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11 Abstract

12 The bondline of electric-resistance welded (ERW) linepipe steel, often etched white (i.e., ferrite) in 

13 optical microscopy, is generally believed to be carbon-depleted. The mechanism for the carbon-

14 depletion, however, is not fully understood by researchers. To this end, atom probe tomography 

15 (APT) was used to measure elemental segregation of the as-welded and post-weld heat-treated 

16 bondline regions of X70 linepipe welds. The thin vertical features at the bondline in the as-welded 

17 condition were identified as carbon-rich martensite-austenite (M-A) constituents, and the majority 

18 ferrite phase in the bondline was identified as carbon-depleted ferrite. Following the post-weld 

19 normalization, all alloying elements, except Nb and Mo, are homogenized across the bondline and 

20 heat-affected zone. The carbon depletion in the ERW bondline was accurately measured. A new 

21 mechanism for carbon-depletion has been proposed using Scheil calculations of elemental 
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22 partitioning during weld formation. Segregation of elements in the heat-affected zone was shown to 

23 follow the Negligible partitioning local equilibrium (NPLE) kinetics for bainite transformation. 

24 Introduction

25 High frequency electric resistant welding (HF-ERW) [1-11] is one of the extensively used 

26 manufacturing processes for the production of longitudinal seamed steel pipes. Edges of rolled strips 

27 are resistance heated by the application of high frequency currents, followed by the application of 

28 squeeze in order to join the edges to form a weld bondline [3]. Due to the high frequency of currents 

29 used in this process, heat generated through resistance heating is concentrated to a thin surface layer, 

30 which makes this process very energy efficient [1, 2]. Moreover, squeezing the molten metal and 

31 residual oxides out of the joining edges makes the weldment more likely to be defect-free [12]. Owing 

32 to these advantages, the pipes produced by this technique are frequently used in many critical 

33 applications, including transportation of oil and gas. 

34 Confinement of heat very close to outer and inner diameter also makes the width of heat affected 

35 zone (HAZ) narrower in the middle-thickness, resulting in an hourglass shape of the as-welded 

36 bondline region [6]. Two interesting observations related to the HF-ERW process have been reported: 

37 the expulsion of molten steel from the weld due to the applied squeeze [7] and the presence of a 

38 decarburized region at the bondline of these welds [8-11]. Upon etching, this decarburized bondline 

39 in as-welded pipe gives a shiny bright contrast when viewed under an optical microscope [13]. It was 

40 reported, based on the differential etching response of the bondline and base metal, that the carbon 

41 concentration at the bondline can be up to 30% lower than the base metal [10]. Owing to the depletion 

42 of carbon, the bondline region becomes weaker [14, 15]. This compositional variation, along with 

43 high deformation during welding and formation of martensite and bainitic structures due to rapid 

44 cooling, significantly affect the low-temperature toughness of the weld joint [16-20]. It is hence 

45 important to understand the related underlying mechanisms for the bondline decarburization. 
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46 Although multiple works have made observations related to decarburization at the bondline [7-11], 

47 there is still no understanding of how phase transformations at the bondline can lead to such a 

48 decarburized region. 

49 Our recent work [21] focused on the role of squeeze in determining the fraction of liquid expelled out 

50 of the bondline and it was found that around 20% liquid was remaining in the bondline after the 

51 squeeze is complete. It was suggested that this remaining liquid solidifies into a carbon-enriched 

52 phase, leaving a decarburized region at the bondline [21]. The present work utilizes advanced 

53 characterization tools to provide experimental verification and insights into the phase transformations 

54 at the bondline.

55 Experimental procedure

56 Hot-rolled strips of X70 pipeline steel (with chemical composition shown in Table I) were produced 

57 by thermo-mechanically controlled processing (TMCP). These rolled strips were initially production 

58 welded and small specimens in the as-welded condition were obtained from the commercial pipe mill. 

59 Similarly, post weld heat treated samples were also obtained from the production mill after the as-

60 welded pipe having undergone the specified proprietary post-weld normalizing cycle (with the peak 

61 temperature above the Ac3 of the steel, between 800 to 1300 C). Both, the as-welded and post-weld 

62 heat-treated (PWHT) samples, were ground and polished using standard metallographic procedures. 

