The variation of oxygen and cation vacancies in strontium titanate polycrystals flash-sintered under direct and alternating electric fields
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Abstract
[bookmark: _Hlk199767632]Point defect formation was investigated based on the electron energy-loss near-edge structure observed within the grains and 10 nm from the grain boundaries of strontium titanate flash-sintered under direct (DC) and alternating (AC) electric fields with strengths of 100 and 200 V/cm. More oxygen vacancies were generated in both regions under the DC field than under no field, but the same behavior was only observed under the AC field of 200 V/cm. Similarly, strontium vacancies were generated in both regions under the DC field but only within the grains under the AC field. The discrepancies in vacancy formation may be related to their generation and annihilation rates at grain boundaries under AC electric fields. The intricacies of the electric field-induced vacancy formation mechanism require further elucidation, but this work underscores the importance of considering the roles of both oxygen and cation vacancies in the accelerated mass diffusion during flash sintering.
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1. Introduction
[bookmark: _Hlk187658003]When a ceramic green compact is heated under an electric field above a threshold value, a phenomenon occurs in which the electric power exhibits a spike, known as a flash event [1]. An electric field can be leveraged to induce the flash event during the sintering to achieve more rapid densification at lower furnace temperatures than no-field sintering. The effectiveness of flash events in promoting densification has been confirmed in various ceramics [2-4]. 
During the flash sintering, mass diffusion is increased beyond what would be expected as a result of the Joule heat generated by electric power dissipation. For example, increased grain growth rates [5], rapid diffusion bonding [6-8], increased high-temperature plastic deformation rates [9], increased microcrack healing rates [10,11], and enhanced shrinkage [12, 13] have been experimentally confirmed. These previous reports mainly focused on the mass diffusion caused by intergranular and/or intragranular diffusion, but the mass diffusion due to surface diffusion has also been confirmed [14]; specifically, Katsuyama et al. investigated the step-terrace structure that formed on the (001) surface of SrTiO3 single crystals after flash treatment (annealing under a flash event) and experimentally demonstrated that a high density of two-dimensional (2D) nuclei forms on the surface under both direct and alternating current (DC and AC) electric fields. They claimed that the increase in 2D nuclei density is due to the electric field-induced increase in mass diffusion at the surface.
The oxygen vacancies caused during flash sintering may promote mass diffusion [14-16], which is attributed to the relatively low diffusion barrier of cations adjacent to oxygen vacancies [17,18]. Furthermore, the formation of oxygen vacancies has been experimentally confirmed during flash sintering using a DC electric field [19-21]. Oxygen ion diffusion from the negative electrode to the positive electrode is caused under DC electric field, a unidirectional electric field, and thus, it is simply understandable why oxygen vacancies are formed and distributed during flash sintering under DC electric fields.
Conversely, oxygen vacancies are also formed under an AC electric field [22-25], in which the electric field alternates and the unidirectional driving force for oxygen diffusion is not always constant. For example, Raj et al. performed X-ray photoelectron spectroscopy (XPS) measurements on TiO2 flash-sintered using an AC electric field and experimentally clarified the decrease in Ti valence due to the formation of oxygen vacancies [24]. XPS is highly sensitive to valence changes, reliably confirming the formation of oxygen vacancies under DC/AC electric fields. In the case of polycrystalline materials, the point defects caused during flash sintering are expected to involve grain boundaries, which act as sites for the generation and annihilation of point defects. Therefore, a distribution of point defect content is expected to occur within the grains. In our previous studies, we employed semi-quantitative estimations of the oxygen vacancy concentrations in SrTiO3 polycrystals flash-sintered under DC and AC electric fields, using the fine structure variation of the Ti L23-edge electron energy-loss near-edge structure (ELNES) as a diagnostic tool [26]. The electron energy-loss (EEL) measurement, combined with transmission electron microscopy (TEM), has the advantage of nanoscale region.
In this study, we conducted EEL measurements for SrTiO3 flash-sintered using a DC/AC electric field to investigate the formation of oxygen and cation vacancies inside the grains and in the regions very close to the grain boundaries. The vacancy formation behaviors are discussed, highlighting the differences observed in the case of AC fields, as well as the importance of cation vacancies in mass diffusion.




