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Abstract
[bookmark: _Hlk155834096][bookmark: _Hlk155835640]The upper limits for Sb, As, and Sn in Gr. 91 steel are set by the recent standardized Gr. 91 Type 2 specification. To clarify how the three impurities impact the microstructures and creep rupture strength of Gr. 91 welded joints, two types of steel with varying impurity concentrations were prepared. The first contained high impurity concentrations (Steel 1), while the other had low impurity concentrations (Steel 2). The results of the creep tests on the welded joints showed that Steel 1 had lower creep rupture strength compared to Steel 2, indicating premature failure caused by the impurities. Comparing the microstructures in the as-welded joints, it was observed that Steel 1 had more M23C6 particles in the fine-grained heat affected zone (FGHAZ) than Steel 2. This finding indicates that M23C6 dissolution during the welding process was hindered in Steel 1. It is believed that M23C6 dissolution was reduced due to the segregation of impurities at the grain boundaries or the interface between the matrix and M23C6 particles. Consequently, the microstructure in FGHAZ of Steel 1 showed lower creep resistance because the pinning force by M23C6 was decreased due to the reduction of re-precipitation on the grain boundaries during post weld heat treatment. The degradation in the creep rupture strength due to the impurities was attributed to the earlier progression of recovery process in FGHAZ during creep, leading to premature creep void formation.
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1. Introduction
Material specifications and allowable stress for various alloys are stipulated by standards such as Boiler and Pressure Vessel Code established by American Society of Mechanical Engineers (ASME). Ensuring maximal and safe material properties involves ongoing discussions within standards committees and research institutes to update specifications based on the latest findings and industrial knowledge. Understanding these evolving standards is crucial for designing and maintaining high-temperature components in production plants. Gr. 91 steel finds widespread use in thermal power generation plants. Its specifications and allowable stress have undergone multiple revisions1,2,3,4,5 due to phenomena such as heat-to-heat variation in long term creep strength 6,7,8,9. Recently, Electric Power Research Institute (EPRI) proposed a new specification, aiming to narrow the composition range to minimize creep strength variation and ensure creep rupture ductility10. Following extensive discussions within ASME standards committee, the modified specification from the proposal by EPRI was standardized as Gr. 91 Type 2 in ASME Code case 2864 (2016)11, which was subsequently adopted in ASME Boiler and Pressure Vessel Code: Section II-A (2019)1. Simultaneously, the existing steel specification was categorized as Gr. 91 Type 1 within this standard1. Table 1 outlines the chemical requirements for product analysis according to ASME SA-387/SA-387M Gr. 91 (2019)1. Notably, Type 2 not only narrowed the composition allowance of the major elements but also introduced regulations on maximum concentration for impurities such as tramp elements. Previous research has noted that heats with higher impurity concentrations exhibit lower creep ductility12. The allowable stress for Type 2, as specified in ASME Code case 2864-1 (2019)13 and subsequently in ASME Boiler and Pressure Vessel Code: Section II-D (2021) 4, is marginally higher than that of Type 1.
Reports indicate that one of the newly restricted impurities in Type 2, Cu, has no significant effect on the creep rupture strength of Gr. 91 steel14. Furthermore, Cu is added as an austenite forming element15 in certain commercial alloys such as Gr. 122 steel1,2. However, research exploring the impact of other impurities (Sb, As, and Sn) has been limited. Previous studies suggested that Sb or Sn might lower the creep rupture strength of Gr. 91 steel14,16,17. Notably, Sb or Sn concentrations added in those studies exceeded the upper limits in Type 2 specification by more than fivefold14,16,17. Hence, the usefulness of impurity regulation in Type 2 specification to eliminate heats with lower creep strength remains debatable18. To the best of our knowledge, no study has yet experimentally investigated the effects of As.
In creep strength enhanced ferritic steels like Gr. 91 steel, it is well known that the creep rupture strength of welded joints is lower than that of the base metal19,20. These welded joints typically rupture at heat affected zone (HAZ), exhibiting Type-IV failure20,21,22,23. The degradation of creep rupture strength in the welded joints are caused by reduced pinning force contributed by M23C6 carbide at HAZ21,22,23. The reasons behind the reduced pinning force are attributed to the microstructural developments at HAZ such as dissolution and re-precipitation of M23C6 during welding and post weld heat treatment (PWHT), and grain refinement through α/γ reverse transformation. Essentially, the microstructural changes at HAZ during welding and subsequent PWHT significantly influence the creep strength of welded joints. Bridges et al. conducted creep tests on the welded joints made from long-term-serviced steels24. They noted substantial creep void formation at HAZ in steel that did not satisfy Type 2 specification24. In their test material, four elements, As, S, Cu, and Al, exceeded the upper limits of Type 2 specification24. However, their research did not discuss the influence of chemical compositions on microstructure development at HAZ. Therefore, the effects of impurity elements (specifically Sb, As, and Sn) on the creep strength and microstructures of Gr. 91 welded joints have yet to be conclusively clarified.
Building on the aforementioned context, this study focuses on Sb, As, and Sn, recently subjected to upper limits in Gr. 91 Type 2 specification. Its aim is to elucidate how these impurity elements impact the creep rupture strength and microstructures of Gr. 91 steel welded joints. To achieve this, two test steels with varying impurity concentrations were prepared, and creep tests were conducted using welded joints of each steel. Some materials, particularly those manufactured in earlier years, might contain multiple impurities25. Therefore, Sb, As, and Sn were combinedly added in the high-impurity-containing steel. While the concentrations of Sb, As, and Sn in the high-impurity-containing steel in this study were lower than in previous studies14,16,17, they exceeded the upper limits of Type 2 specification by two-to-three times to magnify their effects. 

