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1 Synopsis:

2 The objective of this study is to enhance the understanding of the mechanisms responsible for 

3 the reduced creep life in the presence of hydrogen, with the goal of ensuring the safety of advanced 

4 high-temperature hydrogen technologies. The material used in this study was pure iron, which, due 

5 to its simple chemical composition and single-phase microstructure, is a model system for 

6 examining the role of hydrogen in accelerated creep deformation. 

7 Creep tests were conducted in hydrogen and argon gases at 873 K, with an absolute gas pressure 

8 of 0.12 MPa for both gases. The results showed that the creep strain rate in hydrogen gas was 

9 significantly accelerated, leading to a substantial reduction in creep life. The fracture surfaces and 

10 profiles exhibited dimple and double cup features, which were remarkably similar regardless of the 

11 test environment and applied stress.

12 Analysis of the secondary steady-state creep deformation indicated that the role of hydrogen 

13 was to reduce the creep activation energy. One possible mechanism for hydrogen's acceleration of 

14 creep deformation is enhanced dislocation climb, mediated by an increased vacancy density 

15 resulting from a reduction in vacancy formation energy due to hydrogen. In addition, it was found 

16 that decarburization during creep testing has a significant effect on reducing creep life. 

17 Importantly, the creep strain rate of pre-decarburized specimens was found to be higher in 

18 hydrogen than in argon, indicating the presence of a unique hydrogen effect that accelerates creep 

19 deformation.

20

21 Keywords:

22 Creep, Iron, Hydrogen, Decarburization, Dislocation climb

23
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24 1. Introduction

25 There is significant potential for rapid advancements in high-temperature hydrogen technologies. 

26 Table 1 presents the technologies that utilize high-temperature hydrogen and are currently under 

27 research and development, along with their respective temperature ranges. As shown in the table, 

28 high-temperature hydrogen is being explored for various applications, including electricity 

29 generation, hydrogen production, fuel synthesis, power generation as an internal combustion 

30 engine, industrial processes, and heat and steam generation, all aimed at advancing the energy 

31 transition with carbon neutrality. With this ongoing research and development efforts, the demand 

32 for material strength tests in high-temperature hydrogen environments is increasing. Such tests 

33 require the use of relevant materials under appropriate mechanical and environmental conditions to 

34 investigate the deformation and failure mechanisms in high-temperature hydrogen environment.

35

36 High-temperature hydrogen can be a highly aggressive environment for structural materials. 

37 High-temperature hydrogen attack (HTHA) is the most well-known form of material damage that 

38 occurs in hydrogen at elevated temperatures 9, 10). Hydrogen that penetrates into the material reacts 

39 with carbon to form methane bubbles with extremely high gas pressure, primarily at grain 

40 boundaries. This chemical reaction results in decarburization, which lowers the material's strength 

41 and toughness. Due to the combination of ultra-high pressure within the methane bubbles and the 

42 reduced material strength, voids formed at the grain boundaries lead to cracking, ultimately 

43 resulting in catastrophic failure of the structure. This mechanism was understood long ago, but in 

44 recent years, it has been further elucidated through microstructural observations using advanced 

45 microscopy techniques 11). Additionally, modeling of void growth has been refined to accurately 

46 account for the interaction between dislocation creep and grain boundary diffusion 12). This 

47 modeling has evolved to enable the development of Nelson-type curves 13), which account for the 

48 material microstructure, the deformation and failure mechanism, the applied structural stresses, and 

49 have the potential to eventually replace the classical Nelson empirical design approach 14).
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50 Several studies have investigated the effects of hydrogen on creep, an important strength 

51 characteristic for structural components used at high temperatures. Yokogawa et al. observed a 

52 reduction in creep life during their creep experiments conducted in 9.9 MPa hydrogen at 773 K 

53 using pure iron 15). They examined the mechanism responsible for the reduced creep life in 

54 hydrogen based on the transition of fracture mode from transgranular in argon (Ar) to intergranular 

55 in hydrogen (H2) and conducted detailed fracture surface analyses. Yokogawa et al. concluded that 

56 HTHA was responsible for the reduction in creep life. Specifically, they identified fine dimples on 

57 intergranular fracture surfaces. 

58

59 McCoy and Douglas 16), McCoy 17), Schuster et al. 18), He et al. 19), Paraventi et al. 20), and 

60 Takazaki et al. 21) also reported reductions in creep life due to hydrogen. Takazaki et al. briefly 

61 reviewed these studies in his paper. In these works, various potential degradation mechanisms were 

62 examined, including the effect of hydrogen on dynamic precipitation of carbides 19), hydrogen-

63 enhanced diffusivity of alloy elements, interactions between interstitial hydrogen and dislocations

64 17, 20), hydrogen-lowered surface energy 19), and enhanced dislocation climb mediated by increased 

65 vacancy density due to hydrogen 21), in addition to HTHA 15). 

66

67 Takazaki et al. carried out creep test of SUS304 at 873 K under atmospheric pressure hydrogen 

68 and reported a significant increase in the creep strain rate in hydrogen compared to argon, leading 

69 to a substantial reduction in creep life 21). They also found that the elongation at creep rupture and 

70 the reduction of area were larger in hydrogen than in argon. The fracture surface in argon 

71 transitioned from a dimple morphology to intergranular cracking at low applied stresses with a 

72 concomitant increase of the creep life. A similar transition occurred in hydrogen, however, 

73 hydrogen delayed this transition. In contrast to room- and low-temperature hydrogen 

74 embrittlement, where ductility loss is the most significant manifestation of hydrogen’s effect and 

75 the fracture surface undergoes characteristic changes, the features observed in high-temperature 
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76 hydrogen creep exhibit the opposite trend 21). Regarding the mechanism by which hydrogen 

77 accelerates creep strain rate, they proposed enhanced dislocation climb mediated by an increased 

78 vacancy concentration. This was concluded from the comparison of the experimentally measured 

79 creep strain rates with those predicted by the power-law equation for creep; hydrogen-induced 

80 reduction of the vacancy formation energy aligns the two sets of results. Additionally, based on 

81 further verification experiments, Takazaki et al. confirmed that the effect of HTHA, carbide 

82 formation and HELP were minor under their experimental conditions. Thus, they concluded that 

83 the most colorable role of hydrogen was to enhance dislocation climb through an increased 

84 vacancy population.

