bond line evolution of the joint zone
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Fig. 8 The bond line evolution of bonded samples at the height reduction of a) 0; b)0.05; c) 0.1; d) 0.3; e)0.5. 

Optical observation in Fig. 8 shows that the obvious original straight bond line is disappearing with the increase of strain, and for the bonded sample 50% compressed in Fig. 8e, the bond line can only be recognized when tracking from edges. According to the cold pressure welding mechanism stated in (Bay et al., 1985), the disappearance of bond line on large strain is related to the oxide film break-up and metal-to-metal contact; while in this case, the microstructure evolution has also exerted a great influence on eliminating the bond line. Since microstructure evolution is also a strain-driven process at hot working temperature, a more complete microstructure change is found at higher deformation. From Fig. 8a-d, the straight clear bond line is also a co-planar GB plane connected by the interface grains, and the common GB plane is vertical to the tensile direction. In Fig. 8e, common grains shared by both sides appear where the bond line was originally located, and the co-planar interface grain boundaries are replaced by randomly misoriented grain boundaries; thus, the bond line becomes invisible. This interface grains randomization phenomenon has also been reported in hot compressive bonding of nickel by (Zhang et al., 2020a) and copper by (Zhang et al., 2019) and in the diffusion bonding of aluminum by (Y. Huang et al., 1999). This elimination of the bond line, which is co-affected by both interface oxide film behaviour and microstructure evolution, has shown a direct influence on the final joint tensile properties.
3.3.2 The oxide film on bonding interfaces and the interface grains
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Fig. 9 The microstructure of the bonding zone of IN718 samples compressed at strain of a) 0; b)0.05; c) 0.1; d) 0.3 e) 0.5; (0, 5%, 10%, 30%, 50% height reduction, respectively). 

Even under a moderate vacuum condition of 1 torr, oxidation still occurs during the hot deformation-bonding process. As shown in Fig. 9, with micro-voids effectively being closed in the early stage, the observed discontinuous bond line is composed of the residual broken-up oxide segments. From the EDS elements analysis in Fig. 9a, the oxide remaining along the interfaces are mainly alumina, despite the low content of aluminium in IN718. For bonded samples compressed lower than 30%, the oxide films are straight and continuous; whereas in Fig. 9d, when the height is 30% reduced, the surface is extended, and the oxide film is stretched into pieces with a gap equivalent to the fragment dimension. With the height being compressed to 50%, oxide segments are more scattered, allowing more metal-to-metal contact and spaces for atom diffusion. 
Another important change is the relative location of the oxides. As shown in the optical microscopic observation in Fig. 8e, common grains occupy where the bond line is. Combined with the oxide characterized with SEM in 50% compressed sample, the appearance of these interface grains has included the fracture oxide fragments within GBs (Fig. 9e). While for samples with lower compression strain, continuous oxide film exists and separates grains on either side. Oxides remain on the coplanar GBs. In polycrystal materials, GBs are main dislocation barriers for work hardening and also could be considered as fragile defects due to the lattice misalignment, atomic gaps, and the aggregation of foreign atoms and other inevitable remaining contamination, e.g. the continuous oxide film in this case. When those coplanar GBs at the bonding interface are vertical to the tensile load, the maximum tensile stress is applied to pull GBs apart. Poor ductility of the bonded sample would be expected, and it was observed in (Alabort et al., 2018) and from the fracture surfaces (Fig. 6) in this study. However, with the oxide being turned to be inner-granular from inter-granular, it’s negative effects on the bonding interface could be reduced.
3.4 Recrystallization induced grain evolution 
The EBSD grain orientation maps and Inverse Pole Figures (IPFs) show the recrystallization at the bonding interface of the samples deformed to various strain level in Fig. 10. Driven by the increasing strain, the microstructure evolves with the proceeding of recrystallization, presenting a more uniform and finer microstructure. Similar with that shown in (Azarbarmas et al., 2016) and (Nicolaÿ et al., 2019), Rx in hot deformed IN718 starts from the grain boundaries or triple junctions, ending with the large original grains replaced by fine, equiaxed smaller ones. The neck-lace Rx grain structure is seen in Fig. 10 b-d. Over the whole observed region, recrystallized microstructure keeps in consistency in each sample, and no obvious difference is shown between the bonding interface zone and matrix. Thus, it is reasonable to neglect the effect of the interface imposed on the overall deformation behaviour of the joint.