2. Experimental procedure
[bookmark: _Hlk163844655][bookmark: _Hlk164803335]This study utilized two steel plates: one containing high impurities (Steel 1) and the other with low impurities (Steel 2). Unless specified, “impurity” refers to three elements: Sb, As, and Sn. Table 1 displays the chemical compositions of these steels. Steel 1 and Steel 2 satisfied Gr.91 Type 1 and Type 2 specifications, respectively. Note that the impurity concentrations in Steel 1 exceeded the upper limits of Type 2 (see Table 1). The chemical compositions of both steels were almost identical except for Sb, As, and Sn. Steel plates of 20 mm in thickness were produced through vacuum induction melting, followed by hot-rolling and cold-rolling. These plates were normalized at 1050 °C for 1.5 h (fan cooling) and tempered at 760 °C for 1 h (air cooling). Tensile test for both steels was conducted at room temperature and 650 °C using the specimen with gauge length and diameter of 30 mm and 6 mm, respectively.
[bookmark: _Hlk163312653]After machining the bevel as depicted in Fig. 1 (a), both plates were separately welded. PWHT was administered at 760 °C for 4 h. Figs. 1 (b) and 1 (c) exhibit macrostructures of Steel 1 and Steel 2 welded joints after PWHT. Welding defects such as incomplete fusion and weld crack were not confirmed from the macroscopic observations shown in Figs. 1 (b) and 1 (c). Creep test specimens were extracted from the center of the plate thickness of the welded joint after PWHT, orienting the stress loading direction across the fusion line. The specimen had gauge length and diameter of 30 mm and 6 mm, respectively. Creep rupture tests were carried out at 650 °C under stress ranging from 39.5 to 80 MPa. Additionally, creep interruption tests were conducted at 650 °C under 50 MPa, with interruption times set at 1000 and 2000 h for Steel 1, and 2000 and 3000 h for Steel 2. Although the interruption times were different in each steel, the creep life ratios (i.e., the ratio of the interruption time to the rupture time) of the two interrupted specimens were similar between both steels. Specific values of this ratio will be detailed in Section 3.2. 
[bookmark: _Hlk163311644][bookmark: _Hlk163842441][bookmark: _Hlk163842683][bookmark: _Hlk163843283][bookmark: _Hlk163844682]The specimens were mechanically and chemically polished using colloidal silica for microstructural observation. Optical microscopy (OM) was performed using specimens etched with Vilella’s reagent, a mixture of picric acid, hydrochloric acid, and alcohol. Secondary electron (SE) images were obtained via scanning electron microscopy (SEM) using Zeiss Ultra55 and SU6600 (Hitachi High-Tech) operated at 2 and 15 kV, respectively. The former condition is suitable for the observation of fine precipitate particles near the surface due to the high spatial resolution resulting from the low acceleration voltage. M23C6 particles in the steels were observed with dark contrast under this observation condition. The volume fraction of M23C6 was determined over an evaluation area of 12.4 μm × 18.4 μm. The average value derived from four observation fields served as the representative value. The latter observation condition is useful for grasping M23C6 particle and creep void distributions as surface unevenness is empathized. Under this condition, M23C6 particles were observed with bright contrast due to the edge effect. The number of creep voids was estimated using SE image within an observation area of 200 μm × 433 μm. Energy dispersive x-ray spectroscopy (EDS) with SEM was conducted to obtain elemental maps. Electron backscattered diffraction (EBSD) measurement was performed using EDAX OIM system where the accelerated voltage was operated at 15 kV. The reconstruction of prior austenite grains from the martensite structure was achieved via an analysis based on K-S relationship using ROPA software (TSL Solutions). Impurities distribution was analyzed by three-dimensional atom probe tomography (APT) using LEAP 5000XS (CAMECA) in the laser pulse mode with a wavelength of 355 nm. For APT data analysis and visualization, IVAS 6.3 software was used. Hardness of the base metals was evaluated by Vickers hardness test, applying a force of 1.0 kgf (9.8N). Additionally, micro-Vickers hardness test, applying a force of 0.05 kgf (0.49 N), was conducted to investigate the hardness change in the direction across the weld line, while avoiding areas with creep voids during indentation. 