85 More recently, Motoyama et al. 22) conducted creep tests onf SUS304 at 873, 973, and 1073 K 

86 under atmospheric pressure hydrogen and reported that hydrogen accelerated creep strain rate of 

87 SUS304 at 873 K and 973 K, resulting in reduction in creep life, whereasbut not such effect was 

88 observed at 1073 K. They suggestedpointed out that, if the mechanism of enhanced dislocation 

89 climb due to an increase vacancy population through an increased vacancy population is operative, 

90 the relative contribution of hydrogen-induced vacancies may diminish at higher temperatures, 

91 becausesince the thermal equilibrium vacancy concentration of thermally generated vacancies 

92 increases with temperature. It should be They also noted that they also pointed out that dynamic 

93 recrystallization was considered to dominate creep deformation at 1073 K, in contrast to the 

94 defroamtiondeformation behavior results observed at 873 K and 973 K, which mayand this may 

95 have have suppressed the contribution of hydrogen to plastic deformation.

96

97 Harris and Van Wanderham investigated properties of metallic materials, including creep 

98 properties, in high-pressure hydrogen at elevated temperatures 2223). The effects of hydrogen varied 

99 depending on the material and testing conditions. They categorized the tested materials into four 

100 groups based on the degree of degradation caused by the hydrogen environment: extremely 

101 degraded (ED), severely degraded (SD), degraded (D), and negligibly degraded (ND). In their 
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102 creep rupture experiments, Inconel 718 and Inconel 625 were classified as SD. WASPALOY, IN-

103 100, MAR M-200DS, A-28G, and Titanium 6-4 were classified as D. Astroloy, AISI 347, and 

104 Haynes 188 were classified as ND. However, the specific mechanisms underlying the varying 

105 degrees of degradation across different materials remained unclear.

106

107 As demonstrated in the above studies, several mechanisms have been proposed to explain the 

108 degradation of creep properties caused by hydrogen. However, definitive conclusions have yet to 

109 be reached. Therefore, this study aims to deepen the understanding of the mechanisms responsible 

110 for reduced creep life in hydrogen. To do this, the study is conducted in pure iron as the material 

111 whose single-phase microstructure offers an easy pathway to the interpretation of the results.

112

113 2. Experimental procedures

114 The test material used was JIS SUY-1 industrial pure iron. Although this material is not typically 

115 employed in structural applications for advanced high-temperature hydrogen technologies, its 

116 simple chemical composition and stable single-phase structure—not necessary to consider 

117 precipitation and phase transformations during high-temperature exposure—make it advantageous 

118 for investigating the mechanisms by which hydrogen influences creep deformation. Table 2 

119 presents the chemical composition of the SUY-1. As a commercially available pure iron, it contains 

120 small amounts of carbon and other elements.

121

122 In this study, two different batches of pure iron, labeled as Lot 1 and Lot 2, were used in the 

123 creep tests. Lot 1 was used in its as-received condition to investigate the effect of hydrogen on 

124 creep properties. Lot 2 was used to study the role of decarburization in the reduction of creep life 

125 under hydrogen exposure. For this purpose, the carbon content in Lot 2 batches was adjusted 

126 through hydrogen heat treatment. Specimens were initially annealed in vacuum at 1273 K for 2 

127 hours, followed by decarburization in hydrogen gas at 1073 K for specific durations to achieve the 
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128 desired carbon contents.

129

130 The microstructure of both batches of materials was nearly equiaxed, as shown in Fig. 1. The 

131 average grain size of Lot 1 was approximately 40 μm, whereas for batches in Lot 2, it ranged from 

132 121 to 135 μm, slightly increasing as the duration of the hydrogen heat treatment increased. The 

133 carbon content of materials in Lot 2, measured by the infrared adsorption method after combustion, 

134 decreased significantly with increasing hydrogen heat treatment duration. Vickers hardness of Lot 

135 1 was HV1 150. On the other hand, Vickers hardness of Lot 2 was HV1 73 after annealing and 

136 before hydrogen heat treatment, and it reduced after the treatment, for example,decreased to HV1 

137 59 after 27 hours of hydrogen heat treatment. Details of the microstructures, their relation to the 

138 heat treatments, the carbon content and Vickers hardness are summarized in Fig. 1. It should be 

139 noted that both Lot 1 and Lot 2 were commercially available pure iron obtained at different times, 

140 and that they differed in their initial chemical composition, grain size and hardness values.

141

142 Fig. 2 shows the shape and dimensions of the creep specimens. Round-bar specimens with a 30-

143 mm gauge length were used. The specimen diameter was 4 mm for Lot 1 and 6 mm for Lot 2. The 

144 reason for using different specimen diameters for Lot 1 and Lot 2 was that the material strength of 

145 Lot 2 was expected to be lower than that of Lot 1, and we aimed to precisely control the applied 

146 stress. The specimen surface was polished by buffing to facilitate postmortem surface examination. 

147 Creep tests were conducted in hydrogen and argon gases at 873 K under an absolute pressure of 

148 0.12 MPa. The purities of the supplied hydrogen and argon gases were 99.9999%. The main 

149 impurities in the gases were oxygen (< 0.1 volume ppm), carbon monoxide (< 0.1 volume ppm), 

150 carbon dioxide (< 0.1 volume ppm), and hydrocarbons (< 0.1 volume ppm). The water content was 

151 less than 0.5 volume ppm, with a corresponding dew point of 193 K.

152

153 Figure 3 shows the creep testing machine and a schematic illustration of the structure around the 
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154 hydrogen gas chamber. The testing machine was developed by the authors with technical support 

155 from PRETECH Co., Ltd. and financial support from the JSPS Grant-in-Aid for Scientific 

156 Research (B). Basically, the apparatus is a tensile creep testing machine equipped with a hydrogen 

157 gas chamber and a heating system.

158 The load was applied through a system in which the rotation of a servomotor was converted into 

159 axial linear motion by a ball screw and a linear slider. This mechanism enables precise 

160 maintenance of a constant applied load. During creep tests, the load was measured using a load cell 

161 attached to the bottom of the loading shaft, and the servomotor displacement was controlled to 

162 maintain the target load.

