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Abstract
In this study, we conducted flash joining experiments using an AC field on 3 mol% Y2O3-stabilized tetragonal ZrO2 polycrystals (3Y-TZP) bodies. Moreover, the necessary conditions to obtain a high-strength joining of 3Y-TZP bodies were clarified. The specimens were successfully joined by applying the AC field at 60 mA·mm−2 for 80 seconds at a furnace temperature of 1000 °C, thus resulting in a successfully joined specimen with 92% of the flexural strength of the monolithic TZP body. The perfect joining of 3Y-TZP was achieved at current densities beyond 30 mA·mm−2, and input energy beyond 4 kJ. Both input energy and electric current were important factors for producing the reliable joining of ceramics. 








1. Introduction
Y2O3-stabilized tetragonal ZrO2 polycrystal (Y-TZP) has been practically used for structural application owing to its excellent mechanical properties such as high strength and fracture toughness [1-4]. Similar to most other ceramics, Y-TZP materials are mostly fabricated through the sintering process, which limits the outer size and shape of the products. Joining of the TZP ceramics can overcome the difficulty of manufacturing large- and complex-shaped components [5,6]. The joining of ceramics components has been performed by brazing [6-12] or diffusion/superplastic joining [13-19]. The joining of TZP components by brazing has been industrially attained, e.g., the joining of TZP bodies could be accomplished at 850 °C using Ag-Cu-Ti alloy [6]. However, the bending strength of the brazed TZP components was only 180MPa, significantly lower than those of typical TZP ceramics (approximately 1 GPa) [20-23]. Diffusion/superplastic joining, in contrast, is applicable for fine-grained ceramics, and is expected to suppress the deterioration in the strength of the joined portion because of the direct joining without interphases. However, high temperature and long time durations are required for the diffusion/superplastic joining to produce sufficient diffusion flux necessary for the high temperature plastic flow by diffusional creep or grain boundary sliding. For instance, 3Y-TZP with an average grain size of 0.3 μm was joined through a superplastic flow at a furnace temperature of 1400 °C for 2 hours under a compressive stress of 15 MPa [13].
A new technique has been recently reported by Xia et al., called flash joining, in which ceramic components are joined by accelerated high temperature plastic flow under an occurrence of a flash event [24,25]. Flash event is a phenomenon in which the electric conductivity and diffusion mass transport in oxide ceramics are highly accelerated under threshold conditions of the applied electric field and ambient temperature [26-33]. Using the flash event to the green compact of raw ceramic powder, rapid densification, i.e., so-called flash sintering, can occur at a relatively low furnace temperature for a short sintering time. In addition, our recent studies demonstrated that applying the electric field greatly enhanced high temperature plastic flow by grain boundary sliding in TZP [34-36]. According to the investigation by Xia et al., dense TZP bodies can be successfully joined by employing the flash event under a DC field at the furnace temperature of 800 °C and current density of 100 mA·mm−2 for 18 seconds. Nevertheless, the flexural strength of the joined TZP specimen was only 600 MPa. The joining condition should be optimized to improve the strength of the joint. In addition, the use of an AC field for the flash joining has not been previously examined, though flash sintering using an AC field can produce a uniform densified body without asymmetric grain size distributions between the electrodes [37-40]. In this study, we conducted the flash joining experiments using an AC field on Y-TZP bodies and determined necessary conditions to obtain a high-strength joining of Y-TZP bodies. Microstructure observation by transmission electron microscopy (TEM) and three-point flexural tests were performed for the AC-flash joined specimens to examine the characteristics of the AC-flash joined interfaces.


2. Experimental Procedure
2.1 Preparation of dense TZP specimens
　The material used in the present study was a fully-densified Y-TZP body produced by conventional sintering of commercially available 3 mol% Y2O3-stabilized tetragonal ZrO2 powder (TZ-3Y; Tosoh Co., Japan). The green compacts of the raw powder were prepared by cold isostatic pressing (CIP) at 392 MPa. The green compacts were sintered by conventional sintering in ambient air without additional pressure at 1400 °C for 2 hours. The relative density of the sintered TZP body was 98% of the theoretical density. The densified bodies were ground in cylindrical specimens having a cross-sectional diameter of 6 mm and height of 6 mm. For the flexural test of the AC-flash joined specimens, rectangular TZP bodies with dimensions of 4 mm  5 mm in cross-section and 20 mm in length were prepared from the densified TZP bodies. The top and bottom surfaces of cylindrical specimens were polished to a mirror state as contact faces. The edge of contact faces was slightly chamfered to avoid stress concentration during the joining experiment. The surface roughness of the contact faces was measured to be 0.7 μm by a laser microscope (VK-X3000; Keyence, Japan). 

