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Abstract 

The solid-state joining of oxide-dispersion-strengthened (ODS) austenitic steels was realized 

using a pulsed electric current joining (PECJ) process. Microstructures of the austenitic grain 

structures and oxide dispersions in the joint areas were characterized using electron microscopy. 

Negligible grain growth was observed in austenitic grain structures, while slight coarsening of 

oxide dispersions occurred at a short holding time. The mechanisms of the PECJ process may 

involve three steps that occur simultaneously, including the sintering of mechanical alloying 

powders in the bonding layer, formation of oxide dispersions, and bonding of the mechanical 

alloying powders with the base alloy. The high hardness and irradiation resistance of ODS alloys 

were retained in the joint areas. This research revealed the fundamental mechanisms during the 

PECJ process, which is beneficial for its potential applications during the advanced 

manufacturing of ODS alloys.      
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1. Introduction 

    Oxide-dispersion-strengthened (ODS) alloys are promising materials to meet the demand of 

advanced nuclear applications due to high-temperature stability, corrosion resistance, excellent 

mechanical strength, creep resistance, and radiation tolerance [1–4]. ODS ferritic steels have 

been prevalently investigated for Generation-IV nuclear power systems, leading to the 

development of many alloys such as 14Cr ODS, 14YWT, MA956, MA957, and PM2000 [5–8]. 

ODS austenitic steels (e.g., ODS 316, ODS 304) have been recently developed for nuclear 

energy applications in very-high-temperature reactors (VHTR) and advanced fossil energy 

systems [9–11]. ODS austenitic steels have better creep resistance than ferritic steels, because the 

close-packed face-centered cubic (FCC) structure is more stable and more resistant to creep than 

the body-centered cubic (BCC) structure at high temperatures. The outstanding properties of 

ODS alloys originate from the homogeneous dispersion of oxide nanoparticles, including Y-Ti-O 

(Y2TiO5 and Y2Ti2O7) or Y-Al-O (YAlO3, Y2Al2O9, and Y5Al3O12), due to their high thermal 

stability [12, 13]. These oxide dispersions can effectively pin the dislocations and reduce grain 

coarsening, and trap radiation-induced defects and helium atoms at the dispersion/matrix 

interfaces [14–17].  

    A reliable joining or welding technique is very important for the practical application of 

ODS alloys as structural components in nuclear and fossil energy systems. Several joining and 

welding methods have been applied to ODS steels before. Wright et al. reviewed the prior work 
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on joining/welding technologies of ODS alloys, such as tungsten inert gas welding, brazing 

bonding, transient liquid phase bonding, diffusion bonding, and friction stir welding [18]. It 

suggested that the unique nanostructure of dispersion particles was difficult to maintain in ODS 

alloy joints using existing joining technologies because they can generate excessive heating, 

melting, and solidification to disrupt the microstructures in the joint or heat-affected zone (HAZ). 

For example, the fusion welding processes (including tungsten inert gas, arc welding, laser 

welding, and electron beam welding) melt and re-solidify the joint region, resulting in the 

agglomeration and coarsening of dispersion particles, grain growth, and pore formation from the 

entrapped or absorbed gas [19–22]. Friction stir welding (FSW) has benefits such as the absence 

of melting or solidification, low distortion of the workpiece, and good dimensional stability [23, 

24]. Nevertheless, Baker et al. report that FSW of MA 956 causes significant oxide particle 

coarsening due to a combination of Ostwald ripening and continued phase transformation within 

the Al2O3-Y2O3 system [25]. Similarly, the studies on PM 2000 concluded that FSW caused 

oxide particles to grow in the vicinity of the stir zones consisting of coarsened and equiaxed 

grains [24, 25]. Capacitive discharge resistance welding has been recently developed for ODS 

alloy cladding, which has rapid thermal cycles to form thinner weld zones than conventional 

techniques, although a thin recrystallization region was observed [26]. Therefore, the 

development of a reliable joining/welding technology remains a major technical challenge for 

nuclear and fossil applications of ODS alloys. 
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    A pulsed electric current joining (PECJ) process has emerged as a promising approach that 

can produce an outstanding solid-state ODS ferritic alloy joint with minimal change of oxide 

dispersion [27, 28]. The PECJ process involves simultaneously applying a pulsed electric current 

and a uniaxial pressure to mechanical alloyed powders placed between two ODS alloy parts, 

producing a solid-state bonding (Figure 1). The mechanical alloyed powders have the same 

chemical composition as the ODS base alloy. Under the pulsed electric current and pressure, the 

mechanical alloying powders are consolidated (sintered) to form a bonding layer between ODS 

alloy parts. Because the PECJ process avoids the melting or excessive heating of ODS alloys, it 

will result in minimal changes in microstructures of oxide dispersions in ODS alloy joints.  