163 To maintain the purity of hydrogen gas during long-term creep tests, which sometimes exceeded 

164 1,000 h in duration, the furnace was installed outside the gas chamber. Although this configuration 

165 results in lower heating efficiency, it ensures a clean gas environment. Bellows were installed at 

166 the lower part of the gas chamber and deformed with the applied displacement. This design 

167 eliminates the need for a sliding seal and consequently reduces the risk of hydrogen gas leakage.

168 The specimen temperature was monitored using a K-type thermocouple placed in contact with 

169 the specimen surface. The thermocouple was kept in contact with the midpoint of the specimen 

170 gauge length by its own spring action, and the contact was visually confirmed through an 

171 observation window of the gas chamber. During the creep tests, the temperature was maintained at 

172 873 K within ±1 K. Although a single thermocouple was used during the tests, the temperature 

173 distribution along the specimen gauge length had been confirmed using multiple thermocouples 

174 prior to the creep tests.

175 In this study, the crosshead displacement was used as a proxy for specimen deformation instead 

176 of direct elongation measurements, because direct elongation measurements during creep test in 

177 high-temperature hydrogen gas require specialized equipment. Although the crosshead 

178 displacement includes elastic elongation of the testing machine components, such as the loading 

179 shaft and jigs, these contributions remain constant under the applied constant load. Therefore, 
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180 during creep deformation, the time-dependent change in crosshead displacement corresponds 

181 directly to the elongation of the specimen. 

182 It was confirmed that the average difference between the creep elongation estimated from the 

183 crosshead displacement and that measured from gauge marks on the ruptured specimens was within 

184 approximately 1%, with a standard deviation of 5%. 

185 To evaluate strain from the crosshead displacement instead of the elongation measured between 

186 gauge marks, the corrected reference length defined in JIS Z 2271, which accounts for deformation 

187 in the specimen shoulders, was adopted. In accordance with JIS Z 2271, the reference length was 

188 determined to be 32.7 mm for the specimens from Lot 1 and 32.4 mm for those from Lot 2.

189

190 As demonstrated experimentally by Nagao et al. 2324) hydrogen uptake in materials occurs easily 

191 at elevated temperatures, even when the surface is covered by an oxide layer. In this work, a 

192 uniform hydrogen concentration across the specimen diameter was the case. The hydrogen 

193 concentration in the specimen at 873 K and 0.12 MPa H₂ gas pressure was estimated to be 0.70 

194 mass ppm with reference to Hirth’s paper 2425). The estimated time required to reach saturation was 

195 1 minute for the 4 mm diameter specimen and 2 minutes for the 6 mm diameter specimen, based on 

196 the hydrogen diffusion coefficient in iron reported by Hirth 2425). 

197

198 The hydrogen and argon gas environments were established after baking the gas chamber at 873 

199 K under vacuum, following four cycles of vacuuming and purging with 99.9999% nitrogen gas. 

200 Prior to the start of the creep test in hydrogen, the specimens were soaked in the testing 

201 environment without a load for 2 hours to achieve uniform hydrogen distribution across the 

202 diameter. During the creep test, hydrogen penetrated not only the specimen but also the gas 

203 chamber wall. As a result, hydrogen gradually escaped from the gas chamber, causing a reduction 

204 in hydrogen gas pressure. To maintain the hydrogen gas pressure during the test, hydrogen was 

205 continuously supplied at a constant flow rate (100 ml/min). This flow rate was sufficient to 
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206 maintain a stable hydrogen pressure of 0.12 MPa throughout the test. For the creep tests in argon 

207 gas, there was no need to consider argon penetration into the specimen or chamber wall. However, 

208 the same procedure was applied to ensure consistent thermal history for the specimen and to 

209 maintain gas purity during the test.

210

211 3. Results and discussions

212 3. 1 Tensile test

213 Prior to creep testing, tensile tests were conducted at 293 K and 873 K in argon to determine the 

214 conditions for creep testing. The same specimen geometry used for the creep tests was utilized for 

215 these initial tests. The strain rate was set to 10−3 /s. Fig. 4 shows the stress-strain curves at both 

216 temperatures. It was observed that the SUY-1 industrial pure iron undergoes significant dynamic 

217 recovery, evidenced by the absence of work hardening after yielding, during the tensile test at 873 

218 K. Consequently, the 0.2% proof strength and ultimate tensile strength were identical. This result

219 suggests that the dislocations can climb as well as glide so that dislocation rearrangement and pair 

220 annihilation proceed quickly 2526).

221

222 Table 3 summarizes the mechanical properties of the SUY-1 from Lot 1. The elongation at 873 

223 K was significantly reduced compared to that at 293 K. This reduction is caused by the absence of 

224 work hardening. As indicated by the reduction of area, ductility actually increased. The absence of 

225 work hardening shortened the period of uniform elongation, resulting in the early onset of necking. 

226 Fig. 5 shows the fracture profiles and fracture surfaces of the tensile specimens. The fracture 

227 profiles exhibited a double-cup fracture, while the fracture surfaces displayed dimples at both 

228 temperatures.

229

230 3. 2 Reduction of creep life in hydrogen

231 Figure 6 shows the creep curves of the SUY-1 industrial pure iron. In this figure, in order to 
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232 clearly differentiate datasets with substantially different lifetimes, the results are shown in two 

233 separate graphs based on the lifetime range. The creep tests were performed under applied stresses 

234 of 33, 40, 50, and 60 MPa, which are significantly lower than the 0.2% proof strength at 873 K. As 

235 shown in the graph, the creep strain rate in the secondary creep steady-state region was markedly 

236 accelerated in hydrogen compared to argon, resulting in a significant reduction of creep life. The 

237 result that the creep life in hydrogen was reduced was similar to the result that Yokogawa et al. 

238 reached in their creep experiment with a commercial pure iron, conducted at 9.9 MPa hydrogen and 

239 773 K 15). It should be noted that the hydrogen gas pressure in our creep test, 0.12 MPa, was 

240 considerably lower than that in Yokogawa’s experiment.