3. Results
3.1 Microstructural characterization for HAZ
[bookmark: _Hlk164803722][bookmark: _Hlk163845989][bookmark: _Hlk164720326][bookmark: _Hlk163844612][bookmark: _Hlk164803399]Figs. 2 (a) and 2 (b) display OM images of the base metals in Steel 1 and Steel 2. The observation suggests that prior austenite grains (PAGs) in both steels before welding were approximately 20 μm and almost homogeneous. Figs. 2 (c) and 2 (d) show SE images of the base metals. The observed precipitated particles seemed to be M23C6 as they were present on the grain boundaries. From Figs. 2 (c) and 2 (d), the volume fractions of the particles in Steel 1 and Steel 2 were estimated to be 1.7 % and 1.9 %, respectively. The equilibrium volume fractions of M23C6 at the PWHT temperature (760 °C) were 1.7 % and 1.8 % in Steel 1 and Steel 2. These values were calculated using Thermo-Calc with SSOL4 database. The volume fractions of the particles observed in Figs. 2 (c) and 2 (d) closely matched the theoretical values of M23C6 in both steels. The hardness of Steel 1 and Steel 2 was measured to be 233 HV1.0 and 231 HV1.0, respectively. For the comparison of mechanical properties of the two steels, tensile test for as-tempered steel was carried out at room temperature and 650 °C. The results are offered in Table 2. Yield stress, tensile strength, and ductility were almost identical between both steels at each temperature. These results reveal the minimal differences in the microstructures and mechanical properties between the base metals in both steels.
[bookmark: _Hlk163842176] For a comprehensive microstructural assessment of the welded joints, continuous EBSD measurement from weld metal to base metal was conducted. EBSD measurement results for Steel 1 and Steel 2 after PWHT are depicted in Fig. 3. Figs. 3 (a) and 3 (c) illustrate IPF maps of martensite structure in Steel 1 and Steel 2. Figs. 3 (b) and 3 (d) show IPF maps of reconstructed austenite. Notably, the weld metal, base metal, and refined microstructure in HAZ were confirmed in both steels. For a quantitative comparison of microstructures between Steel 1 and Steel 2 welded joints, the average PAG size per field-of-view (200 μm × 100 μm, as depicted in Fig. 3) was evaluated within 100 μm intervals based on EBSD results. Figs. 4 (a) and 4 (b) depict the changes in PAG size in the direction across the weld line in Steel 1 and Steel 2 welded joints after PWHT. While some variations were noted across different fields-of-view, PAG size in the base metal was approximately 20–30 μm for both steels. Instances where PAG size increased in specific observation fields could be attributed to the presence of relatively coarse grains and the influence of a small observation field. The region with smaller PAG size (approximately 10 μm) compared to the base metal showing limited variation among observation fields was identified as fine-grained HAZ (FGHAZ), which was heated above Ac3 temperature during welding. Moreover, the region exhibiting PAG sizes ranging from 10–20 μm or exhibiting a duplex grain structure positioned between the base metal and FGHAZ was identified as inter-critical HAZ (ICHAZ), which was heated above Ac1 but below Ac3 temperature during welding. Therefore, it is feasible to distinguish the regions between FGHAZ, ICHAZ, and the base metal by examining the variations in PAG size. Figs. 4 (c) and 4 (d) show the hardness variations in Steel 1 and Steel 2 welded joints after PWHT. In both steels, FGHAZ exhibited the minimum hardness. Notably, there was no significant difference in the profiles of PAG size and hardness between the two steels, as depicted in Fig. 4. This suggests that the grain refining behavior through α/γ reverse transformation at HAZ in Steel 1 was negligibly influenced by impurities. 
[bookmark: _Hlk163844485]Typically, Ac1 and Ac3 temperatures in 9–12% Cr steels have been reported between 760–850 °C and 870–960 °C, respectively26, while these temperatures specifically depend on heating rate. Therefore, the equilibrium transformation point, Ae1 and Ae3, were calculated using Thermo-Calc and compared between Steel 1 and Steel 2. From the calculation, Ae1 and Ae3 temperatures of Steel 1 were estimated to be 830 °C and 867 °C, and those of Steel 2 were 830 °C and 863 °C, suggesting that there was no significant difference in the equilibrium transformation temperatures between the two steels. 