Nishimoto, et al., first applied the PECJ technique to join MA956 (with oxide dispersion 

particles of 24 nm) by inserting mechanical alloying powders (with particle size of 65 to 240 um) 

with the same composition with MA 956 between two metal rods, and forming a bonding layer at 

750-1142 °C for up to 18 min in a vacuum atmosphere at a uniaxial pressure of 40-70 MPa [27]. 

The creep-rupture strength of the joined MA956 samples can retain 70% of the strength of the 

base metal. Tatlock, et al. demonstrated the successful joining of as-extruded PM 2000 rods (19 

mm diameter) by a PECJ process at 1170-1380 °C in an Argon atmosphere at a pressure of 40-70 

MPa perpendicular to the joint [28]. The joined PM 2000 samples exhibited a creep-rupture 

strength of 72-74% of the base metal at 1000 °C. Fu et al. [29]reported dissimilar joints between 

9Cr-ODS and JLF-1 steels by hot isostatic pressing (HIP) and electron beam welding at 1000 to 
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1100 ºC for 3 hours under a pressure of 191 MPa. Compared to HIP, the advantage of PECJ is 

the much shorter time (10 min vs. 3 h) needed to complete the joining process. These prior 

studies indicate the potential of the PECJ process to maintain the superior mechanical properties 

of ODS ferritic steels at high temperatures. However, the previous research was limited to the 

ferritic ODS steels and no research on the PECJ process of ODS austenitic steels was reported. 

In addition, the fundamental mechanisms during the PECJ process, in particular the formation 

mechanisms of microstructures in the joint, were not well understood,  

    In this manuscript, ODS 304 austenitic steels were successfully joined using the PECJ 

process. Microstructures in the ODS alloy joints were characterized by scanning electron 

microscope (SEM), electron backscatter diffraction (EBSD), and transmission electron 

microscopy (TEM). The local mechanical properties were evaluated by the measurement of 

hardness along the cross-section of joints, and the stability of microstructures in irradiation 

environments was examined in the in situ ion irradiation transmission electron microscope 

(I3TEM). These studies revealed the microstructure-property relationship in the PECJ joints, 

which aids understanding of the fundamental mechanisms of the PECJ process and is beneficial 

for its potential applications during advanced manufacturing of ODS alloys.      

 

2. Experimental 

ODS 304 austenitic steel samples were fabricated following the procedures in our previous 
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paper [3]. Briefly, raw powders with a nominal composition of Fe-18%Cr-8.5%Ni-2%W-

0.5%Ti-0.35%Y2O3 (wt.%) were ball milled at 250 rpm for 50 h in a high-energy planetary mill 

under an argon atmosphere. Consolidation of the mechanical alloying powders was achieved at 

1000 °C for 5 min and applied uniaxial pressure of 50 MPa under vacuum.   

ODS 304 austenitic steel samples for the PECJ process had a diameter of 20 mm and a 

thickness of ~1 mm. The surface was polished with SiC paper successively from 400 to 1200 

grit. The PECJ process of ODS 304 austenitic steels was performed using the spark plasma 

sintering system (SPS, Model 10-4, Thermal Technology LLC) under vacuum (2×10-2 Torr). A 

schematic diagram of the PECJ process was illustrated in Fig. 1, in which two ODS steel 

samples were placed abutted, and a layer of mechanical alloying powders with the same 

chemical composition as the ODS steels was placed between them. The mechanical alloying 

powders were prepared by ball milling of element powder mixtures with a nominal composition 

of Fe-18%Cr-8.5%Ni-2%W-0.5%Ti-0.35%Y2O3 (wt.%) under an inert atmosphere at 250 rpm 

for 50 h using the planetary ball mill. The SPS system included a direct current (DC) power that 

provided a pulsed electric current with an electric voltage of 0 to 10 V, an electric current of 0 to 

2000 A, and a pulse duration of 3 milliseconds to 1 second. The temperature of the powders was 

measured using three Type K thermocouples (maximum 1200 °C) and one optical pyrometer 

(450 to 3000 °C). The uniaxial pressure (0 to 50 MPa) was applied using the hydraulic load in 

the SPS system.    
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Fig. 1. The schematic diagram of the pulsed electric current joining (PECJ) process of ODS 

alloys. 