241

242 Given the experimental error of 1% with a 5% standard deviation in the measurement of 

243 elongation, we may state that the experimental results of Fig. 6 do not point to any definitive effect 

244 of stress or hydrogen on the creep ductility, except under stress 40 MPa.  On the other hand, the 

245 experimental results of Takazaki et al. with SUS304 21) show increased creep elongation in 

246 hydrogen.  The lack of hydrogen or stress effect on creep elongation in our results along with the 

247 fact that the 98% reduction of area at rupture is the same in both hydrogen and argon is in contrast 

248 to hydrogen embrittlement at room and lower temperatures, at which ductility loss is a most 

249 significant manifestation of hydrogen embrittlement. Interestingly, Yokogawa et al. 15) observed in 

250 their experiments with pure iron that HTHA during creep testing significantly reduces elongation at 

251 creep rupture. This discrepancy in creep ductility in hydrogen between the two experiments using 

252 similar material is due to the operation of different mechanisms, depending on the hydrogen 

253 pressure and temperature. Specifically, Yokogawa et al. observed intergranular fracture surfaces, 

254 and proposed HTHA as the primary mechanism of failure, whereas we observed significant 

255 necking and dimple fracture surfaces and argue for enhanced dislocation climb mediated by 

256 hydrogen-induced vacancy formation, which will be discussed later. It should be also noted that 

257 Yokogawa et al. conducted creep tests under 9.9 MPa of high-pressure hydrogen at 773 K, whereas 
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258 we performed the creep tests under atmospheric hydrogen pressure at 873 K. Since the Nelson 

259 curve for pure iron is unavailable, we used the Nelson curve for carbon steel 2627) instead. 

260 Yokogawa's hydrogen pressure and temperature were in the unsafe operation regime based on the 

261 Nelson curve for carbon steel, whereas our hydrogen pressure and temperature fall within the safe 

262 operation region.

263

264 Figure 7 shows the stress vs. creep rupture time curves of the SUY-1. Across the entire stress 

265 range over which the creep tests were carried out, the rupture time of specimens in hydrogen was 

266 shorter than that in argon. To ensure consistency, a second set of creep experiments was performed

267 on Lot 1 specimens  under 40 MPa applied stress. As demonstrated, the reduction in the creep life 

268 in hydrogen gas is significantly larger than the difference between the creep rupture times from the 

269 two experiments in argon or hydrogen under 40 MPa stress. 

270 In Fig. 7, the creep lives of Lot 2 in both hydrogen and argon are substantially shorter than those 

271 of Lot 1, although both lots were the same JIS SUY-1 grade. The initial chemical composition, 

272 grain size, and hardness differed between Lot 1 and Lot 2. In addition, Lot 1 was used in the as-

273 received condition, whereas Lot 2 was used after annealing and hydrogen heat treatment. As shown 

274 in Fig. 1, the hydrogen heat treatment resulted in changes in grain size and hardness. Therefore, the 

275 difference in creep life between Lot 1 and Lot 2 may be associated with differences in their 

276 material properties, including chemical composition, grain size, and hardness. However, clarifying 

277 the effects of these factors, including the effect of trace amounts of carbon on the creep 

278 deformation behavior of pure iron, would require considerable effort. We therefore consider this an 

279 important subject for future study.

280

281 It is important to understand at which stage of creep deformation the effects of hydrogen set in, 

282 as this is key for discussing the underlying mechanisms. Figure 8 shows the normalized creep 

283 curves, where the elapsed time for each creep test is normalized by the rupture life of each 
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284 specimen, for the tests conducted under applied stresses of 40 and 50 MPa. As can be seen the 

285 creep curves in hydrogen almost coincide with those in argon. The key insight from this graph is 

286 that hydrogen did not affect the deformation behavior during secondary and tertiary creep, nor the 

287 onset of tertiary creep. Therefore, one can argue that the reduced creep life in hydrogen was 

288 primarily due to the acceleration of the creep strain rate in the secondary steady-state creep regime. 

289 In other words, the reduction of the creep life observed in hydrogen is not caused by time-

290 dependent microstructural changes, such as the formation of voids at grain boundaries. 

291

292 Figure 9 shows the relationship between the rupture life and the minimum creep strain rate. 

293 Notably, the plots representing the results in hydrogen and those in argon lie along the same line. 

294 The fact that the creep life in both hydrogen and argon lie on a single line, the Monkman-Grant 

295 relation, indicates that the creep rupture life of the SUY-1 is governed solely by the minimum 

296 creep strain rate, independent of the testing environment. It should be noted that Yokogawa et al. 

297 15) reported a shift in the Monkman–Grant line between argon and hydrogen environments in their

298 experiments on pure iron and attributed this shift to high-temperature hydrogen attack (HTHA) as 

299 the underlying mechanism responsible for the reduced creep life in hydrogen.

300

301 After the creep tests in hydrogen and argon, the fracture profiles and fracture surfaces were 

302 examined, as shown in Fig. 10. In both environments, a double-cup fracture morphology was 

303 evident, reflecting significant necking. The reduction of area was nearly identical for both 

304 environments, while the elongation at creep rupture in hydrogen was greater than that in argon, as 

305 shown in Fig. 6. Dimples were observed on the fracture surfaces in both environments, with similar 

306 shapes and sizes, regardless of the testing atmosphere. As mentioned earlier, the accelerated creep 

307 strain rate in the steady-state secondary creep region is considered to be the primary contributor to 

308 the reduced creep life in H₂. Therefore, direct conclusions about the role of hydrogen in the 

309 reduced creep life cannot be drawn solely from the examination of the fracture surface, which 
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310 formed through significant local deformation during the tertiary creep stage. Nevertheless, the 

311 similarity of the fracture profiles and fracture surfaces in hydrogen and argon is noteworthy, and it 

312 does not support the assumption that a distinct fracture mechanism, such as the promotion of 

313 intergranular fracture, was active in hydrogen.

314

315 Figure 11 shows inverse pole figure (IPF) maps of the longitudinal cross sections of fractured 

316 specimens tested under an applied stress of 50 MPa in hydrogen and argon atmospheres. The black 

317 lines separating the grains indicate high-angle grain boundaries with misorientation angles greater 

318 than 15°. Beneath the fracture surface, in the necked region, the grains were refined compared with 

319 those in the original material in both hydrogen and argon environments. With regard to the grain 

320 morphology, relatively large grains were elongated along the tensile axis, whereas smaller grains 

321 tended to be more equiaxed. This microstructural feature suggests that dynamic recrystallization 

322 occurred during severe deformation in the necking region, leading to the formation of fine, 

323 equiaxed grains.