However, locally along with the interface, the coplanar GBs can also be seen in the EBSD maps in Fig. 10 a-d and the randomization of the interface GBs in Fig. 10 e, which is in accordance with observation in Section 3.3. This randomization of the interface GB is related to the Rx process, as a higher Rx fraction leads to a complete interface GB randomization, shown in Fig. 11. A similar relation can be supported by (Zhang et al., 2018), and it is proposed to be due to the nucleation, grain growth and GB migration during the Rx. The GB migration process, which turns the bond line to be less straight and with more bulges, occurs simultaneously with the Rx nucleation and grain growth. At lower strain, the under-developed dislocation accumulation provides no enough driving force for Rx, thus leaving the interface GBs straight. While under larger deformation, higher energy input promotes the movement of GBs and interface GBs migrate over the bond line, turning it to be randomized. When a complete GB migration occurs with a fully Rx, the original interface (also the common coplanar GBs) is conjoined by migrated recrystallized grains. 
This randomization of interface GB benefits the joint performance: on the one hand, as discussed in Section 3.3.2,  the migrated interface GBs has surpassed the oxide fragments and turns the intergranular oxide contamination into inner-granular inclusions, so the oxides enwrapped by metals would show a less impairing effect on joint properties; on the other hand, the GB migration turns the coplanar GBs into random-oriented, which helps resolve the load applied pedicular to the weak coplanar GBs. Combined with the tensile results above, the disappearance of the straight bond line (coplanar GBs) implies the recovery of the ductility of the joint. This is especially the case for bonded samples with higher elongation, of which the Rx fully occurs, and GB migrates over the bond line. The complete transformation from the straight interface to random-oriented GBs could be the main reason for the high E and UTS for the severely deformed bonding samples.
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Fig. 10 The EBSD orientation map, recrystallized grains and grain size distribution of the bonding zone of IN718 samples compressed at engineering strain of a) 0; b)0.05; c) 0.1; d) 0.3 e) 0.5; (0, 5%, 10%, 30%, 50% height reduction, respectively). 
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Fig. 11 The Rx fraction and grain size distribution of the bonding zone of IN718 samples compressed at different strain levels strain of 0, 0.05, 0.1, 0.3, 0.5 (0, 5%, 10%, 30%, 50% height reduction, respectively). 

3.5 The GB migration process over the bond line with the presence of oxides
For IN718, the nucleation and grain growth during Rx is achieved by GB migrating and closely related with the dislocation behaviour, which was shown in (Zhang et al., 2020a); however, the existence of oxide in this bonding process has exerted extra impeding effect on GB migrations. Figure 13 presents the EBSD maps of bonded sample compressed to 10% and 30% at a larger magnification. Comparing the GBs migration near the interface in the EBSD map with the oxide distribution in SEM images, the recrystallized(Rxed) grains migrate through the oxide gaps in the way of bulging. Compared with residual original larger grain, the boundaries of newly formed small recrystallized grains and these smaller grains, as suggested by (Wang et al., 2016), have higher boundary angle and interface energy, and bulges more easily. According to the energy theory in recrystallization process, Rx initiates from the triple junctions, and it is the same case with the Rx near the interface: refined grains can be observed along the bond line. With the continuous oxide film in sample 10% compressed, the newly Rxed grains appear on sides of the bond line, composing the coplanar GBs. Further, when the sample is compressed to 30% and small gaps have been formed as the oxide film is more stretched, GB migration and bulge occurs partially, as shown in Fig. 12b. This microstructure evolution and interaction between GB migration and oxide fragments is schematically described in Fig. 13. It is worth noting that recrystallization is a continuous process. More newly Rxed refined grains continue to appear near the interface and migrate more easily, forming a refined uniform structure without co-planar interface in the end. It is difficult to distinguish the effects of oxide fragments and dislocations, for which lower strain leads to continuous oxide film and lower recrystallization fraction, both inhibiting the randomization of the coplanar GBs; and vice versa. 
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Fig. 12 The EBSD maps and microscopic characterization of bonding zone of IN718 samples compressed at height reduction of a) 0.1, b)0.3. 
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Fig. 13 The mechanism of microstructure evolution and grain boundary migration near the bonding interface over strain with existence of oxide film. 

3.6 Model for describing and predicting the bonding-by-hot-deforming 
3.6.1 Bonding mechanism and model description
To adapt the changes in the deforming condition and its effect on the final bonding performance, a new bonding model under hot defamation condition is proposed. Some assumptions have been made:
a. The cohesion between oxides and metal, oxide and oxide would be considered for the bonding at high temperature;
b. In the hot compressive bonding cases, shear strain is not considered in bringing the metals into contact;
c. When the oxide fragments are fully dispersed, and grain boundary migration occurs, the impairing effect of the oxides enwrapped by the metal matrix on the joint performance would be largely minimized, as discussed in Section 3.3 and 3.4;
d. The simulated bond quality will be compared with the relative elongation ratio of tested bonding sample to references, as the elongation is in a more direct relationship with the bonding interface behaviour, which has been discussed in Section 3.1 and 3.2.