After the PECJ process, the joined samples were machined and mechanically polished to 

reveal the cross-section microstructures. The sample surface was electrochemical polished in a 

solution of 5% HClO4 and 95% C2H5OH. SEM and EBSD analysis were conducted in a 

FIB/SEM dual-beam workstation (Helios 660, FEI) equipped with an EBSD detector (Hikari XP 

2, AMETEK) with a step size of 0.01 µm. During TEM sample preparations, disks in 3 mm 

diameter were punched out and thinned to a thickness of less than 100 µm by mechanical 

polishing. Final thinning to electron transparency was conducted by electrochemical polishing in 

a twin jet polisher using a solution of 5% HClO4 and 95% CH3OH at -20 °C. TEM 

characterizations were performed in a FEI Tecnai Osiris S/TEM operated at 200 kV using the 

bright-field (BF) imaging modes and energy-dispersive spectrometry (EDS) for chemical 

analysis. The Vickers hardness was measured using a hardness tester (Tukon 2500, Wilson) with 

a load from 3 N and a dwell time of 10 seconds.  
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The in situ ion irradiation experiments were carried out at the in situ ion irradiation TEM 

(I3TEM) facility at Sandia National Laboratories [30]. TEM samples of PECJ joints were 

irradiated by 2.8 MeV Au4+ ions at room temperature with a current density of 1.15×10-3 Am-2 

producing a damage rate of 1.32×10-3 dpa s-1. The accelerated Au4+ ions bombarded the TEM 

sample at an incident angle of about 60°. The ion beam size was 3 mm, which can cover the 

whole TEM sample. Displacements per atom (dpa) were calculated by the Stopping and Range 

of Ions in Matter (SRIM) simulation by the Kinchin-Pease model following the 

recommendations by Stoller et al. [31]. Under these irradiation conditions, a fluence of 1.36 × 

1018 ions m-2 can cause a damage level of about 1 dpa. The accuracy of the dose level is ±10%. 

 

3. Results and discussion 

Fig. 2 is a typical profile of the electrical voltage, current, and temperature during the PECJ 

process of 304 austenitic steels. An initial pulse of electrical voltage/current at t=2.5 min was 

used to start the Joule heating process, which was then almost linearly increased to provide a 

high heating rate of 100 ºC/min. When the temperature reached 1000 ºC and holding for 3 min, 

the electrical voltage/current was gradually decreased during the sintering process of mechanical 

alloying powders, because the output of electrical current was just needed to maintain the 

temperature at 1000 ºC instead of heating the sample. Then the voltage/current was decreased 

and stopped to allow the cooling rate of 100 ºC/min. It is noted that the relationship between 
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electrical voltage and current followed the same trend, but their ratio was fluctuating that 

indicated changes of the electrical resistance of the system. The electrical resistance of this 

system (Fig. 1) consists of the resistance from the ODS steel sample, steel hydraulic ram, 

graphite molds, and the contact resistance between powder particles and that between the 

electrodes (i.e., ODS alloy part) and particles. The electrical resistance decreases during the 

sintering process and reaches lowest level when the temperature is 1000 ºC. The electrical 

resistance decrease is contributed by several factors, including the decrease of electrical 

resistance of graphite molds with temperature [32], lower resistance due to the sintering of 

particles (e.g., neck formation) [33], and lower contact resistance when the applied pressure 

increased from 25 to 50 MPa at 1000 ºC.  
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Fig. 2. The profiles of electrical voltage, current, resistance, pressure, and temperature during the 

PECJ process.  