324

325 In contrast, no significant recrystallization was observed at a location approximately 5 mm 

326 underneath the fracture surface. This is likely because the local deformation and strain rate at this 

327 position were insufficient to trigger dynamic recrystallization. Therefore, recrystallization occurred 

328 only in the region that experienced pronounced necking during the tertiary creep stage. In both the 

329 recrystallized and non-recrystallized regions, no notable differences in microstructural evolution 

330 were observed between the hydrogen and argon environments, which is consistent with the fracture 

331 surface observations.

332 Vickers hardness was also measured at locations corresponding to the IPF maps, and the 

333 measured values are shown in the figure captions. The hardness tended to be slightly higher near 

334 the fracture surface than at the location 5 mm below the fracture surface in both hydrogen and 

335 argon. This increase may be associated with the grain refinement due to dynamic recrystallization 
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336 in the necked region and an increase in dislocation density due to significant plastic deformation in 

337 this region. However, the hardness values were comparable between the hydrogen and argon 

338 environments, which is consistent with the absence of significant differences in the IPF maps.

339 As shown in Fig. 1, the hardness of Lot 1 before creep testing was HV1 150. After the creep test, 

340 the hardness decreased to HV1 90 - 94 near the fracture surface and HV1 81-83 at the location 5 

341 mm below the fracture surface. This significant reduction in hardness may be associated with 

342 dynamic recovery.

343

344

345 Figure 12 shows the creep deformation mechanism map 2728) of Frost and Ashby for iron, with 

346 the experimental data from this study superimposed. In this diagram, the effective stress 𝜎𝑠σ_s 

347 was calculated as 𝜎𝑠 = 𝜎/ 3 σ_s=σ/√3, where 𝜎σ is the applied tensile creep stress. The shear 

348 modulus μ of iron at 873 K is 45 GPa according to Frost and Ashby 2728). Fig. 12 indicates that our 

349 experimental data fall in the power-law creep region.

350

351 Figure 13 shows the minimum creep strain rate of Lot 1 and Lot 2-3 as a function of the applied

352 stress. The minimum creep strain rate was increased in hydrogen across the entire stress range for 

353 both specimens. The minimum creep strain rate in the power-law creep region can be expressed by 

354 the following equation

355 𝜀 = 𝐴 𝜎
𝐸

𝑛
exp ― 𝑄𝑐

𝑅𝑇
, (1)

356 where 𝜀 is the minimum creep strain rate, 𝐴 is a material constant serving as reference strain 

357 rate, 𝜎 is the applied stress, 𝐸 is Young’s modulus, 𝑛 the stress exponent, 𝑄𝑐 the creep 

358 activation energy, 𝑅 the gas constant, and 𝑇 the absolute temperature. The slopes of the lines 

359 interpolating the data provide the stress exponent 𝑛, which is 5.6 ± 1.1 in hydrogen and 6.8 ± 0.2 

360 in argon for Lot 1, and 6.0 ± 0.5 in hydrogen and 6.0 ± 0.2 in argon for Lot 2-3. The stress 

361 exponents obtained in hydrogen and argon were slightly different for Lot 1, whereas they were in 
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362 good agreement for Lot 2-3. In addition, the standard deviation of the stress exponent in hydrogen 

363 for Lot 1 was significantly larger than those under the other conditions. These results may be 

364 related to progressive decarburization during creep testing in hydrogen for Lot 1. In contrast, the 

365 Lot 2-3 specimens were decarburized prior to the creep tests, and no significant decarburization 

366 occurred during the creep tests. The decarburization that occurred during the creep tests is 

367 discussed later..

368 Therefore, the discussion on the creep deformation mechanism hereafter is based on the stress 

369 exponents obtained for Lot 2-3. The stress exponents obtained in this study The minimum creep

370 strain rate data in hydrogen showed relatively larger scatter; however, all values fall within a factor 

371 of two of the scatter range. These values are consistent with those reported in previous studies 

372 where creep tests were conducted in the power-law creep region for pure iron. For instance, Ishida 

373 et al. reported a value of 6.9 2829), while Watanabe et al. reported 4.5 2930). Based on these results 

374 and the fact that our testing conditions fall within the power-law creep region in Frost and Ashby’s 

375 creep deformation mechanism map, we can conclude that the creep deformation mechanism active 

376 in both hydrogen and argon in this study is dislocation creep described by a power law relationship.

377

378 As mentioned earlier, there were no significant differences in the fracture profiles or fracture 

379 surfaces between hydrogen and argon. This observation further supports the assertion that the same 

380 creep deformation mechanism was active in both hydrogen and argon. Ongoing studies on creep-

381 induced microstructural evolution in different gas environments support this conclusion, with 

382 detailed results to be reported elsewhere.

383

384 In equation (1), since the parameters 𝐴, 𝐸 and 𝑅 are constants, 𝜎 and 𝑇 are experimental 

385 conditions that are fixed, and 𝑛 obtained from Fig. 13 for hydrogen and argon with the two values 

386 being close, the only parameter that can be associated with accelerated creep strain rate, 𝜀 is the 

387 creep activation energy 𝑄𝑐. For higher creep strain rates in hydrogen, 𝑄𝑐 in hydrogen should be 
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388 smaller than that in argon. Consequently, it can be deduced that the role of hydrogen in the 

389 accelerated creep deformation is the reduction of creep activation energy. 

390

391 In this study, the creep activation energy was determined from the temperature dependence of 

392 the minimum creep strain rate at a constant modulus-compensated stress, 𝜎/𝜇, over the 

393 temperature range of 773 ~ 873 K. Lot 2-3 was used for this experiment to exclude the effect of 

394 decarburization during creep testing, which may depend on temperature. The absence of 

395 decarburization in Lot 2-3 during creep testing was experimentally confirmed, as discussed later. 

396 Figure 14 shows the relationship between 𝑙𝑛 𝜀 and 1/𝑇. The creep activation energy can be 

397 expressed as:

398 𝑄𝑐 = ―𝑅[𝛿(𝑙𝑛 𝜀)/𝛿(1/𝑇)]𝜎/𝜇

399 Therefore, the slopes of the fitted lines in Fig. 14 correspond to ― 𝑄𝑐/𝑅. The creep activation 

400 energy obtained in this study was 227±12 kJ/mol in hydrogen and 244±14 kJ/mol in argon, 

401 suggesting that the creep activation energy may be lower in hydrogen.