2.2 Joining experiment
The AC-flash joining experiments were performed using a mechanical testing machine (AG-X 50 kN; Shimazu, Japan) attached to an electric furnace, as schematically shown in Fig. 1. Two cylindrical TZP specimens were stacked such that the mirror surfaces were in contact with each other, and two platinum wires were wound around the side surfaces of the stacked specimens. The furnace temperature was elevated up to 1000 °C at a constant heating rate of 10 °C·min-1 in air. The stacked specimens were compressed by upper and lower silicon carbide jigs under a compressive stress of 20 MPa. An AC square wave with a maximum strength of 50 V·cm-1 and a frequency of 1 Hz was applied to the specimens using a high voltage power supply (POP200-1.75; Matsusada Precision, Japan) through the two platinum wires. The maximum current limit was set to a constant value ranging from 15 mA·mm−2 to 60 mA·mm−2. At the onset of the flash event, the current through the specimen reached the limit value within one second of the applying the electric field, and the power supply was automatically switched from voltage control to current control. Therefore, the current was maintained at the limit value. The waveforms of both voltage and current were kept rectangular during the flash event. The surface temperature of the specimens during the flash joining experiments was measured at the center of the joining interfaces using a pyrometer (IR-CAS; Chino, Japan) through the observation hole in the furnace. The specimen temperature was measured in a 1.5 mm diameter area in the center of the surface of the specimen. The power supply and furnace were turned off after the holding time in the range of 10 to 7200 seconds from the application of the electric field. The power density  [mW·mm−3] was defined as the electric power dissipated per unit volume of the specimens between the platinum wires during the joining experiments, and was given by , where  [V·cm−1] was an electric field and  [mA·mm−2] was at an electric current density. The input energy during the flash event  [kJ] was defined by the total amount of power integrated with respect to the holding time,
                            (1)
To examine the effect of specimen temperature on the joining, the joining test without applying an electric field was conducted at the furnace temperature of 1160 °C, the duration time of 7200 sec, and the compressive stress of 20 MPa. As will be shown later, the temperature of 1160 °C was the maximum specimen temperature in the AC-flash joining experiment at 60 mA·mm−2.

2.3 Flexural test on the joined specimens
  The flexural strength of the AC-flash joined specimens was measured by a three-point flexural test at room temperature using silicon carbide jigs with a span length of 16 mm at a crosshead speed of 0.5 mm·min-1. For the flexural test, the AC-flash joining was performed on the rectangular TZP bodies with the dimensions of 4 mm × 5 mm and 20 mm under the two conditions: the current density of 30 mA·mm−2 for 380 seconds, and the density of 60 mA·mm−2 for 80 seconds. The flash joined specimens were then ground and mirror-polished in a rectangular shape with the dimensions of 3 × 4 × 40 mm3 for the three-point flexural tests. The flexural strength of the dense 3Y-TZP specimen with the same dimensions was measured for comparison. Flexural tests were conducted on nine specimens of each of the above three types of samples.

2.4 Microstructure
The microstructure of the joined bodies was characterized by scanning electron microscopy (SEM; SU-8000, Hitachi, Japan). The flash joined specimens were cut in the central cross-sections that were parallel to the applied field. For the SEM observations, the cross-sections of the joined specimen were polished to a mirror state, and then thermally etched at 1300 °C for 30 min. The average grain size of the present materials was determined by π/2 times the average linear intercept length [41] of more than 300 grains in the SEM images. The microstructure in the vicinity of the joined interface of the AC-flash joined specimen at 60 mA·mm−2 for 80 seconds was observed using a transmission electron microscope (TEM, ?, ?, Japan). For the TEM observation, a thin plate in the center of the specimen perpendicular to the joined interface was carved using a focused ion beam (FIB) system. The specimens were then thinned by an Ar ion beam (PIPS, Gatan) for electron transparency. 