2. Materials and methods
2.1. Sample preparation
Green compacts with dimensions of 3.5 mm × 3.5 mm × 15 mm were prepared using a conventional compacting method; we employed uniaxial pressing at 75 MPa and cold isostatic pressing at 100 MPa using commercially available SrTiO3 powder (Sigma-Aldrich, St. Louis, MO, US) with a purity of > 99% and an average grain size of approximately 100 nm, according to the manufacturer’s report. Platinum sheets were used as the electrode materials, adhered with Pt paste on both longitudinal faces of the compact specimens. A voltage-to-current protocol that employs DC/AC electric fields was used for flash sintering [1]. Specifically, the green compacts adhered with Pt electrodes were heated at a rate of 5 °C/min under DC/AC electric fields using a high-temperature dilatometer (EVO2 TMA8301, Rigaku, Japan) that was modified to apply an electric field [27]. A stabilized power supply (Asterion AST-751, Ametek, Berwyn, PA, US) was driven at a constant voltage during the heating process. The initial DC and AC electric fields of 100 and 200 V/cm were applied to compare the data with the electric field conditions used in our previous report [26], in which the preset current limit for the DC electric fields was 300 mA (current density: ~24.5 mA/mm2 for a green compact state), and the preset current limit for the AC electric field at 1 kHz was 170 mA (current density: ~13.9 mA/mm2 for a green compact state). The electric fields and limit currents were taken as root-mean-square values for the AC electric fields. The respective limit currents were optimized such that the respective sample temperatures determined from the electric power dissipation during the steady state were similar, as described in the Results section (Fig. 1). When the electric current in the samples reached the preset current limit, the furnace ramp was stopped, and the power supply was automatically switched to a constant current control mode, driven at the respective limit current. The furnace temperature and electrical conditions were maintained for 60 min. After that, the furnace and the power supply were switched off, and the samples were furnace-cooled to approximately 200 °C at a rate of approximately 20 °C/min. For comparison, green compacts were thermally sintered at 1300 °C for 3 h without the application of an electric field. Hereafter, the samples are denoted as no-field, DC-100, DC-200, AC-100, and AC-200 samples, where 100 and 200 denote the field strength used during preparation.

[bookmark: _Hlk65151894]2.2. Microstructure and electronic state analysis
Oxygen and cation vacancies were measured using an EEL spectrometer with an imaging filter system (Quantum ER, Gatan, Pleasanton, CA, US), installed in a scanning transmission electron microscope (ARM-200FC, JEOL, Tokyo, Japan). 
The formation of oxygen and cation vacancies was evaluated using the fine structure variations of the Ti L23-edges and O K-edges, respectively. At least 10 points were acquired from the grain interiors (the center region of grains) and the regions located approximately 10 nm away from the grain boundaries of each sample for both edge measurements. The EEL spectra were acquired under diffraction mode (camera length: 2 cm) using a 2 nm-diameter nanoprobe in the TEM illumination mode (energy dispersion: 0.1 eV/ch). Zero-loss peaks were also acquired at the same location that the core-loss spectra were acquired. Then, the background-subtracted EEL spectra were obtained by removing the effects of plural scattering using Digital Micrograph 2.3 software (Gatan, Pleasanton, CA, US). For EEL measurements, thin foils were prepared from a central region of the flash-sintered compacts by employing conventional Ar ion milling after mechanical grinding and polishing.