402 The creep activation energy is generally comparable almost equal to the activation energy for 

403 self-diffusion in the power-law creep regime 3031).  The creep activation energy in argon obtained 

404 in this study is consistent with the reported activation energies for self-diffusion in α-iron (240 - 

405 300 kJ/mol32)). This result is also consistent with the interpretation based on the stress exponent, 

406 which indicates that the creep deformation in this study occurs in the power-law creep regime.

407

408

409 The activation energy for self-diffusion can be expressed as the sum of the vacancy formation 

410 and vacancy migration energies 331). In view of studies that report that hydrogen reduces the 

411 vacancy formation energy in α-iron 342-364), it can be stated that the reduced creep activation energy 

412 in hydrogen is the result of reduction of the vacancy formation energy. This reduction leads to 

413 higher vacancy concentration, thus providing increased opportunities for dislocation climb, which 
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414 is the dominant mechanism in the power-law creep regime. As a result, the creep strain rate 

415 increases. 

416

417 A similar mechanism was proposed by Takazaki et al. for SUS304 austenitic stainless steel 21). It 

418 is notable that independent experiments for BCC and FCC materials yield similar conclusions. 

419 However, in both cases, the proposed mechanism remains hypothetical and plausible unless direct 

420 evidence of hydrogen increasing vacancy concentration is confirmed. Further experiments and 

421 examinations are required to reach a more definitive conclusion.

422

423 3. 3 Effect of decarburization

424 At elevated temperature, carbon at the specimen surface may react with hydrogen or other 

425 gaseous impurities such as water vapor, which leads to surface decarburization. Consequently, a 

426 carbon concentration gradient is formed, which drives the diffusion of carbon from the interior of 

427 the specimen toward the surface during exposure to the testing environment, resulting in bulk 

428 decarburization. The carbon content in the SUY-1 Lot 1 was 46 mass ppm, which is lower than the 

429 carbon solubility limit of iron at 873 K according to Ohtani et al. 375). As a result, carbon can 

430 segregate at grain boundaries, resulting in local carbon contents exceeding 10 atom % when the 

431 average carbon content is 46 mass ppm 386). It was reported that carbon segregating at grain 

432 boundaries increases the Hall-Petch coefficient leading to increased mechanical strength at room 

433 temperature 379). In this study, it may be possible that hydrogen enhances decarburization during 

434 creep testing. Therefore, the effect of decarburization on the creep deformation of pure iron is 

435 worth investigating. 

436

437 In this study, the carbon content in an untested specimen and several creep-tested specimens was 

438 measured using the infrared adsorption method. From each specimen, three samples, each weighing 

439 1.0 g, were extracted and thus, three measurements were conducted for each specimen. Figure 14 
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440 15 shows the average carbon content and standard deviation from these measurements for the 

441 specimens subjected to creep at 60 and 33 MPa applied stress in hydrogen and argon environments. 

442 In both environments, the carbon content in the specimen significantly decreased compared to the 

443 original material, indicating decarburization during the creep tests. 

444

445 With regard to decarburization in argon, since argon is inert, it may be caused by gas impurities 

446 such as water contained in argon. For the specimens tested at 33 MPa, the creep rupture time was 

447 136 h in hydrogen and 811 h in argon. However, the carbon content in hydrogen was lower than 

448 that in argon which indicates that decarburization was promoted in hydrogen. On the other hand, 

449 there was no significant difference in the carbon content between the specimens that crept under 60 

450 MPa in hydrogen and argon, although the carbon content decreased from that of the as received 

451 material, 46 wt ppm. Possibly, the time of exposure to testing environment was insufficient to 

452 cause a noticeable difference. 

453

454 It is well-known that HTHA is a phenomenon that occurs in hydrogen at elevated temperatures 

455 and involves decarburization. Yokogawa et al. identified traces of HTHA during creep testing in 

456 H₂ on industrial pure iron, based on the observation of intergranular cracking on the fracture 

457 surface 15). However, in our creep experiments at low hydrogen gas pressure, HTHA can be 

458 excluded as a mechanism responsible for the reduced creep life in H₂, and also because dimple 

459 fracture surfaces were observed in both hydrogen and argon. Moreover, since methane cannot 

460 diffuse out of the specimen, carbon remains in the material. As a result, any decrease in carbon 

461 content within the specimen cannot be detected using the infrared absorption method. Additionally, 

462 the environmental testing conditions in this study, including hydrogen gas pressure and 

463 temperature, were within the safe region specified by the Nelson diagram for carbon steels 2627).

464

465 To study the effect of decarburization on creep life, decarburized specimens with carbon 



19

466 contents of 9.9 ppm and 6.4 ppm were prepared, as described in Section 2. Figure 15 16 shows the 

467 results of the creep test performed under 40 MPa stress in argon and hydrogen for the three levels 

468 of carbon content. As can be seen, the creep life in argon increases as the carbon content increases. 

469 This result clearly demonstrates that carbon, which may segregate at grain boundaries, enhances 

470 the creep resistance of pure iron. Regarding the mechanism underlying the enhanced creep 

471 deformation in the low-carbon material, the activation energy for vacancy formation, 𝑄𝑐, in Eq. 