3. Results
The applied electric field, current through the specimen, power density and specimen temperature during the AC-flash joining experiments at different current densities are plotted as functions of the time in Fig. 2. In Figs. 2(a), (b) and (c), the maximum field strength, current and power density for each period of alternating values were plotted, respectively. The flash events occurred under all examined conditions at the furnace temperature of 1000 °C; just after the application of the AC field, the current density steeply increased to each limit value, and the field strength automatically dropped to maintain the limit value of the current density. The power density values showed surges at the occurrence of the flash events, as shown in Fig.2 (c). For example, the maximum power density of 1080 mW·mm-3 was achieved at the onset of the flash event at 60 mA·mm−2, but rapidly went down to the stable value of 310 mW·mm-3 within 20 seconds. As shown in Fig. 2(d), the maximum specimen temperature reached 1160 °C, and then decreased to 1140 °C at 60 mA·mm−2. It should be noted that the specimen temperature during the flash joining was significantly lower than the sintering temperature of TZP specimens. 
Under the condition of 60 mA·mm−2, the specimens were successfully joined by holding for 80 seconds after the onset of the flash event. At lower current densities of the 30 mA·mm−2 and 40 mA·mm−2, a longer holding time of 380 seconds and 240 seconds, respectively, were required for successful joining. In contrast, the specimens were not joined under the current density of 15 mA·mm−2 ; the joining could not be achieved even when the holding time was extended to 1hour (3600 seconds). The condition of the 20 mA·mm−2 achieved only imperfectly joining even after a long time duration of the AC-flash joining; the imperfectly joined refers to the condition that the TZP specimens were once apparently joined, but were detached as a result of cutting the joined specimens in the longitudinal direction for microstructure observations. To examine the effects of the specimen temperature on the joining, the joining experiment was performed without the electric field at 1160 °C for 7200 seconds under the compressive stress of 20 MPa. Despite the same specimen temperature with the AC-flash joining experiment at 60 mA·mm−2, and despite a much longer holding time, the TZP specimens were not joined by the conventional joining method. Therefore, the AC-flash joining in the present study was not explained only by conventional diffusion/superplastic joining.
A photograph of the central cross-section parallel to the electric field in the specimens joined at 30 mA·mm−2 for 380 seconds is presented in Fig. 3(a). The joined interface of the specimen joined at 30 mA·mm−2 was unrecognized inside the specimen, but the location of the joined interface could be distinguished by the chamfered edges of the contact faces, although the chamfered edges can be hardly seen in the image. Fig. 3(b) shows the SEM image of the central cross-section across the joined interface at 30 mA·mm−2 for 380 seconds. The AC-flash joining at the current density of 30 mA·mm−2 resulted in almost complete joining without any voids, although the joined interface was slightly seen. The SEM microstructure of the specimen joined at 60 mA·mm−2 for 80 seconds is shown in Fig. 3(c). The joined interface was hardly recognized even in the SEM image. The average grain sizes in the specimens joined at 30 mA·mm−2 for 380 seconds and 60 mA·mm−2 for 80 seconds were almost the same, about 0.42 μm, even near the joining interfaces. The SEM image of the as-sintered TZP body is provided in Fig. 3(d) for comparison. The average grain size of the as-sintered TZP body was 0.38 μm. The AC-flash joined specimens exhibited slight grain growth compared to the as-sintered body. The mass transport must occur in the AC-flash joining to fill the 1.4 μm of clearance gap existing at the contact interfaces before joining. In addition, the aspect ratio of the grains, i.e., the average grain size in the direction parallel to the field direction divided by the grain size in the direction perpendicular to the field, in the vicinity of the joined interface at 60 mA·mm−2 was 1.02. The present results in Fig. 3(b) and (c) indicated that grain boundary switching and rotation, rather than plastic deformation of the grains, were responsible for the joining.
Fig. 4 shows a bright field TEM image at the center of the longitudinal section across the joined interface of the AC-flash joined specimen at 60 mA·mm−2 for 80 seconds. The joined interface was indicated by arrows. The microstructure in the vicinity of the joined interface consisted of equiaxed grains, and neither grain growth nor dislocation activity was observed in the conventional TEM observation. The joined interface was almost indistinguishable, except for residual voids with a longitudinal length of less than 100 nm on the joined interface. The TEM observation also confirmed the hypothesis that the joining took place by the plastic flow caused by the grain boundary sliding process.
  The flexural strength of the conventionally sintered 3Y-TZP body and the AC-flash joined specimens at 30 mA·mm−2 for 380 seconds and 60 mA·mm−2 for 80 seconds were presented in Fig. 5(a). The three-point flexural strength of the TZP body was 958 MPa, close to the typical value reported in conventional TZP materials [20-23]. The flexural strength values of the AC-flash joined specimens at 30 mA·mm−2 and 60 mA·mm−2 were 766 MPa and 881 MPa, respectively. The latter specimen, in which the perfect joining was accomplished with only limited residual voids, exhibited 92% of the flexural strength of the as-sintered TZP body. A photograph of the fractured specimen joined at 30 mA·mm−2 is shown in Fig. 5(b). The fracture initiated at the joined interface, i.e., at the center of the flexural specimen, but the crack propagated apart from the joined interface. This result indicated that the joined interface exhibited high strength comparable to the matrix. The AC-flash joining method can produce the joined TZP components with mechanical strength close to that of the monolithic TZP material.
  The flash event occurred under all examined conditions at the furnace temperature of 1000 °C and similar field strength. However, the joining experiments were not always successful, as referred to above results. Both current density and input energy were important factors for joining of the TZP specimens. The outcomes of the joining experiments mapped against the current density and the input energy (defined by Eq. (1)) are described in Fig. 6. In the map, the crosses indicate unjoined, the triangles indicate imperfectly joined, and the open circles indicate successfully joined conditions. The conditions of the 30 mA·mm−2 for 380 seconds and 60 mA·mm−2 for 80 seconds shown in Fig. 3(b) and (c), respectively, are indicated by filled circles. At the high current densities over 30 mA·mm−2, the specimen was successfully joined at the input energy beyond 4 kJ. At the current density of 15 mA·mm−2 or 20 mA·mm−2, even when the accumulated input power was much larger than 4 kJ, the joining failed. This result indicated that both input energy and current density above the threshold values must be applied to achieve the successful joining.