3.2 Creep rupture strength and Type IV failure
Fig. 5 illustrates the relationship between stress and creep rupture time at 650 °C. For comparative purposes, it presents the average creep rupture strength of Gr. 91 welded joints27 alongside 99 % confidence limit27. This figure highlights the premature failure of Steel 1 in comparison to Steel 2 under identical stress levels. Notably, all specimens for both steels exhibited Type-IV failure, regardless of the stress condition. 
[bookmark: _Hlk156481812]To explore why the creep rupture strength of Steel 1 degraded, two interrupted specimens under 50 MPa were prepared for each type of steel. Fig. 6 shows OM dark field (OM-DF) images of the two interrupted and ruptured specimens from each steel under 50 MPa. The numbers within parentheses in the figures denote the creep life ratio. The values of creep life ratio of the two interrupted specimens in each steel were approximately 0.3 and 0.6. In OM-DF images, bright contrast indicates the formation of creep voids in HAZ. Across both steels, the amount of creep voids increased with prolonged creep time. Notably, a significant difference in the amount of creep voids was observed between Steel 1 and Steel 2, as evidenced by comparison with 2000 h interrupted specimens. Steel 1 exhibited a higher amount of creep voids than Steel 2.
[bookmark: _Hlk163846927][bookmark: _Hlk163842755]Figs. 7 (a) and 7 (b) display SE images of FGHAZ in Steel 1 interrupted at 1000 h before and after binarization. Binarization was employed to facilitate the observation of creep void distribution using image-J software. These images reveal the existence of creep voids at 1000 h in Steel 1, albeit not clearly visible in OM-DF image presented in Fig. 6 (a). Fig. 7 (c) depicts magnified SE image as delineated by the frame in Fig. 7 (a). Fig. 7 (d) shows SE image overlaying on IPF map which was obtained using the same observation field. Figs. 7 (c) and 7 (d) illustrate that creep voids were positioned at grain boundaries. Additionally, the precipitate particles observed in Fig. 7 (c). Cr elemental map obtained by SEM-EDS is depicted in Fig. 7 (e). Cr-enrichment indicates that the precipitated particles in Fig. 7 (c) were mainly M23C6. Figs.7 (f) and 7 (g) also show magnified SE image and overlayed IPF map as delineated by the frame in Fig. 7 (a). Fig. 7 (h) offers Cr map by SEM-EDS. In Figs. 7 (f) and 7 (g), a creep void was observed adjacent to M23C6 particles aligned inside grains28. Although aligned M23C6 particles seemed to distribute along the grain boundaries near a triple junction, Fig. 7 (g) reveals that these particles exist inside the grains as represented by white arrows. This particular distribution of the particles aligned inside the grains was attributed to grain refinement through α/γ reverse transformation. It is suggested that aligned M23C6 particles inside the grains remained undissolved during welding process, persisting along the original grain boundaries before transformation21,22. 
[bookmark: _Hlk163311852]Subsequently, the microstructures of 2000 h interrupted specimens were examined to identify the location of Type-IV failure in either FGHAZ or ICHAZ. After 2000 h of creep exposure, there was a significant difference in the amount of creep voids between the two steels (see Fig. 6). Figs. 8 (a) and 8 (b) present the changes in PAG size across the weld line in 2000 h interrupted Steel 1 and Steel 2. As discussed earlier, PAG size enabled the identification of FGHAZ, ICHAZ, and the base metal. Figs. 8 (c) and 8 (d) depict the number of creep voids per observation field (200 μm × 433 μm) within 200 μm intervals, while Figs. 8 (e) and 8 (f) illustrate hardness changes. Both steels exhibited the maximum creep voids and localized hardness minima in FGHAZ. These findings indicate that the location of Type-IV failure in both welded joints was FGHAZ. Notably, the hardness of FGHAZ in Steel 1 appeared to be marginally lower than that of Steel 2. 
Fig. 9 displays the relationships between the amount of creep voids and creep time or creep life ratio. These relations utilize the maximum value of creep voids per observation field in each interrupted specimen. Fig. 9 (a) clearly indicates the earlier formation of numerous creep voids in Steel 1 compared to Steel 2. However, the difference was less pronounced in the relationship between the amount of creep voids and creep life ratio, as shown in Fig.9 (b). The plots for Steel 1 at 1000 h (creep life ratio of 0.29) and Steel 2 at 2000 h (creep life ratio of 0.36) suggest that the number of creep voids did not significantly differ between the two steels until the midpoint of their creep life. 

3.3 Microstructural changes of FGHAZ
As previously discussed, it appeared that the welded joints in this study ruptured at FGHAZ. Therefore, the microstructural changes during PWHT followed by creep exposure were investigated. Fig. 10 shows SE images depicting microstructures at FGHAZ in the as-welded state, after PWHT, and in 2000 h interrupted specimens. In both steels, there seemed to be an increase in equiaxed grains with a small aspect ratio after 2000 h of creep exposure. Figs. 11 (a) and 11 (b) illustrate histograms of grain boundary rotation angles at FGHAZ after PWHT and 2000 h of creep exposure in Steel 1 and Steel 2. In both steels, peaks were evident around 52° and 60° after PWHT, but their frequencies were decreased after 2000 h of creep exposure. These boundaries correspond to block boundaries26. According to previous reports, equiaxed grains form and block boundaries decrease due to recovery and recrystallization during creep in Gr. 91 steel welded joints26,29. In Fig. 11 (b), boundaries at around 60° were marginally lower in Steel 1 compared to Steel 2, implying that recovery and recrystallization at FGHAZ were more pronounced in Steel 1 during 2000 h of creep exposure.
[bookmark: _Hlk163761916][bookmark: _Hlk163842866][bookmark: _Hlk163846174]The particles observed in Fig. 10 were likely M23C6. M23C6 existing at FGHAZ in the as-welded joints was undissolved during welding process, and it remained along the original grain boundaries before transformation21,22. Comparing Figs. 10 (a) and 10 (d), coarser particles seemed to be more prevalent in the as-welded joint of Steel 1 than in Steel 2. From these figures, the average diameters of the particles in Steel 1 and Steel 2 were estimated to be 0.10 μm and 0.07 μm. Fig. 12 exhibits changes in M23C6 volume fraction in the direction across the weld line. This fraction decreased in the direction away from the base metal in the as-welded joint because the heating temperature during welding was higher closer to the weld line, promoting M23C6 dissolution. Comparing the as-welded joints of both steels, M23C6 volume fraction at ICHAZ and FGHAZ was higher in Steel 1 than in Steel 2. Notably, M23C6 dissolution during the welding process in Steel 1 was suppressed compared to Steel 2. After PWHT, M23C6 volume fraction at ICHAZ and FGHAZ in each steel increased to be comparable to that of the base metal. This indicates that the re-precipitation of M23C6 occurred during PWHT. The equilibrium volume fractions calculated using Thermo-Calc at the PWHT temperature (760 °C) are shown in Fig. 12. M23C6 volume fractions at ICHAZ and FGHAZ after PWHT closely matched the theoretical values in both steels. As indicated by red arrows in Fig. 12, M23C6 re-precipitation at ICHAZ and FGHAZ was lower in Steel 1 compared to Steel 2 because higher amount of M23C6 remained undissolved in the as-welded joint of Steel 1.