Fig. 3a and 3b show the SEM images of the cross-section of the PECJ sample with holding 

time of 3 min and 10 min, respectively, at 1000 ºC. The red arrows indicated the location of the 

interfaces between the base alloy and the joint area. Fig. 3a’ and 3b’ are the enlarged view of the 

boundaries in Fig. 3a and 3b, respectively. There was no obvious microstructural difference 

between the joint area and base alloy, and no pores or cracks were observed in the joint area. The 

location of the interfaces are difficult to observe in the SEM images because there were no 
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defects or impurities at the interfaces. These results suggested that an excellent solid-state 

bonding was formed by the PECJ process.   

 

Fig. 3. SEM images of the cross-section of the PECJ samples of ODS 304 austenitic steels 

prepared at 1000 ºC and 50 MPa with a holding time of (a) 3 min and (b) 10 min. The vertical 

red arrows indicate the interfaces between the base metal and the joint. (a’) and (b’) are the 

enlarged view of the interface in (a) and (b), respectively. 

EBSD analysis was conducted to examine the austenite grain size and orientation in the 

base alloy and joint areas of ODS 304 austenitic steel samples after the PECJ process. Fig. 4a to 

4c are inverse pole figures of the austenitic grain structure that shows no preferred 

crystallographic orientation, while the grain size distributions of each image are presented in Fig. 
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4d to 4f. Considering the statistic errors, there was no significant difference in the average grain 

size of the base alloy (618 ± 324 nm), the joint area with a holding time of 3 min (568 ±249 nm), 

and the joint area with a holding time of 10 min (643 ± 258 nm). However, the average grain size 

of the joint area appeared to increase slightly with the longer holding time (10 min vs. 3 min). 

These results generally suggest that grain growth was suppressed during the PECJ process, 

which may be attributed to the high heating and cooling rates (100 ºC/min). The large grain size 

variation may be attributed to the particle size variation of the ball milled powders (2.989±0.532 

μm). Considering of the possibility of more Joule heating at the interface between joint and base 

alloy due to contact resistance, the grain size at the interface between joint and base alloy was 

analyzed by EBSD. The interface region of the 1000 ºC/3 min and 1000 ºC/10 min joint samples 

have grain size of 769±198nm and 815± 253nm, respectively, which is slightly larger than that 

of the joint area. This indicates more Joule heating in the interface region, but the difference 

between interface and joint area is not significant. There may be more Joule heating at the 

interface at the beginning stage of the PECJ process but this difference will diminish with the 

more soaking time when the interface region is sintered together with the powders resulting in 

decrease of the contact resistance. 
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Fig. 4. Typical EBSD images of (a) base alloy and the joint area with a holding time of (b) 3 min 

and (c) 10 min. (d)-(e) are grain size distributions corresponding to a to c, respectively. 

TEM characterizations were performed to analyze the potential coarsening and 

agglomeration of oxide dispersions in the joint areas of ODS 304 austenitic steels. TEM 

micrographs showed that the oxide dispersions remained uniformly distribution in both base 

alloy (Fig. 5a), the joint area with a holding time of 3 min (Fig. 5b), and the joint area with a 

holding time of 10 min (Fig. 5c). The particle size and number densities of oxide dispersions in 

the base alloy and joint areas were measured from the TEM images (Fig. 5d to 5f). The average 
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particle size of oxide dispersions in the base alloy (7.6 ± 7.2 nm) was similar to that in the joint 

area with a holding time of 3 min (8.1 ± 5.4 nm). However, the average particle size of the oxide 

dispersions increased more significantly from the holding time of 3 min to 10 min (13.3 ± 11.2 

nm). The number density decreased from the (8.7±1.3)×1020 m–3 in the base alloy to (6.6±

0.2)×1020 m–3 and (4.8±1.2)×1020 m–3 in the joint area with a holding time of 3 and 10 min, 

respectively. The larger size and lower number density of oxide dispersions in the joint areas 

suggested the coarsening of oxide dispersions occurred slightly after a short holding of 3 min but 

significantly after a longer holding time of 10 min. Fig. 5g shows the EDS analysis of the 

element distribution in an oxide dispersion particle, which is composed of Y, Ti, and O. This is 

consistent with the previous studies of ODS 304 austenitic steels, in which the oxide dispersions 

were Y–Ti–O oxide phase (presumably Y2Ti2O7 and Y2TiO5) [3, 12]. 
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Fig. 5. Representative bright-field TEM images of (a) base alloy and the joint areas with a 

holding time of (b) 3 min and (c) 10 min. (d)-(f) are the quantitative analysis of the particle size 

distribution and number densities of oxide dispersions corresponding to images a to c, 

respectively. (g) HAADF image of an oxide dispersion particle. (h)-(j) elements distribution in 

the oxide particle. 