3. RESULTS
[bookmark: _Hlk197187559][bookmark: _Hlk197266386]Figure 1 illustrates the process time dependence of the (a) electric power density, (b) relative density, and (c) electrical conductivity for SrTiO3 during flash sintering under the corresponding electrical conditions. For reference, the furnace temperature is also indicated on the upper horizontal axis of Fig. 1(a). The electric power density exhibits a spike for both the DC and AC electric fields, followed by a period of relatively constant behavior. This is analogous to the typical behavior observed for the voltage-to-current protocol in flash sintering, as previously reported [1-4]. For all conditions, the electric power density remained constant at approximately 230–250 mW/mm3, following the spike. According to the blackbody radiation model [28, 29], the sample temperature in this constant state was estimated to be 1300–1350 °C. The current limit during flash sintering was optimized to ensure that the sample temperatures were approximately similar for each sample. As expected for the voltage-to-current protocol [1-4], a significant increase in relative density was observed along with a spike in the electric power density (Fig. 1(b)). However, for the DC-200 sample, no further densification was observed after the initial spike, remaining almost constant (arrow in Fig. 1(b)). This phenomenon is likely caused by preferential densification of the outer periphery of the compact, which has been observed during the flash sintering of fully stabilized zirconia polycrystals [30]. Except for the DC-200 sample, a densification of approximately 97% relative density was achieved for all samples. The difference in average grain size among the samples was within approximately 30%.
Figure 2 depicts typical examples of the Ti L23-edges obtained at the grain interiors of no-field, DC-200, and AC-200 samples, which were used to estimate oxygen vacancies. The Ti L2 and L3 orbitals are split into eg and t2g orbitals because of the coordination between Ti and oxygen ions, respectively. Accordingly, the Ti L23-edge comprises four distinct peaks [31]. When oxygen vacancies are formed, the splitting of this degeneracy becomes weakened, resulting in the widening of the eg and t2g peaks, which increases the intensity of the peak base (valley) composed of the corresponding peaks (arrows in Fig. 2) [32, 33]. Compared with the findings for the no-field sample shown in Fig. 2(a), the peak intensities at the arrow positions (the peak base between the L3-eg and t2g peaks) are increased for both the DC-200 and AC-200 samples, suggesting that there are more oxygen vacancies in the DC-200 and AC-200 samples than in the no-field sample.
Li et al. estimated the number of oxygen vacancies from the fine structure variation of Ti L23-edges using the following relationship [34]:
,    Eq. 1
where A is the L3-eg peak intensity, B is the L3-t2g peak intensity, and C is the intensity at the base between the L3-eg and t2g peaks (the intensities at the arrow in Fig. 2). Figure 3 shows the r-values obtained using Eq. 1, which are taken from the (a) grain interiors and (b) regions located approximately 10 nm away from grain boundaries. The data acquired in the grain interiors of the no-field and DC/AC-100 samples (Fig. 3(a)) are replotted from our previous report [26]. In Fig. 3, a higher r-value means a higher oxygen vacancy content, and the median values of the distributed data are indicated by hollow circles (for reference, the average values are indicated by hollow rectangles). 
For the data acquired at the grain interiors (Fig. 3(a)), the median r-value is ~2.1 for the no-field sample and increases for the DC flash-sintered samples. For the AC flash-sintered samples, the r-value of the AC-100 sample is similar to that of the no-field sample, but the r-value increases for the AC-200 sample and is comparable to that of the DC-200 sample. We previously showed that the oxygen vacancy content in the AC-100 sample was similar to that in the no-field sample [26], but in the present study, we found that relatively more oxygen vacancies are formed by increasing the AC electric field strength to 200 V/cm. Similarly, for the data acquired near the grain boundaries (Fig. 3(b)), the r-values of the DC-100/200 and AC-200 samples increase compared with that in the no-field sample, demonstrating a relative increase in the oxygen vacancy concentrations when prepared under an electric field. 
Figure 4(a-c) shows typical examples of the O K-edges used to examine cation vacancy formation, taken at grain interiors of the (a) no-field, (b) DC-200, and (c) AC-200 samples. Fig. 4(d-f) shows the experimental O K-edge and theoretical partial density of states (PDOS) reported by Tomita et al. [35]. The O K-edge contains four main peaks, marked A–D in Fig. 4(a) and (d). Peaks A and B are attributed to the PDOS from Ti-d orbitals (Fig. 4(e)), and peaks C and D are attributed to the PDOS from Sr-d orbitals (Fig. 4(f)). Therefore, it can roughly be assumed that the intensity of peaks A and/or B decreases when Ti vacancies form and the intensity of peaks C and/or D decreases when Sr vacancies form. The shape of the O K-edge for the no-field sample shown in Fig. 4(a) is consistent with that shown in Fig. 4(d). By contrast, for the DC/AC-200 samples shown in Fig. 4(b) and (c), peaks A and B are similar to those of the no-field sample, but the shapes of peaks C and D differ from those of the no-field sample. Peak D becomes indistinct (arrows in Fig. 4(a-c)). Compared with the theoretical calculations shown in Fig. 4(e and f), this change in the shape of the O K-edge indicates that the PDOS contributed from the Sr-d orbital (Sr-d t2g) has decreased. In other words, the decrease in the peak D intensity suggests an increase in Sr vacancies, especially considering that this change in the O K-edge is consistent with the theoretical calculation for the change in O K-edge ELNES because of Sr vacancies in SrTiO3, as reported by Mizoguchi et al. [36]. By contrast, no change was observed for peaks A and B in DC/AC-200 samples, suggesting that the cation vacancies that form in DC/AC flash-sintered SrTiO3 polycrystals are Sr vacancies. This is consistent with previous reports showing that Sr vacancies are the dominant cation vacancies produced in SrTiO3 during no-field annealing [37, 38].
The separation state of peaks C and D was evaluated semi-quantitatively using the following relationship:
,   Eq. 2
where C, D, and E are the corresponding peak intensities shown in Fig. 4(a). The estimation using Eq. 2 was conducted under the assumption that the effect of oxygen vacancies on the height of each peak ratio is ignorable. The s-values estimated using Eq. 2 are shown in Fig. 5, in which the median values of distributed data are indicated by hollow circles (for reference, the average values are indicated by hollow rectangles). In Fig. 5, a higher s-value indicates a higher Sr vacancy content. 
Figure 5 shows that flash sintering performed under a DC or AC electric field varies the Sr vacancy content, unlike the constant vacancy content observed in no-field samples. The Sr vacancy content increases at grain interiors irrespective of DC/AC electric fields (Fig. 5(a)). As for the data acquired near the grain boundaries, the DC and AC samples showed different behaviors. In the DC samples, the Sr vacancy content increased more than that in the no-field sample, but in the AC samples, the Sr vacancy content was similar to that in the no-field sample.