472 (1), has been reported to decrease with increasing carbon content 3840, 4139). It should be noted here 

473 that Kabir et al. 4139) concluded that self-diffusivity in bcc Fe decreases with increasing carbon 

474 content, as the migration barriers of vacancy-carbon point-defect cluster are sufficiently high. This 

475 conclusion on iron self-diffusion was later corrected by Kresse et al. 420) who demonstrated that iron 

476 self-diffusion is accelerated in the presence of dissolved carbon. Kresse et al. attributed this to an 

477 increased vacancy concentration due to the attractive interaction between vacancies and carbon 

478 atoms. According to Eq. (1), a decrease in vacancy formation energy would result in higher creep 

479 strain rates. However, our experimental results show that the strain rate decreases as the carbon 

480 content increases, which appears to be at odds with the implications of the work of Frost et al. 3840) 

481 and Kresse et al. 3942) that argue for decreasing vacancy formation energy with carbon. The pre-

482 exponential factor 𝐴 in Eq. (1) is generally considered a material constant. However, considering 

483 that our experimental results show that a reduction in the carbon content leads to an opposite effect 

484 on the creep strain rate to that dictated by the associated increase of 𝑄𝑐, one may conclude that 

485 differences in carbon content cause the material to behave differently. Specifically, carbon atoms 

486 may reduce the value of 𝐴, possibly by lowering the formation energy of dislocations at grain 

487 boundaries or by reducing their mobility. Whether such a carbon-induced reduction in dislocation 

488 mobility persists at elevated temperatures remains unclear. However, it is clearly present at room 

489 temperature, as indicated by the yield strength overshoot observed in Fig. 4. With respect to the 

490 effect of hydrogen, the creep life of the decarburized specimens was further reduced in hydrogen. 

491
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492 Figure 16 17 shows the measured carbon content of Lot 2 specimens before and after creep 

493 straining under 40 MPa. For the un-decarburized specimen, Lot 2-1 (no hydrogen treatment), the 

494 reduction of the carbon content after the creep test was significant (from 55 mass ppm to 18 mass 

495 ppm in hydrogen and 10 mass ppm in Ar), as the initial carbon content was sufficiently high. The 

496 remaining carbon content in the specimen tested in hydrogen was higher than that in argon, which 

497 appears inconsistent with the results shown in Fig. 14 15 in which hydrogen is shown to promote 

498 higher decarburization. This discrepancy is attributed to the difference in creep life: 23.4 h in 

499 hydrogen vs 56.7 h in argon. The shorter exposure time for the specimen tested in hydrogen 

500 resulted in less decarburization. For the pre-decarburized specimens, the average carbon content 

501 before the creep test was 9.9 mass ppm after 9 h of hydrogen treatment of Lot 2-2 and 6.4 mass 

502 ppm after 27 h of Lot 2-3. Although these data appear to suggest that a longer hydrogen treatment 

503 further reduces the carbon content, the upper and lower bounds of the error bars are nearly 

504 identical. Therefore, when experimental variability is taken into account, the decarburization 

505 process can be regarded as having reached saturation within 9 h. With regard to the carbon content 

506 after the creep test, the value measured for the 27 h-treated specimen tested in argon was slightly 

507 higher than that tested in hydrogen; however, this difference is also considered to be within the 

508 range of measurement variability.

509 The key conclusion from Figure 16 17 is that the reduction of the carbon content during the 

510 creep tests was minimal for the specimens that were pre-decarburized by heat treatment (9 h for 

511 Lot 2-2 and 27 h for Lot 2-3). As shown in Figure 156, the creep life of these specimens whose 

512 carbon content remained nearly constant during testing in hydrogen was significantly shorter than 

513 that in argon. These results clearly indicate that the reduction in creep life in hydrogen occurred 

514 independently of decarburization. These findings suggest that two distinct effects - decarburization 

515 and hydrogen - simultaneously contribute to the reduction of creep life during creep testing of pure 

516 iron in hydrogen. While decarburization reduces the creep life of pure iron, hydrogen separately 

517 reduces the creep life.
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518

519

520 Lastly, Regarding the grain size effect, when comparing the creep lives of the un-decarburized 

521 Lot 2 (Fig. 1617) with those of Lot 1 (Fig. 6 (b)), the creep life of Lot 2 is shorter than that of Lot 1 

522 in both hydrogen and argon environments under a stress of 40 MPa, despite its slightly higher 

523 carbon content (55 mass ppm vs 46 mass ppm). Creep strain rate is generally considered to show 

524 little dependence on grain size 2728). However, in this study, differences in creep behavior were 

525 observed depending on the carbon content, which is thought to segregate at grain boundaries, 

526 suggesting that grain boundaries may play an important role in creep strength. Therefore, the 

527 coarser grain size of Lot 2 may have contributed to its shorter creep life.

528

529 4. Conclusion

530 Creep tests with SUY-1 industrial pure iron were conducted at 873 K in 0.12 MPa hydrogen and 

531 argon gases. The results are summarized as follows:

532 1. Hydrogen increased the minimum creep strain rate, leading to a significant reduction in

533 creep life.

534 2. The normalized creep curves in hydrogen were found almost completely overlapping with

535 those in argon. Additionally, the relationship between rupture life and minimum creep strain rate in 

536 hydrogen is the same as that in argon and linear. Furthermore, there was no significant difference 

537 in the morphology of the fracture surface between the specimens tested in argon and those in 

538 hydrogen. These results indicate that the primary role of hydrogen is to accelerate creep 

539 deformation without altering the intrinsic creep deformation mechanism.

540 3. Dislocation creep was activated in both hydrogen and argon environments, as shown by

541 the calculation of the stress exponent and juxtaposition of experimental results on the Frost and 

542 Ashby creep deformation mechanism map for iron.

543 4. The creep activation energy determined from the temperature dependence of the minimum 
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544 creep strain rate was 227±12 kJ/mol in hydrogen and 244±14 kJ/mol in argon, suggesting that the 

545 creep activation energy may be lower in hydrogen than in argon. Analysis of the minimum creep 

546 strain rates, based on the standard constitutive model for dislocation creep, suggests that hydrogen 

547 likely decreases the creep activation energy. Consequently, we propose that hydrogen promotes 

548 dislocation climb through an increase in vacancy density due to the reduction of the vacancy 

549 formation energy by hydrogen.

550 5. Decarburization occurred during the creep tests in both hydrogen and argon environments,

551 with hydrogen enhancing the decarburization process. However, no evidence of methane bubble 

552 formation was observed.

553 6. The creep life in argon decreased as the carbon content decreased, confirming that carbon

554 improves creep strength of pure iron.