4. Discussion
4.1 Athermal effect of the AC-flash joining of TZP
As shown in Figs. 3(b) and (c), the AC-flash joined specimens consisted of equiaxed grains, and neither grain coarsening nor refinement was observed at the interfaces. In addition, the original contact surfaces were almost unrecognized in the successfully joined specimens, despite the roughness of up to 0.7 μm on each contact surface. Such joined interface can be achieved only by grain boundary sliding, i.e., grain rotation and switching. 
The grain boundary sliding can occur in fine-grained TZP at high temperature and low strain rates [13-19, 42-46]. According to the literature, tensile stress of 20 MPa at the furnace temperature of 1150 °C results in a strain rate of 4 × 10-8 s-1 in 3Y-TZP with the average grain size of 0.3 μm [42]. Under the deformation condition, the main mechanism of the plastic deformation was grain boundary sliding rate-controlled by diffusion of Zr cations [14-15, 18-19, 43-46]. In the AC-flash joining at 60 mA·mm−2 for 80 seconds, the specimen temperature was 1160 °C and the applied stress was 20 MPa. The combination of the stress, specimen temperature and time should yield a strain of 3.2 × 10-6 by the grain boundary sliding. The strain corresponds to a deformation of about 19 nm in the present specimen. The deformation was extremely small to fill the clearance gap between the original interfaces of the Y-TZP bodies. In fact, the specimens were not joined in the joining experiment without applying an electric field at 1160 °C for 7200 seconds. According to these results, the AC-flash event must highly enhance the grain boundary sliding, and the enhancement cannot be explained only by joule heating. The previous reports have suggested that the flash event can promote grain boundary sliding in TZP [24,25,34-36,47-49]. The enhanced grain boundary sliding due to the flash event must be the origin of the successful joining in the present study.