4. DISCUSSION
[bookmark: _Hlk197180238]Table 1 summarizes the variation in the oxygen and Sr vacancy contents shown in Figs. 3 and 5, relative to the vacancy content obtained in the no-field sample. The oxygen vacancy content increased in both regions in all field-assisted samples except for the AC-100 sample, which showed no relative increase in either region. The Sr vacancies increased within the grains in all samples, but in the region very close to the grain boundaries, the vacancy content increased only under the DC electric field; under the AC electric field, the Sr vacancy content was almost the same as that in the no-field sample, even using 200 V/cm.
The formation of oxygen vacancies under a DC electric field has been confirmed not only by XPS measurements but also by examining phenomena involving oxygen vacancies [39]. Rheinheimer et al. experimentally observed a reduced state for SrTiO3 during DC flash sintering. Specifically, they found that the grain growth rate increased on the negative electrode side and attributed this increase to the formation of oxygen vacancies. They explained the relationship between oxygen vacancy formation during DC flash and the grain growth rate in terms of a space charge variation at the grain boundaries, which is caused by oxygen vacancy formation. A similar reduction caused by a DC electric field was confirmed in zirconia; blackening as a result of excess oxygen vacancy formation occurs in zirconia depending on the DC field conditions [40, 41]. The strongly reduced state caused by the DC electric field has also been observed to promote the nitridation of zirconia [42, 43]. Under a DC electric field, oxygen ions diffuse from the negative to the positive electrode owing to the forced diffusion of oxygen ions induced by the unidirectional electric field (drift-diffusion). Therefore, if the amount of oxygen taken into the material from the negative electrode (and/or grain boundaries) is less than the amount diffused by the electric field, a reduced state is formed [44], which explains why oxygen vacancies are generated under a DC electric field.
Oxygen vacancy formation has also been confirmed using AC electric fields, via XPS [22-25], but the electric field is alternating (not constantly applied), making the phenomena more difficult to describe. Moreover, experimental reports have indirectly shown the formation of oxygen vacancies during flash sintering under an AC electric field [45,46]. Ono et al. demonstrated that the photoluminescence (PL) emission intensity of flash-sintered Ga2O3 was significantly increased by processing under an AC electric field, likely because of the enhanced donor-acceptor transition [45]. They further investigated the effect of a DC electric field and confirmed that the PL emission intensity increases on the negative electrode side, predicting that the increase in PL emission intensity observed after sintering in an AC electric field is due to an increase in the oxygen vacancy concentration. However, it remains difficult to intuitively understand the mechanism of oxygen vacancy formation under an AC electric field.
In oxygen ion conductors, the migration of oxygen ions occurs in response to an applied electric field. Unidirectional migration occurs during half of the alternating cycle under an AC electric field. The migration distance  during half of the alternating cycle is expressed by the following relation:
,  Eq. 3
where  is the mobility of oxygen vacancies,  is the effective value of the AC electric field strength, and f is the frequency of the AC electric field. If the distance  that oxygen ions can travel in one direction during half of the alternating cycle is greater than the distance between the negative/positive electrodes attached to both ends of the sample, a reduction state may occur, similar to that observed under a DC electric field. The mobility of divalent oxygen ions is estimated to be 1.1 × 10-2 cm2/V･s based on the calculated sample temperature in the present study [47]. For a rough approximation, ignoring scattering at grain boundaries and other defects, the distance  is approximately 7.9 × 10-3 mm under the AC electric field of 200 V/cm and a frequency of 1 kHz. Considering that this distance is significantly smaller than 15 mm (the distance between both electrodes), a reduced state is unlikely to form.