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Fig. 14 The interface behaviour and bonding mechanism at different stages: a) in the beginning when no strain applied, ε=0; b) pre-existed oxide film fracture and oxidation occurs simultaneous at lower strain level, ε<η; c) oxide film fracture and no further oxidation at larger strain, ε>η; d) clean metal matrix fully contacted with oxide frags largely dispersed at higher strain,  ε>η.

Based on the observation in this work and Cooper’s cold pressure bonding model, the bonding interface behaviour and bonding mechanism have been discussed into four stages, which has been elaborated in Fig. 14. At stage I (shown in Fig. 14a), the initial contact is built between oxide and oxide, which is formed during the heating prior to deformation. In classic Bay’s model, no contribution from oxides on the bond quality has been made. However, the cohesion between contacting alumina has been assumed here, given the high temperature and high-pressure condition, which is typical in the ceramic sintering process studied in (Felten, 1961). 
For stage II, when lower strain parallel to the interface is applied, oxide film fractures brittlely. The air trapped in the gap allows for oxidizing until up to a critical strain. Given the limited gap space, the newly oxidized layer is assumed to build between two touching metal surfaces, forming the metal-oxide contact pairs, as shown in Fig. 14b. Similarly, cohesion between nickel and alumina has been assumed to contribute to the bond strength. For oxide-oxide and oxide-metal contact pairs, no direct relationship has been built under their cohesion and bonding conditions; however, in the studies of hot-pressed alumina-nickel by (Esposito et al., 1998) and (Lourdin et al., 1996), or other metal/oxide pairs studied by (Esposito et al., 1998), it has shown a similar dependence of the interface strength on normal pressure with the cohesion between contacted metal pairs. Hence, the cohesion between oxide-oxide (), oxide-metal () and metal-metal () contact pairs has been determined in this study as:
                                             Equation 4.1
                                     Equation 4.2
                                           Equation 4.3
This relationship is originally derived from (Conrad and Rice, 1970)’s study of the cohesion between metal pair depends on the real contact area. According to the slip-line theory in the friction cohesion studies by (Wanheim et al., 1974), the real contact area is related to the normal pressure applied. And based on the findings of observed plastic flow in ceramic in friction study of (Buckley and Miyoshi, 1984), this pressure-cohesion relationship of metal-metal pair is extended to oxide-oxide and oxide-metal contact pairs.  0.8 has been chosen as the cohesion ratio  in Cooper’s model for metal matrix, herein for oxide-oxide and metal-oxide pairs, the ratio  and  has been determined as 0.02, 0.10 respectively considering the high stiffness and brittle nature of the oxides for the best fit of calculated data to the bonding results.  is the normal pressure applied on the contacting pairs, and the equivalent yielding strength for oxide-oxide pair  is using the compressive strength of alumina, ~690MPa, and  and  for metal-oxide and metal-metal, ~70MPa are using the flow stress of nickel matrix at 1150°C. The terms, ,  and , are to transfer the cohesion strength of different contacting pairs into metal strength. Considering the strength of soundly bonded alumina is higher than nickel, these terms are determined as 10, 5, 1, respectively. 
In stage III, when the strain continues to be increased, the surface would be stretched further while oxidation stops since the trapped air has been depleted, thus oxide film fractures to expose clean metal, as shown in Fig. 14c. However, the pressure needed for being extruded through narrow cracks are higher than normal pressure applied, hence in this stage, the clean metal is exposed whilst not contacted. When the strain is further increased and fractured oxides largely dispersed, the bonding comes into stage IV. As shown in Fig. 14d, the large oxide frags gap makes the extrusion pressure much lower, and metal comes into contact and forms bond. Considering the pressure for extrusion, Equation 4.3 is re-written as:
                          Equation 4.4
And the extrusion pressure is calculated as:
                                              Equation 4.5
 is the yielding strength, 70MPa;  is the length of the oxide fragment, 140nm;  is the oxide film thickness, 10nm. Coefficients regarding the alumina oxide are referred from (20). Similarly, the gap between dispersed oxide fragment is considered in linear relationship with the surface strain (Eq. 4.6), and coefficient K is determined by fitting the experimental observation in Fig. 8, K = 18; Considering the axisymmetric of the cylinder, the radial strain is chosen here to stands for the surface expansion. Since obvious oxide film is observed, even 1 torr vacuum used, the  is determined as 0.3, slightly lower than in air condition.