   According to the microstructural characterizations, the preliminary mechanisms of the PECJ 

process of ODS alloys can be proposed. The PEC joining process of ODS alloys can be divided 
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into three steps that may occur simultaneously (Figure 6). The step (I) is the sintering of 

mechanical alloying powders in the joint area. The mechanical alloying powders loaded between 

the ODS base alloys were consolidated through solid-state sintering process by the pulsed 

electron current during the PECJ process. In addition to Joule heating, the intrinsic role of 

electrical current on the powder sintering process may involve several possible mechanisms, 

including plasma generation [34], electromigration [35], or dielectric breakdown of the surface 

oxide film [36]. The plasma generation theory proposed the formation of spark discharge and 

plasma through the ionization of gas between the powders, which can activate the sintering 

process [37, 38]. However, whether plasma can be formed has been questioned by the recent 

experimental investigations [39]. The insulating oxide films on the surface of metal powders, 

which are usually several nanometres thick and formed by oxidation in the air [40], can affect the 

kinetics of neck formation and growth during the initial stage of sintering. Chaim suggested that 

the enhanced surface conductivity with rising temperatures can promote electric field 

intensification at the inter-particle contact areas, resulting in electric field induced dielectric 

breakdown of surface oxide films [40]. Wang et al. investigated the electric field assisted 

sintering (EFAS) of stainless steel 316L nanoparticles using ex situ and in situ electron 

microscopy experiments, which suggested the sintering of stainless steel nanoparticles may 

experience four stages: the initial electric current cleaning of the oxide film, subsequent neck 

formation, neck growth, and the final fast consolidation [40]. Due to the similarity of the 



 

18 

 

compositions of ODS 304 steels and 316L stainless steels, the similar EFAS mechanisms may be 

applied to the step (I), i.e., sintering of powders. In addition to the electrical current, the applied 

pressure may also have an intrinsic effect to increase the driving forces for sintering, as well as 

the extrinsic effects on the particle rearrangement and the destruction of agglomerates in powders 

to accelerate the densification of powders [41–43]    

 

Fig. 6. The proposed mechanism of PECJ process of ODS alloys.  

   The step (II) is the formation of oxide dispersions inside the bonding layer, which mainly 

involves the crystallization of oxide dispersion particles from the amorphous oxygen-rich regions 

formed by mechanical alloying. The formation mechanisms of oxygen-enriched precipitates in 

ODS alloys have been studied for years. Recent experimental studies suggest that the originally 

added Y2O3 powders are dissolved during ball milling, and then the oxygen-enriched 

nanoparticles precipitate during the heating procedure [44–46]. Hsiung et al. suggest that the 
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precipitation of oxide dispersions initiates from the amorphous oxygen-rich regions formed 

during ball milling, as a consequence of the diffusion of dissolved Y2O3 as well as those metal 

elements that have a high affinity for oxygen such as Ti [47]. Williams et al. [44] reported that 

the amorphous Y-Ti-O clusters were less than 1 nm after mechanical alloying, which are 

crystallized to nanoparticles and grow considerably during the heating process. These 

mechanisms may be applied to the formation of oxide dispersions in the joint area during the step 

(II) of the PECJ process of ODS alloys.  

The step (III) is the bonding of the mechanical alloying powders with the base alloy, which 

may be influenced by the contact resistance and mass transport at their interface. The interface 

between the powders and the base alloy has higher electrical resistance than the base alloy, due 

to the small contact area and the insulating oxide films on the surface of metal powders. The high 

contract resistance can lead to Joule heating between the powders and bulk. It is also possible 

that an enhanced mass transport can occur at the interface through the electromigration 

mechanism of the electrical field. The electromigration theory suggests that the increase in the 

flux of the diffusion of atoms is a result of the momentum transfer from an “electron wind” effect 

[48]. Bertolino et al. [49, 50] revealed that in the Au-Al multilayer systems, the electromigration 

increased the rate of product layer formation and decreased the incubation time for the nucleation 

of a new phase. Thus, both high contact resistance and electromigration may be contributed to 

the formation of the solid-state bonding at the interface between the powders and base alloy 
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during the step (I) the PECJ process of ODS alloys.     