The formation of oxygen vacancies at the interior of polycrystalline grains occurs by the ejection of oxygen ions to the grain boundaries, including the polycrystal surface. Under AC electric fields, the ejection of oxygen ions to the grain boundary and the uptake of oxygen ions from the grain boundary to the grain interior both occur. If the probabilities of each process based on their energy barriers are νout and νin, and νout > νin, then it can be inferred that the region near the grain boundary exhibits a reduced state. The phenomenon caused by νout > νin has been described in terms of the asymmetrical electrode overvoltage in solid electrolytes with respect to the applied electric field [48]. For example, Fujiwara et al. reported that the current at a platinum electrode attached to yttria-stabilized zirconia is asymmetric with respect to the applied electrolytic direction [49]. Similarly, Mihara et al. reported that the current at a LaCoO3 electrode fixed to a solid electrolyte, lanthanum silicate oxyapatite, was asymmetric with respect to the direction of the applied electric field [50]. If there exists an asymmetry (νout  νin) in the processes of oxygen ion ejection to grain boundaries and incorporation to grain interiors, and this asymmetry is νout > νin, reduction is likely to occur under AC electric fields. As shown in Fig. 3(b) (Table 1), the oxygen vacancy content in the region very close to the grain boundary increases, which is consistent with the above-mentioned consideration. 
Grain boundaries act as sites for the generation and annihilation of point defects (oxygen and Sr vacancies). The rate of their generation and annihilation is considered to be related to the lattice coherency of the grain boundaries, which is expected to differ for each grain boundary. One of the reasons for the wide distribution of data shown in Figs. 3 and 5 may be the difference in the lattice coherency among the various grain boundaries.
The Sr vacancy content increased in both the interior of the grains and the regions near the grain boundaries under the DC electric field, compared with that in the no-field sintered compact. Conversely, in the presence of an AC electric field, there was a relative increase in the Sr vacancy content within the grains but not near the grain boundaries, regardless of the field strength investigated herein. The precise mechanism underlying the variation in Sr vacancy content during flash events remains to be fully elucidated. However, one possible explanation is presented as follows.
In the densification of powder compacts via rapid heating, such as flash sintering, the time spent in the temperature range where surface diffusion is dominant is significantly decreased. A reduction in the mass diffusion caused by surface diffusion leads to a suppression of the reduction in the driving force acting on the neck portions between powder particles. Consequently, grain and/or grain boundary diffusion occurring at a higher temperature range is effectively activated while the high diffusion driving force acting between powder particles is maintained [51]. The mass diffusion that occurs during the densification is attributable to an increase in the vacancy content, which is influenced by the radius of curvature present at the necks between powder particles [52]. The Sr vacancy content within the grains increased under both the DC and AC electric fields, compared with that under no field. This phenomenon potentially mirrors the rise in Sr vacancies that transpired during the accelerated heating process. It is hypothesized that the Sr vacancy content likely reverts to its equilibrium with the sample temperature during the process in which the flash event is sustained at a steady state. As illustrated in Fig. 5(b), the Sr vacancy content exhibits a comparable level to that of the no-field compact after processing under an AC electric field. It can be inferred that the effect of the AC electric field on the formation of Sr vacancies and the maintenance of their content is smaller than that of the DC electric field. Hence, it is imperative to consider the involvement of both the oxygen and cation vacancies in the enhanced mass diffusion that occurs during flash sintering.
The increase in the mass diffusion that is considered to occur during flash sintering requires further investigation. Raj et al. reported on the variation in the diffusion length caused by flash sintering using compositional analysis [53], claiming that the diffusion length (diffusion rate) was significantly increased under flash sintering. Accordingly, to clarify the mechanism and magnitude of the increase in mass diffusion that is expected to occur during flash sintering, it is preferable to directly examine the amount of mass diffusion (e.g., experiments using diffusion couples)].