4.2 Flash joining conditions necessary to obtain perfect joining interfaces
  Grain boundary diffusion is supposed to be an accommodation process of stress concentrations built up at grain boundaries and grain boundary multiple junctions [13-19, 42-46, 50]. As shown in Fig. 6, the TZP specimens were perfectly joined when the current density and input energy beyond the threshold values were applied. The threshold conditions of current and energy must be critical factors to produce enough amount of the diffusion flux required to cause grain boundary sliding. It has been reported in flash sintering experiments that rapid atomic diffusion under the flash event is closely related to the current density [33,51,52]. In the flash sintering of YSZ (yttria-stabilized zirconia), the sintering densification and grain growth were promoted as the current density increased [51]; by flash sintering at a furnace temperature of 900 °C, the final densities of the YSZ polycrystals reached 76% and 93% at 20 mA·mm−2 and 40 mA·mm−2, respectively, by holding for 60 seconds. The flash sintering with the current density of 20 mA·mm−2 cannot produce fully-densified YSZ even for a long duration time of 600 seconds. The previous results indicated that a threshold value of current density required for sufficient atomic diffusion exists in the flash sintering. In the present investigation, the TZP specimen was not joined by applying the current lower than 20 mA·mm−2, probably due to insufficient atomic diffusion. In contrast, the current of the specimen beyond 30 mA·mm−2 provided sufficient enhancement of atomic diffusion, resulting in the successful joining of the TZP specimens. The physical meaning of the threshold current value of 20-30 mA·mm−2 has not been clarified yet, but the existence of the threshold value in the present joining technique is consistent with the previous investigation on flash sintering of YSZ.
Furthermore, it has been suggested that the amount of input energy is another factor that determines densification in the flash event [53]. The literature reported that the relative density tended to increase with increasing the input energy. As shown in Fig. 6, the perfect joining of TZP was achieved at constant input energy of 4 kJ during the AC-flash event. Sufficient amounts of the input energy and current density above the threshold values should be applied to yield enough amount of the diffusion flux to activate the grain boundary sliding. This result is consistent with the importance of the input energy previously reported for the flash sintering.


5. Conclusion
In the present study, we conducted the flash joining experiments using an AC field on TZP bodies and determined the necessary conditions to obtain a high-strength joining of TZP bodies. The present results are summarized as follows:
(1) Under the condition of 60 mA·mm−2, the TZP specimens were successfully joined by holding for 80 seconds after the onset of the flash event at the furnace temperature of 1000 ºC. The flexural strength value in the AC-flash joined specimen at 60 mA·mm−2 was 881 MPa. The perfect joining was accomplished with only limited residual voids, resulting in 92% of the flexural strength of the as-sintered, monolithic TZP body. 
(2) The microstructure of the AC-flash joined specimens consisted of equiaxed grains, and neither significant grain growth nor dislocation activity was observed even in the vicinity of the joined interfaces. 
(3) The obtained results indicated that grain boundary sliding was responsible for the success of joining. The TZP specimens were not joined by the conventional joining method. According to these results, the AC-flash event must highly enhance the grain boundary sliding, and the enhancement cannot be explained only by joule heating. 
(4) The successful joining can be accomplished under both the conditions of the current densities over 30 mA·mm−2 and the input energy beyond 4 kJ. The threshold conditions during the AC-flash event must be required to produce enough amount of the diffusion flux for the occurrence of the grain boundary sliding.
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Figure captions
Figure 1  A schematic illustration of the apparatus for the flash joining experiments.

Figure 2  (a) Electric field, (b) current density, (c) power density and (d) specimen temperature curves as functions of the time at different current conditions. 

Figure 3 (a) The image of the central cross-section parallel to the electric field in the AC-flash joining specimen at the current density of 30 mA·mm-2 after 380 seconds. SEM images in the center of the longitudinal sections of the specimens AC-joined at (b) 30 mA·mm-2 after 380 seconds, (c) 60 mA·mm-2 after 80 seconds and (d) the as-sintered 3Y-TZP specimen. The joined interfaces in the images are indicated by the triangles.

Figure 4  A bright field TEM image in the center of the longitudinal section across the joined interface of the AC-flash joined specimen at the current density of 60 mA·mm-2 and the holding time of 80 seconds. The joined interfaces in the images are indicated by the triangles.

Figure 5  (a) The flexural strength of the 3Y-TZP densified body and the AC-flash joined specimens at 30 mA·mm-2 for 380 seconds and 60 mA·mm-2 for 80 seconds. (b) The photograph of the AC-flash joining specimen at the current density of 30 mA·mm-2 for 380 seconds after fracture by the three-point bending test.

Figure 6  The mapping of the outcomes of the joining experiments against the current density and input energy of the joining experiments. In the map, the crosses indicate unjoined, the triangles indicate imperfectly joined, the open circles indicate successfully joined specimens. The filled circles indicate the conditions of the 30 mA·mm-2 for 380 seconds and 60 mA·mm-2 for 80 seconds.
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