   The distribution of microhardness along the cross-section of PECJ samples of ODS 304 

austenitic steels was measured by Vickers indentations (Fig. 7). The microhardness in the base 

alloy and joint area formed for 3 min was 4.03±0.05 GPa and 3.88±0.10 GPa, respectively. The 

joint area had a slightly lower hardness and higher standard error. By lengthening the holding 

time to 10 min, the microhardness in the joint area had considerable variations and dropped 9.4% 

from 4.06±0.15 to 3.68±0.21 GPa on average compared to the base alloy. The microhardness 

decrease in the joint area formed for 10 min correlated with the coarsening of oxide dispersions 

(Fig. 4c), suggesting that the coarsening of oxide dispersions may lead to the degradation of 

mechanical properties of ODS alloy joints. The standard error of hardness in the joint area was 

higher than that of the base alloy, suggesting a greater variation in grain size or oxide dispersions 

in the joint area.     
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Fig. 7. Vickers microhardness along the cross-section of the PECJ samples of ODS 304 

austenitic steels prepared at 1000 ºC and 50 MPa with a holding time of 3 min and 10 min, 

respectively.  

For a preliminary evaluation of irradiation damage behavior in PECJ samples of ODS 304 

austenitic steels (1000 ºC, 50 MPa, 3 min holding time), 2.8 MeV Au4+ ions were used to in situ 

irradiate the TEM samples at room temperature. After Au4+ ion irradiation to 3.5 dpa, there was 

no change in the size or morphology of the oxide dispersions. A large number of dislocation 

loops were generated in the austenitic steel matrix, and many of them were annihilated at the 

dispersion/matrix interface. For example, Fig. 8a and Fig. 8b are two successive dark-field TEM 

images with a time interval of 300 ms near 2.1 dpa, which showed one typical case that a 

dislocation loop was annihilated at the dispersion/matrix interface. The annihilation behavior 

indicated that the dispersion/matrix interfaces in the PECJ samples were still effective sinks for 

irradiation defects. Statistical analysis showed that the mean size of dislocation loops remained 

nearly the same (~ 2 nm) with the irradiation dose from 0 to 3.5 dpa (Fig. 8c), while the number 

density of dislocation loops increased less than one order (Fig. 8d). Although no control sample 

of ODS base alloy was used in the irradiation experiment for the direct comparison, the absence 

of the coarsening of dislocation loops (Fig. 7c) indicated the growth of dislocation loops might 

be suppressed by the sinks of dispersion/matrix interfaces that can annihilate point defects and 

promote the recombination of vacancies and interstitials [51, 52]. The dislocation loop density 
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(1.2×10 22/m3) of the joint area at 1 dpa is similar to the loop density (1.5×1022/m3) reported by 

Yan et al. in the study of irradiation behavior of ODS 304 steels at 1 dpa by 1 MeV Kr ions [53]. 

These results suggest that the PECJ samples of ODS 304 austenitic steels retained a high 

irradiation resistance.  

 

Fig. 8. (a, b) Dark-field TEM images of the joint area, showing a dislocation loop (indicated by 

the circle), disappeared at the dispersion/matrix interface at 2.1 dpa during 2.8 MeV Au4+ ion 

irradiation at room temperature. (c) Mean size and (d) volumetric density of dislocation loops as 

a function of irradiation dose.  