5. CONCLUSIONS
SrTiO3 polycrystals were flash-sintered under DC/AC electric fields, and the formation of oxygen and cation vacancies was investigated in terms of the Ti L23-edge and O K-edge ELNES acquired by EEL measurements, particularly in the grain interiors and the regions very close to grain boundaries (approximately 10 nm away from grain boundaries). The results are summarized as follows.
1) The oxygen vacancy formation was estimated semi-quantitatively using the L3-eg and L3-t2g peak separation in the Ti L23-edge ELNES, confirming that the formation of oxygen vacancies was induced by flash sintering under DC electric fields of 100 and 200 V/cm, both within the grains and near grain boundaries. By contrast, flash sintering under AC fields at 100 V/cm produced similar results to no-field sintering, and the oxygen vacancy content only increased under the AC field of 200 V/cm, both within the grains and near grain boundaries.
2) The oxygen vacancy formation that occurs during flash sintering under AC electric fields was inferred to be due, at least in part, to the higher probability of oxygen ejection from the grain interiors to the grain boundaries, as opposed to the probability of oxygen uptake from the grain boundaries into the grain interiors.
3) The cation vacancy formation was estimated semi-quantitatively by considering the fine structure variation of the O K-edge ELNES. The cation vacancy caused by DC and AC electric fields was determined to be the Sr vacancy, based on the change in Sr-d t2g orbitals before/after flash sintering under both DC and AC fields. Compared with the Sr vacancy content observed near the grain boundaries after no-field sintering, the DC electric field increased the content, whereas the AC electric field produced almost no change in the content, regardless of the field strength. Notably, the Sr vacancy content increased within the grains in all field-assisted samples, compared with the no-field samples. Further investigation is necessary to clarify the reason for Sr vacancy formation during flash sintering under DC/AC fields.
4) To explain the excessive increase in mass diffusion, beyond what is expected from Joule heating alone, it may be necessary to account for cation vacancies (Sr vacancies in the case of SrTiO3), in addition to the oxygen vacancies.
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Figure 1. Variation of the (a) volumetric electric power dissipation, (b) relative density, and (c) electrical conductivity as a function of processing time. Furnace temperatures are presented on the upper horizontal axis for reference. The flash temperatures TF are indicated in (a), defined as the furnace temperatures at which the volumetric power dissipation exhibits a spike.
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Figure 2. Ti L23-edges taken from the grain interiors of (a) no-field, (b) DC-200, and (c) AC-200 samples. The black arrows mark the peak base between the L3-eg and t2g peaks.
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Figure 3. The -values (the number of oxygen vacancies) were estimated using Eq. 1 for no-field (T.S.), DC-100, DC-200, AC-100, and AC-200 samples; (a) grain interior and (b) the region 10 nm away from grain boundaries. The hollow circles and rectangles show median and average values, respectively.







[image: ]












Figure 4. O K-edges taken from the grain interiors of (a) no-field, (b) DC-200, and (c) AC-200 samples. Referenced data replotted from Tomita et al. [30], showing (d) experimental O K-edge and theoretical PDOS for (e) Ti and (f) Sr.
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Figure 5. The -values (the amount of Sr vacancies) were estimated using Eq. 2 for no-field (T.S.), DC-100, DC-200, AC-100, and AC-200 samples; (a) grain interior and (b) the region 10 nm away from grain boundaries. The hollow circles and rectangles show median and average values, respectively.








Table 1. Summary of the O and Sr vacancy variation after flash sintering.
A mark of ⤴ or → means that the vacancy content increases or remains similar to that observed in no-field samples, respectively.


	
	DC electric field
	AC electric field

	
	100 V/cm
	200 V/cm
	100 V/cm
	200 V/cm

	VO
	GI
	⤴
	⤴
	→
	⤴

	
	Near GB
	⤴
	⤴
	→
	⤴

	VSr
	GI
	⤴
	⤴
	⤴
	⤴

	
	Near GB
	⤴
	⤴
	→
	→
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