555 7. Decarburization during the creep tests contributed significantly to the shortening of the

556 creep life in hydrogen. However, the creep life of the pre-decarburized specimens was further 

557 reduced in hydrogen, suggesting that hydrogen’s unique effects- such as promotion of dislocation 

558 climb as we have proposed- contribute independently of decarburization to the reduction of creep 

559 life.
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Time for Hydrogen heat treatment (hour)

Carbon content (mass ppm)

Grain size (mm)

Vickers hardness (HV1)

Not applied (As received)

45.7 ± 5.8

40

150

Not applied (As annealed)0

54.8 ± 6.1

121

73

(a) Lot 1 (b) Lot 2-1

673

Time for Hydrogen heat treatment (hour)

Carbon content (mass ppm)

Grain size (m)

Vickers hardness (HV1)

9

9.9 ± 1.5

123

69

27

6.4 ± 1.9

135

59

(c) Lot 2-2 (d) Lot 2-3

674 Fig. 1. Microstructure, carbon content, grain size and Vickers hardness of the SUY-1 industrial 

675 pure iron.
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677

678 (a) For Lot 1 (b) For Lot 2

679 Fig. 2. Specimen drawings showing dimensions for (a) Lot 1 and (b) Lot 2.

680
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681

682 Fig. 3. (a) View of the creep testing machine and (b) Schematic of the structure around the gas 

683 chamber.

684
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685
686 Fig. 4. Uniaxial tension tests with Lot 1 specimens at 298 and 873K.
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688

689 (a) 293 K

690

691 (b) 873 K

692 Fig. 5. Fracture profiles and fracture surfaces of tensile tests with Lot 1 specimens: a) at room 

693 temperature, b) at 873K.

694
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695
696 (a) (b) 

697 Fig. 6. Creep curves of the SUY-1 Lot 1 in hydrogen and argon under: (a) applied stress  = 50 and 

698 60 MPa, (b) applied stress  = 33 and 40 MPa.

699
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700

701 Fig. 7. Stress vs. rupture time curves of the SUY-1 Lot 1 and un-decarburized Lot 2 at 40 MPa in 

702 hydrogen and argon.

703
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704

705 Fig. 8. Normalized creep curves of the SUY-1 Lot 1 in hydrogen and argon environment at stresses 

706 40 and 50 MPa.

707
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708

709 Fig. 9. Rupture life vs. minimum creep strain rate of the SUY-1 Lot 1.

710

10-8 10-7 10-6 10-51

10

102

103

SUY-1 Lot 1
p = 0.12 MPa
T = 873 K

In Ar
In H2

Minimum creep strain rate (/s)

Ti
m

e 
to

 ru
pt

ur
e 

(h
ou

r)



36

711

712 (a) In argon, σ = 60 MPa, tr = 14.0 h

713

714 (b) In argon, σ = 33 MPa, tr = 811 h

715

716 (c) In hydrogen, σ = 60 MPa, tr = 4.0 h

717

718 (d) In hydrogen, σ = 33 MPa, tr = 136 h

719 Fig. 10. Fracture profiles and fracture surfaces of Lot 1 specimen.

720



37

721

722

723 (a) Just below the fracture surface in H2. (Vickers hardness: HV1 94).

724

725 (a)(b) (b) Just below the fracture surface in Ar (Vickers hardness: HV1 90).

726

727 (c) (c) 5 mm underneath the fracture surface in H2 (Vickers hardness: HV1 81).

728

729 (d) 5 mm underneath the fracture surface in Ar (Vickers hardness: HV1 83).
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730 Fig. 11. Inverse pole figure (IPF) maps of longitudinal cross section of creep-fractured specimens 

731 of Lot 1 material tested under an applied stress of 50 MPa. (Rupture life in hydrogen: 19.3 h, 

732 rupture life in argon: 42.1 h.)

733
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734

735 Fig. 12. Creep data superposed on the creep deformation mechanism map of Frost and Ashby 27) for 

736 pure iron (redrawn by authors).

737
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738

739

740 Fig. 13. Minimum creep strain rate vs. applied stress for SUY-1. The slope in argon is n = 6.8 ± 0.2 

741 in argon and in hydrogen n = 5.6 ± 1.1 in hydrogen for Lot 1, and n = 6.0 ± 0.2 in argon and n = 

742 6.0 ± 0.5 in hydrogen for Lot 2-3.
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744

745 Fig. 14. Creep test results for determining creep activation energies.

746

747

748 Fig. 154. Carbon content in the specimen Lot 1 before and after creep testing.

749

750
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751

752 Fig. 156. Effect of carbon and hydrogen on creep deformation of Lot 2.

753
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754

755

756 Fig. 167.  Change in carbon content of the un-decarburized specimen (Lot-2-1) and pre-

757 decarburized specimens (Lot 2-2 and Lot 2-3) before and after creep testing under 40 MPa stress in 

758 hydrogen and argon atmospheres.

759

760
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761 Table 1 High-temperature hydrogen devices and their operating temperatures

Device Purpose Temperature [℃K]

Solid oxide fuel cell (SOFC) Power generation 500773~750 1023 (Intermediate-temp. 

SOFC)

8501123~1000 1273 (High-temp. 

SOFC) 1)

Solid oxide electrolysis cell (SOEC) H2 production 600873~900 1173 2)

H2 gas turbine Power generation 12001473~1650 1923 3)

H2 engine Motive power

High temperature gas cooled reactor

(HTGR)

H2 production 7501023~950 1223 4)

Methanation Fuel synthesis 150423~550 823 5)

Sustainable aviation Fuel (SAF) Fuel synthesis >120393* 6)

H separation from NH3 H2 production >327600** 7)

H-reduction steelmaking Steel production >14001673*** 8)

H2 boiler Heat generation

H2 hot water supply

762 * Varies depending on the synthesis method

763 ** Varies depending on the catalyst

764 *** Considered to be comparable to that of a conventional blast furnace

765
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766 Table 2 Chemical composition of the SUY-1 in as-received condition (mass %)

C* Si Mn P S Cu Ni Cr Fe

Lot 1 0.0046 Trace 0.24 0.005 0.004 N/A 0.01 0.02 Bal.

Lot 2 0.0055 0.01 0.25 0.006 0.004 0.01 0.01 0.02 Bal.

767 *Measured by infrared adsorption method. Other elements are from material certificate.

768
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769 Table 3. Mechanical properties of the SUY-1 Lot 1

Temperature
（K）

0.2% proof 
strength,

σ0.2 (MPa)

Ultimate tensile 
stress,

UTS (MPa)
Elongation,

 (%)
Reduction of 
area,  (%)

293 188 297 43 92

873 121 122 18 99
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