4. Discussion
The creep rupture strength of the high-impurity-containing steel (Steel 1) welded joint was notably lower than that of the low-impurity-containing steel (Steel 2) welded joint. As outlined in Section 3.2, Steel 1 exhibited earlier and increased formation of creep voids at FGHAZ. However, there was no significant difference in the correlation between the amount of creep voids and the creep life ratio in the two steels. Based on these results, it is reasonable to suggest that the degradation in the creep rupture strength of Steel 1 was associated with the behavior of creep void formation at FGHAZ.
In the welded joints of the creep strength enhanced ferritic steels, the mechanism of creep void formation at HAZ (FGHAZ and ICHAZ) has been understood as follows19,30,31. Comparing the weld metal and base metal, the creep resistance of HAZ is generally lower due to the microstructural evolution during the welding process and subsequent PWHT21,22,23. Consequently, HAZ experiences constrained deformation as it is situated between regions with higher creep resistance, resulting in multiaxial stress development. This stress state promotes the formation of creep voids, and their accumulation and interconnection eventually lead to rupture at HAZ. Tabuchi investigated the microstructure development during creep exposure using Gr. 91 steel welded joints32. He reported that microstructure recovery and recrystallization at HAZ commenced promptly during creep exposure followed by the formation of creep voids32. This recovery process at HAZ could promote multiaxial stress development and creep void formation, especially due to the increasing disparity in creep resistance between HAZ and the weld metal and base metal. Therefore, the rapid formation of numerous creep voids at FGHAZ in Steel 1 suggests that its microstructure recovery process progressed earlier compared to Steel 2.
The pinning force exerted by precipitate particles acts as a resistance against dislocation motions and grain boundary migration, suppressing the recovery and recrystallization of the martensite structure33,34,35. M23C6 on the grain boundaries plays a primary role in the pinning force due to its higher volume fraction compared to other precipitates in Gr. 91 steel33. Typically, M23C6 dissolves during welding, followed by re-precipitation during PWHT36. However, some M23C6 particles remain undissolved at FGHAZ because the heating temperature and time during welding are insufficient for complete dissolution. The higher the amount of remaining undissolved particles, the lesser the solid solution of M23C6 constituent elements in the matrix. Consequently, there is a reduction in pinning force due to the decreased re-precipitation of M23C6 particles on the grain boundaries during PWHT22,23,36. In essence, fewer re-precipitated M23C6 particles on the grain boundaries facilitate an easier microstructure recovery process during creep22,23,36.
The change in M23C6 volume fraction before and after PWHT reflects the process of re-precipitation. As shown in Fig. 12, the volume fraction change at FGHAZ appeared lower in Steel 1 than in Steel 2, indicating reduced M23C6 re-precipitation in Steel 1. Fig. 13 offers a schematic illustration of the differing behaviors in M23C6 dissolution and re-precipitation between the two steels. In the as-welded joint of Steel 1, which contains high impurities, a substantial amount of M23C6 remained as undissolved particles at FGHAZ. At FGHAZ, which was heated above Ac3 temperature during welding, undissolved M23C6 particles were mainly distributed inside grains  as they remained along the original grain boundaries before α/γ reverse transformation. Consequently, the reduced pinning force at FGHAZ in Steel 1 was specifically attributed to the decrease of M23C6 re-precipitation on the grain boundaries during PWHT22,23,36. It should be noted that the difference in M23C6 volume fraction between the as-welded joints of both steels was pronounced at both FGHAZ and ICHAZ, as shown Figs. 12. At ICHAZ, which was heated above Ac1 but below Ac3 temperature during welding, fresh martensite and tempered martensite (untransformed region) coexist. It is implied that undissolved M23C6 particles remained on the grain boundaries in the untransformed region. Such microstructure development at ICHAZ suggests the possibility that the reduction of the pinning force by the increase of undissolved particles was not remarkable at ICHAZ compared to FGHAZ. 
[bookmark: _Hlk163843833][bookmark: _Hlk164803135][bookmark: _Hlk155830773]Prior research indicated the grain boundary segregation of Sb and Sn in Gr. 91 steel, resulting the degradation of the creep rupture strength16,17. The grain boundary segregation of As in α-Fe has also been reported37. Moreover, a previous study suggested that Sb, As, and Sn might segregate in the grain boundaries in 2.25Cr steel, leading to temper embrittlement38. Therefore, it is implied that the impurities in Steel 1 might segregate in the grain boundaries or exist at the interface between the matrix and M23C6 precipitated on the grain boundaries. In a related study, one of the co-authors noted that a small addition of P decreased the grain boundary diffusivity of Cr by comparing Fe-0.11%P alloy and pure iron39. They suggested that P segregation could reduce diffusivity by decreasing the free volume of the grain boundary39. Additionally, Čermák et al. investigated the grain boundary diffusivity of Cr in Fe-8.03Cr-0.17C ternary alloy and an alloy with similar composition to Gr. 91 steel40, reporting lower diffusivity in the latter alloy and discussing the possibility that the grain boundary segregation of the alloying elements might decrease diffusivity40. As shown in Figs. 12 (a) and 12 (b), M23C6 dissolution was suppressed at ICHAZ and FGHAZ in Steel 1. This experimental result implies that the suppressed M23C6 dissolution was more pronounced before the occurrence of α/γ reverse transformation during the welding process. Based on these findings, it is reasonable to propose that the segregation of Sb, As, and Sn in Steel 1 lowered the diffusivity of M23C6 constituent elements, resulting the suppression of M23C6 dissolution during welding.