                                                           Equation 4.6
For the final bond strength, the contribution of different contacting pairs has been made at area proportion. The area of different contact pairs ( for oxide-oxide,  for oxide-metal,  for metal-metal) has been given:
                                                 Equation 4.7
                                 Equation 4.8
                    Equation 4.9
The , ,  and  are the area of the oxide-oxide, oxide-metal, metal-metal and nominal area, respectively, at strain . However, in the final stage at high strain, the oxide fragments are largely dispersed, and GB migration occurs over the bond line. As discussed in section 3.3 and 3.4, these oxides debris are enwrapped by nickel matrix and included in the recrystallized grains, turning into inner-granular oxides. Considering the role of oxides play in the Oxide Dispersed Strengthened (ODS) alloy studied by (Benjamin, 1970), when there is a bond formed between oxide and metal, and the oxides are fully dispersed randomly within the grains, its impairing effect on the strength could be minimized or reversed to be favourable. Thus, here in the modified model, a physically-based strain amplifying factor,, is introduced to describe the less adverse effect of the oxides. The strategy is to amplify the strain according to the oxide gap, : when the gap is small, δ approximately equals to 1; when the gap is large, δ approaches infinite. The strain-amplifying factor δ is given as follows:
                                               Equation 4.10
 represents the metal contact condition through the oxide cracks (a full contact between extruded metals represents a good wrapping effect of the metal); the term reflects the dispersion of the oxide frags (the frags have been assumed with a constant length λ), along with the straight interface. With the strain factor: the area fraction of the metal-metal pair is written as:
            Equation 4.11
Thus, combining equations Eq. 4.1, 4.2 and Eq. 4.3-4.11, the total bond ratio is given as
                                                                                                 Equation 4.12
3.5.2 FE simulation of the hot compression bonding process
[image: ]
Fig. 15 The FE simulated results of the hot compression tests: a) the force record from Gleeble and simulation; b) the plastic strain on the cross-section of samples to be bonded at different height reduction and their diameter comparison between simulated shape and real shape.

To validate the newly proposed model, a FE analysis has been carried out to determine the strain and stress distribution in the samples. Figure 15 shows simulated results regarding the force applied to the compressing anvil and the deformed shape. The load data shows a similar increasing trend over the compressing bonding process, yielding at around 6kN and achieves same final load level of ~16kN, which is considered to reflect the process load condition reasonably. The difference is due to the different heating process (the resistance heating is used in Gleeble, while for QForm simulation, the thermal field is controlled by temperature boundary condition setting and heat transfer parameters), the bar part held within anvil can hardly to be accurately simulated, which affects the external load. The time difference is due to the set engineering strain rate in QForm versus the true strain rate used in Gleeble. Since the importance of the surface expansion is emphasized in previous roll bonding studies, the final shape, especially the diameter, is a key affecting parameter. Comparison between experiment and simulation is shown in Fig. 15b, and the error lies in an acceptable range.
3.6.2 The simulated results of the bonding-by-hot-deforming process 
[image: ]
Fig. 16 The FE simulated results of the hot compression tests and contribution of different contacting pairs on the final bonding quality: a) oxide fragment gap; b) the normal pressure applied and pressure needed for extrusion; c) the contribution of different contacting pairs on final bond; d) the calculated total bonding ratio and tested elongation ratio of joints. 

The simulated bonding quality results using the model described in Section 3.6.1 has been shown in Fig. 16. The simulated bonding process results shows a good coincidence with four stages stated in the model: Before the oxide crack becomes large enough to allow the extrusion metal to meet (at stage I and II and early-stage III), it is the contact between oxide-oxide or oxide-metal that determines the joint tensile properties, as shown in Fig. 16c. The oxide-oxide and oxide-metal are making a contribution at the percentage of actual area fraction following equations 4.7, 4.8 and 4.11. At these stages, the bonding quality is increasing slowly with the increased time and strain, as the normal force applied is increasing relatively gently and moreover, and the bond between oxide-oxide and oxide-metal is weak.
Starting from stage III, there is a clean metal surface exposed through oxide gaps. With the applied normal pressure increasing and the lower extrusion pressure decreasing through a larger gap, the metal comes into contact. The dispersed oxide frags become isolated and enwrapped by contacted nickel matrix, and in the meantime, GB migration occurs, turning the oxide frags into inner-granular. At this time (stage IV), the introduce strain amplifying factor  starts to play roles and weakens the impairing effect of remaining oxides. The bonding quality is increasing at a higher rate with strain/time because of metal-metal contact (Fig. 16c and Fig. 14d). It ends with a higher quality nearly equal to the reference level. 