4. Conclusion 
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A solid-state joining of ODS austenitic steels can be successfully formed by the PECJ 

process at 1000 °C and 50 MPa. SEM and EBSD characterizations suggested negligible grain 

growth in austenitic grain structures. TEM analysis showed the oxide dispersion particles in the 

joint area were still finely and uniformly dispersed, with slight coarsening of oxide dispersions at 

a short holding time of 3 min. The proposed mechanisms of the PECJ process of ODS alloys 

may be divided into three steps that may occur simultaneously, including the sintering of 

mechanical alloying powders in the bonding layer, formation of oxide dispersions, and bonding 

of the mechanical alloying powders with the base alloy. The microhardness of the joint areas was 

also close to that of the base alloy at a short holding time. In situ ion-irradiation experiments 

suggested that the irradiation resistance was retained in the jointed area due to the sink effect of 

oxide dispersions. Because of these benefits, the PECJ process is demonstrated to be a promising 

technology for the advanced manufacturing of ODS alloys for nuclear and fossil energy 

applications. 
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Figure Captions 

Fig. 1. The schematic diagram of the pulsed electric current joining (PECJ) process of ODS 

alloys. 

Fig. 2. The profiles of electrical voltage, current, resistance, pressure, and temperature during the 

PECJ process. 

Fig. 3. SEM images of the cross-section of the PECJ samples of ODS 304 austenitic steels 

prepared at 1000 ºC and 50 MPa with a holding time of (a) 3 min and (b) 10 min. The vertical 

red arrows indicate the interfaces between the base metal and the joint. (a’) and (b’) are the 

enlarged view of the interface in (a) and (b). 

Fig. 4. Typical EBSD images of (a) base alloy and the joint area with a holding time of (b) 3 min 

and (c) 10 min. (d)-(e) are grain size distributions corresponding to a to c, respectively. 

Fig. 5. Representative bright-field TEM images of (a) base alloy and the joint areas with a 

holding time of (b) 3 min and (c) 10 min. (d)-(f) are the quantitative analysis of the particle size 

distribution and number densities of oxide dispersions corresponding to images a to c, 

respectively. (g) HAADF image of an oxide dispersion particle. (h)-(j) elements distribution in 

the oxide particle. 

Fig. 6. The proposed mechanism of PECJ process of ODS alloys.  
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Fig. 7. Vickers microhardness along the cross-section of the PECJ samples of ODS 304 

austenitic steels prepared at 1000 ºC and 50 MPa with a holding time of 3 min and 10 min, 

respectively.  

Fig. 8. (a, b) Dark-field TEM images of the joint area, showing a dislocation loop (indicated by 

the circle), disappeared at the dispersion/matrix interface at 2.1 dpa during 2.8 MeV Au4+ ion 

irradiation at room temperature. (c) Mean size and (d) volumetric density of dislocation loops as 

a function of irradiation dose.  
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Fig. 1. The schematic diagram of the pulsed electric current joining (PECJ) process of ODS 

alloys. 
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Fig. 2. The profiles of electrical voltage, current, resistance, pressure, and temperature during the 

PECJ process.  
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Fig. 3. SEM images of the cross-section of the PECJ samples of ODS 304 austenitic steels 

prepared at 1000 ºC and 50 MPa with a holding time of (a) 3 min and (b) 10 min. The vertical 

red arrows indicate the interfaces between the base metal and the joint. (a’) and (b’) are the 

enlarged view of the interface in (a) and (b). 
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Fig. 4. Typical EBSD images of (a) base alloy and the joint area with a holding time of (b) 3 min 

and (c) 10 min. (d)-(e) are grain size distributions corresponding to a to c, respectively. 
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Fig. 5. Representative bright-field TEM images of (a) base alloy and the joint areas with a 

holding time of (b) 3 min and (c) 10 min. (d)-(f) are the quantitative analysis of the particle size 

distribution and number densities of oxide dispersions corresponding to images a to c, 

respectively. (g) HAADF image of an oxide dispersion particle. (h)-(j) elements distribution in 

the oxide particle. 
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Fig. 6. The proposed mechanism of PECJ process of ODS alloys.  
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Fig. 7. Vickers microhardness along the cross-section of the PECJ samples of ODS 304 

austenitic steels prepared at 1000 ºC and 50 MPa with a holding time of 3 min and 10 min, 

respectively.  
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Fig. 8. (a, b) Dark-field TEM images of the joint area, showing a dislocation loop (indicated by 

the circle), disappeared at the dispersion/matrix interface at 2.1 dpa during 2.8 MeV Au4+ ion 

irradiation at room temperature. (c) Mean size and (d) volumetric density of dislocation loops as 

a function of irradiation dose.  

 