[bookmark: _Hlk163843240][bookmark: _Hlk163844432][bookmark: _Hlk163844338][bookmark: _Hlk163844401]To investigate the impurity segregation in Steel 1, APT was conducted using as-tempered specimen (before the welding). APT sample was prepared using EBSD analysis followed by the lift-out technique via focused ion beam milling so that it included M23C6 on PAGB. Fig. 14 (a) shows a three-dimensional elemental map which depicts P iso-concentration surface (0.45 at.%) overlaying Fe and C map. Figs. 14 (b) and (c) show P and Cr maps by the observation from the direction as shown by the arrow in Fig. 14 (a). Two M23C6 particles represented by Cr and C enrichment were observed. As previously reported 41-43, P segregation was observed in the interface between M23C6 and matrix, and in PAGB indicated by the arrows in Figs. 14 (a) and 14 (b). Figs.14 (d)–(f) show elemental maps of the three impurities. As the clear segregation could not be visible in the elemental maps due to the small addition of the impurities, the concentration profiles were acquired to investigate the impurities distribution. Fig. 14 (g) displays the concentration profile across PAGB along the column as shown in Fig. 14 (a). The profile across M23C6 (top one) and matrix was also offered in Fig. 14 (h). Although impurity segregation at PAGB was not clearly detected within this APT sample, Sn segregation at the interface between M23C6 and matrix was confirmed. It should be noted that these results do not necessarily indicate the occurrence of the segregation only at the interface between M23C6 and matrix. There is a possibility that segregated Sn around the grain boundary was pushed into the interface between matrix and M23C6 when it has been precipitating on the grain boundary, as in the behavior of P in 12Cr steel reported by Isik et al 41. Figs. 14 (g) and (h) imply that Sb and As segregation were not significant compared to Sn. While the segregation of P in Steel 1 was also revealed by APT, the concentrations of P in Steel 1 and Steel 2 were almost identical (see Table 1). Therefore, the difference in microstructural developments during welding at HAZ between the two steels is considered to be attributed to the segregation of Sn. Additionally, it is possible to propose that M23C6 dissolution during welding was likely suppressed due to the impurity segregation. This possibility was supported by APT which revealed the segregation of Sn at the interface between M23C6 and matrix in the as-tempered steel 1.
[bookmark: _Hlk163844445]The grain boundary segregation energies of Sn and Sb in α-Fe at 800 K (527 °C) are reported as 4–23 and 8–27 kJ/mol in a review article44, suggesting that segregation tendencies of the two impurities are not significantly different. Assuming that segregation tendency at the interface between precipitate and matrix can be identically represented by the grain boundary segregation energy, the reason why the segregation of Sb was not observed in Steel 1 was attributed to its lower composition compared to Sn (see Table 1). On the other hand, the grain boundary segregation energy of As was not reviewed in the article44, implying the segregation of this impurity was less pronounced. Although the possibility of site competition45 between impurity atoms cannot be disregarded, it is concluded that the segregation of As may be less prevalent in Steel 1. 
[bookmark: _Hlk163843935]As the volume fraction of undissolved M23C6 particles was increased in Steel 1, it was expected that PAG size at ICHAZ and FGHAZ would become smaller due to the increased pinning force against γ grains growth during the welding process. However, there was no significant difference in PAG size at ICHAZ and FGHAZ between both steels, as shown in Fig 4. This experimental result implies that the driving force of γ grains growth was much larger than the pinning force resulting from the undissolved particles. Nevertheless, further investigation is needed to clarify whether undissolved M23C6 particles or impurity elements affect grain refinement behavior through α/γ reverse transformation. In future work, it is desirable to prepare steels with the single addition of Sb, As, or Sn and to investigate the segregation effect of each element on α/γ reverse transformation behavior.  
In summary, this study revealed that M23C6 dissolution during welding was inhibited, and its re-precipitation on the grain boundaries during PWHT was reduced at FGHAZ in the high-impurity-containing steel with Sb, As, and Sn. Consequently, recovery and recrystallization progressed earlier during creep, leading to premature creep void formation at FGHAZ. Additionally, it should be noted that creep voids were observed near adjacent undissolved M23C6 particles, as shown in Fig. 7 (f). When M23C6 constituent elements are consumed to grow coarse particles such as undissolved particles, the amount of fine re-precipitated particles decreases. Consequently, local creep resistance decreases, likely causing preferential creep void formation near undissolved particles21. Undissolved M23C6 particles seem to not only degrade the creep resistance of HAZ but also provide preferential sites for creep void formation. This study demonstrated that the creep void formation at HAZ was promoted in the steel with high impurity concentrations, leading to the degradation of creep rupture strength in Gr. 91 steel welded joint. In terms of creep rupture strength, maintaining concentrations of impurities below the Type 2 upper limit is preferable.