Compared with the classic roll bond model developed by Bay and Cooper, this new model for bonding under hot deformation has incorporated the essential bond interface behaviour and critical microstructure related interfacial GB migration, and thus, predicts a high joint strength comparable to the parent level. From the simulated results, it is the interface cohesion between oxide-oxide and oxide-metal, occurred at hot temperature and high stress, contributes to the joint quality at lower strain level when the oxide films are rather continuous; while at a high strain and when the oxide films are fully broken into fragments and largely dispersed, the joint quality basically credits to the fully contacted metal-metal pairs. The role of different contacting pairs (oxide-oxide, oxide-metal and metal-metal) plays can be clearly shown, and the behaviour of the bonding interface (basically the oxide film) is well described. Moreover, for a bond formed under hot deformation condition, the reduced effect of remaining oxides from tensile property tests and observed microstructure evolution induced by the recrystallization process are both critical. As suggested in this work and in studies on hot compressive bonded nickel by (Zhang et al., 2020a) or copper by (Zhang et al., 2019), this microstructure evolution affects the joint performance: higher strain leads to a higher Rx fraction and higher GB migration ratio, which accounts for the ultimate bond quality. The introduction of the amplifying factor in this work has successfully described the reduced effect of remaining oxides and benefits of the interfacial GB migration at metal-metal fully contacting stage. Thus, the critical effect of Rx-induced microstructure change has been neglected previously yet considered and included properly for the first time in this model.
Despite its potential utility in predicting bond quality, the limitations of the theoretical bonding model in its current state must be reiterated. In this model, assumptions have been made regarding the cohesion between oxide and oxide or metals and the reduced effect of the broken oxide film, and the independence of the bonding on strain and stress is simplified with representative relationship or coefficients, e.g. the usage of radial strain, cohesion ratio coefficients for different contacted pairs.  Hence, to further improve the proposed model, more direct experimental observation of the qualitative phenomena, regarding the factors influencing oxide-oxide or oxide-metal cohesion and effects of the remaining oxides, are required. Also, the strengthening of the bond due to the movement of grain boundaries across the oxide debris at the bonding interface is currently less well-understood; its effects have been incorporated via the strain amplifying factor. Future work should therefore be undertaken to better understand this phenomenon and develop a more quantitatively and physically accurate mathematical form for the strain amplifying factor. Nevertheless, given the current dearth of existing models describing high-temperature solid-state compression bonding, the model proposed in the present work is a reasonable first step towards the development of a general quantitative description of this phenomenon and the eventual use of such a model for the accurate simulation of joint quality.
With the full performance restored for the joining formed by hot deforming, the interface has been eliminated. This high bond integrity achievement would enable solid-state bonding to be applied in safety-critical components. With the help of forming process simulation, the developed model would achieve predictability of joining and enable the bonding-by-hot-forming to be transferred to a wider range of applications.  
4. Conclusions: 
A full-strength joint in solid-state has been achieved for the first time by the bonding-by-hot-deforming process. A comprehensive mechanism and model, considering all potential affecting factors, have been proposed to describe this bonding-by-hot-deformation process.
1. Under the hot working condition, an Inconel 718 joint with good strength (850MPa) and elongation (30%) has been prepared with a moderate vacuum of 1 torr, and the tensile properties of the joint have been fully recovered and equal to parent level;
2. The effects of bond interface (basically oxide film) behaviour and Rx-induced microstructure evolution on final joint performance has been investigated with the facilitation of reference interface-free samples: the microstructure of the joint affects the final yielding and strengthening of the tensile curve, while bond interface condition affects the fracture, both of them playing an integrated role in determining the final strength achieved;
3. The elongation ratio (ratio_E) is considered to better reflect the final bond quality ratio by comparing the tensile curves between the bonded sample and references;
4. The new bonding-by-hot-deformation mechanism has been proposed to incorporate the classic oxide-film fracture theory: the bond between oxide-oxide and oxide-metal has been considered at a lower strain before the oxide film is broken up; with the presence of dispersed oxides, GB migration occurs through the path bridged by the fully contacted metal-metals pairs, which promotes the bond formation;
5. The new bonding-by-hot-deforming mechanism has been mathematically described. A strain amplifying factor has been introduced to reflect the weakened impairing effect of remaining dispersed oxide fragment and indicates the positive effect of GB migration at larger strain level on final joint performance. Compared with the classic roll bond model, the new model describes both the bond interface behaviour and microstructure evolution effect well. Additionally, it explains the joint strength achieved at different strain levels.
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