5. Conclusions
To clarify the impact of impurity elements (Sb, As, and Sn) on the creep rupture strength of Gr. 91 steel welded joints, creep tests were conducted using two steels: one with high impurity concentrations (Steel 1) and another with low impurity concentrations (Steel 2). The key findings of this study are as follows:
1. The creep rupture strength of Steel 1 welded joint was inferior to that of Steel 2 welded joint, indicating premature failure caused by the impurities.
2. [bookmark: _Hlk163844053]The three regions (FGHAZ, ICHAZ, and base metal) were successfully identified by focusing on changes in PAG size. There was no significant disparity in PAG size at FGHAZ and ICHAZ between the two steels. 
3. Creep interrupted specimen observations revealed FGHAZ as the primary region for the most developed creep voids in both steels. Steel 1 exhibited earlier and increased formation of creep voids at FGHAZ. However, there was no significant difference in the relationship between the amount of creep voids and the creep life ratio in the two steels.
4. [bookmark: _Hlk164720488][bookmark: _Hlk163841525]Steel 1 retained a significantly higher amount of undissolved M23C6 particles at FGHAZ in its as-welded joint compared to Steel 2. As APT result revealed the enrichment of Sn at the interface between matrix and M23C6. This result supports the possibility that M23C6 dissolution during welding was likely suppressed as the diffusion of its constituent elements was retarded due to the impurity segregation.
5. [bookmark: _Hlk155831095][bookmark: _Hlk155831250][bookmark: _Hlk155831055]The degradation in the creep rupture strength of the welded joint was attributed to the accelerated progression of the recovery process and subsequent creep void formation at FGHAZ. This was primarily caused by the reduced pinning force due to the decrease of M23C6 re-precipitation on the grain boundaries during PWHT.
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Fig. 1	(a) Groove configuration and macrostructures of (b) Steel 1 and (c) Steel 2 welded joints after PWHT.
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[bookmark: _Hlk163846095][bookmark: _Hlk149428023]Fig. 2	(a), (b) OM and (c), (d) SE images of the base metal in (a), (c) Steel 1 and (b), (d) Steel 2.
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[bookmark: _Hlk163844911][bookmark: _Hlk163841055]Fig. 3	EBSD results of (a), (b) Steel 1 and (c), (d) Steel 2 welded joints. IPF maps of (a), (c) martensite (indexed as α-Fe phase) and (b), (d) reconstructed austenite in Steel 2 after PWHT. The white frames depict the field-of-view used for the evaluation of the average PAG size within 100 μm intervals.
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Fig. 4	Changes of (a), (b) PAG size and (c), (d) hardness in the direction across the weld line before creep in (a), (c) Steel 1 and (b), (d) Steel 2. CGHAZ, FGHAZ, and ICHAZ represent coarse-grained HAZ, fine-grained HAZ, and inter-critical HAZ, respectively.
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Fig. 5	Creep rupture strength of the welded joints at 650 °C
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[bookmark: _Hlk163844983]Fig. 6	OM-DF images of HAZ in interrupted and ruptured (a) Steel 1 and (b) Steel 2 welded joints at 650 °C, 50 MPa. The numbers in brackets indicate the creep life ratio at each interrupted time.
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[bookmark: _Hlk163841003][bookmark: _Hlk146222470]Fig. 7	SE image (a) before and (b) after binarized which show the creep void distribution of FGHAZ in 1000 h interrupted Steel 1 at 650 °C, 50 MPa. (c), (f) magnified SE images as delineated by the frames in (a). (d), (g) IPF maps overlayed on SE images and (e), (h) Cr elemental maps by SEM-EDS. White arrows in  (f), (g) indicate  M23C6 particles aligned inside the grains. 
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Fig. 8	Changes of (a), (b) PAG size, (c), (d) hardness and (e), (f) number of creep voids in the direction across the weld line in 2000 h interrupted (a), (c), (e) Steel 1 and (b), (d), (f) Steel 2 at 650 °C, 50 MPa.
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Fig. 9	Number of creep voids in FGHAZ versus (a) time and (b) creep life ratio at 650 °C, 50MPa.
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[bookmark: _Hlk146222487]Fig. 10	SE images of the microstructures at FGHAZ in (a)-(c) Steel 1 and (d)-(f) Steel 2 welded joints. (a), (d) As-weld, (b), (e) after PWHT, and (c), (f) 2000 h interrupted at 650 °C, 50 MPa. 
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Fig. 11	Histograms for the misorientation angle of the high angle grain boundary (a) after PWHT and (b) 2000 h interrupted at 650 °C, 50 MPa.
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Fig. 12	Changes of M23C6 volume fraction in the direction across the weld line before (as-weld) and after PWHT in (a) Steel 1 and (b) Steel 2.
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Fig. 13	Schematic illustration showing the differences in microstructural evolutions during welding and PWHT between Steel 1 and Steel 2.
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[bookmark: _Hlk163840988]Fig. 14	APT results for (a) three-dimensional elemental map overlaying Fe, C, and P atoms, and two-dimensional elemental maps (b) P, (c) Cr, (d) Sn, (e) As, and (f) Sb. Concentration profiles (g) across PAGB along the column as shown in (a) and (h) across the M23C6 (top one) and matrix. 



Table 1 	Chemical requirements for product analysis by ASME SA-387/SA-387M Gr.91 steel1 and chemical compositions of test materials (mass%).
	Standard / 
Test material
	C
	Si
	Mn
	P
	S
	Ni
	Cr
	Mo
	V
	Nb
	Sol-Al
	N
	Sb
	As
	Sn
	W
	Ti
	Cu
	Zr
	B
	O
	N/Al

	SA-387/SA-387M Gr.91 Type 1
in ASME (2019)
	0.06-0.15
	0.18-0.56
	0.25-0.66
	≤ 0.025
	≤ 0.012
	≤ 0.43
	7.90-9.60
	0.80-1.10
	0.16-0.27
	0.05-0.11
	≤ 0.02
	0.025-0.080
	-
	-
	-
	-
	≤ 0.01
	-
	≤ 0.01
	-
	-
	-

	SA-387/SA-387M Gr.91 Type 2
in ASME (2019)
	0.06-0.15
	0.20-0.40
	0.30-0.50
	≤ 0.020
	≤ 0.005
	≤ 0.20
	8.0-9.50
	0.80-1.05
	0.16-0.27
	0.05-0.11
	≤ 0.020
	0.035-0.070
	≤ 0.003
	≤ 0.010
	≤ 0.010
	≤ 0.05
	≤ 0.01
	≤ 0.10
	≤ 0.01
	≤ 0.001
	-
	4.0 ≤

	Steel 1
	0.082
	0.30
	0.41
	0.012
	0.0006
	0.11
	8.45
	0.94
	0.20
	0.080
	0.008
	0.052
	0.008
	0.019
	0.018
	0.03
	0.001
	<0.01
	<0.001
	<0.0001
	0.003
	6.5

	Steel 2
	0.087
	0.29
	0.41
	0.011
	0.0005
	0.09
	8.49
	0.93
	0.20
	0.074
	0.007
	0.052
	<0.001
	<0.001
	<0.001
	<0.01
	0.001
	<0.01
	<0.001
	<0.0001
	0.001
	7.4





Table 2 Tensile tests results for Steel 1 and Stee 2 at room temperature and 650 °C.
	Temperature
	Sample
	Yield stress / MPa
	Tensile strength / MPa
	Elongation / %
	Reduction of area / %

	Room temperature
	Steel 1
	584
	724
	21.8
	73.6

	
	Steel 2
	579
	722
	22.6
	75.7

	650 °C
	Steel 1
	197
	300
	38.2
	93.5

	
	Steel 2
	201
	299
	33.1
	93.4






Highlights
· The creep rupture strength of the high-impurity-containing steel was inferior to that of the low-impurity-containing steel. “Impurity” refers to the three elements: Sb, As, and Sn.

· In the as-welded joint, higher amount of M23C6 carbide remained as undissolved particles at fine-grained heat affected zone (FGHAZ) in the high-impurity-containing steel.

· It was suggested that M23C6 dissolution at FGHAZ during welding was likely suppressed by impurities.

· The higher the amount of remaining undissolved M23C6, the lesser the pinning force due to the reduction of M23C6 re-precipitation on the grain boundaries during post-weld-heat-treatment.

· The degradation in the creep rupture strength by impurities was attributed to the accelerated progression of recovery process at FGHAZ during creep and subsequent creep void formation.
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