63 Metallographic samples were etched with 2% Nital solution. Microstructures, especially at the 

64 bondline, were characterized using optical microscope (OM), field emission scanning electron 

65 microscope (FE-SEM) and transmission electron microscope (TEM). Energy dispersive spectroscopy 

66 (EDS), was used to reveal distribution of heavier elements in finer microstructural features. All the 

67 SEM images were taken at an accelerating voltage of 20 kV, aperture size of 30 µm and a working 

68 distance of 8.5 mm. Site-specific TEM samples were prepared by FIB lift-out method using a FEI 
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69 Nova 200 dual beam FIB/SEM. FIB/TEM samples were observed under HITACHI HF3300 Field 

70 Emission TEM (FETEM) with STEM at an accelerating voltage of 300 kV. 

71 Atom probe tomography (APT) analyses were conducted on site-specific needles, extracted from the 

72 as-welded and PWHT samples using a FEI Nova 200 dual beam FIB/SEM. Standard procedures were 

73 followed for FIB based APT sample preparation, in which a triangular prism shaped liftout was 

74 extracted, multiple sections of the liftout were mounted to Si micro-posts, and each section was bulk 

75 annular milled using a 30 kV Ga+ beam and cleaned using a 2 kV Ga+ beam [22]. Data collection for 

76 APT was done using a CAMECA Instruments local electrode atom probe (LEAP) 4000X HR. Field 

77 evaporation was carried out in voltage mode with a 200 kHz pulse repetition rate, 50K specimen 

78 temperature, 20% pulse fraction, and a detection rate of 0.5%. Data reconstruction and subsequent 

79 analysis was done using CAMECA’s IVAS software. Thermodynamic and kinetic calculations were 

80 carried out using TCFE9 and MOBFE6 databases of ThermoCalcTM version 2020b. Scheil 

81 calculations were carried out by assuming infinite diffusion in liquid and zero diffusion in solid except 

82 for C which was taken as fast diffuser.

83 Table I: Chemical composition of X70 pipeline steel used (wt%)

C Nb Ti+V Mn Si Cu+Ni+Cr+Mo N
0.043 0.068 0.025 1.65 0.18 0.672 0.009

84

85 Results

86 The as-welded bondline

87 Figure 1 shows the optical macrograph and micrographs of an ERW bondline as-welded sample. The 

88 hourglass shape of the HAZ along with the formation of flash is clearly visible from Figure 1a. It can 

89 be seen from this figure that within the narrow heat-affected zone region, there are various sub 

90 regions, namely, the coarse-grained heat affected zone (CGHAZ), inter-critically/fine-grained heat 

91 affected zone (IC/FGHAZ), thermo-mechanically affected zone (TMAZ), and the base metal (BM). 
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92 Figure 1b shows a higher magnification of the bondline region from Figure 1a. Vertical features near 

93 the center region of bondline, pointed at by arrow marks, are clearly visible in this micrograph. 

94

95

96 Figure 1: Optical microstructures of the bond line of as-welded sample; (a) the bondline and various zones, 

97 arrow indicates the bondline, and (b) at higher magnification, arrows indicate the vertically oriented 

98 elongated features in the bondline.
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99

100 Figure 2: X-ray diffraction pattern of bond line and HAZ of as-welded sample

101 The main phases present in this as-welded bondline were determined by X-ray diffraction. Since the 

102 major portion of this sample is base metal and the heat-affected zone, the relative amount of X-ray 

103 signals from the weld bondline would be limited. To overcome this problem, XRD was performed 

104 after covering the base metal region with an amorphous material. The corresponding XRD curve, 

105 shown in Figure 2, is hence a result of weld bondline and HAZ regions only. It can be seen that the 

106 major peaks in the XRD pattern belong to α-ferrite; some lower intensity peaks belong to γ-austenite. 

107 The minor fraction of austenite phase suggests the possible presence of martensite-austenite (M-A) 

108 constituents in the weld bondline region.

109 Figure 3 shows the SEM image of the bondline region for the as-welded sample. Elongated vertical 

110 features are visible at the center of the image. In a magnified SEM image, shown in Figure 4a, these 

111 vertical features can be clearly observed. It can also be seen through the optical and SEM images, 

112 shown in Figure 1, Figure 3, and Figure 4a that these vertical features are perpendicular to the weld 
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113 squeeze direction. Moreover, these features were found to be present throughout the sample thickness 

114 in the weld bondline.

115

116 Figure 3: Microstructure of the bondline of the as-welded sample; the arrow indicates vertical features at 

117 the center of the bondline; the squeeze was applied horizontally from both directions.

118 The chemical concentration of individual elements was determined using SEM-EDS line scan. Figure 

119 4 shows the results of EDS line scan analysis. It can be seen from the concentration profiles of 

120 individual elements across the vertical features in the bondline, shown in Figure 4b, that these features 

121 are most likely enriched in interstitial N and substitutional Mn, Nb, and Ti. This solute enrichment 

122 would also indicate that these vertical features are likely composed of M-A constituents, which may 

123 have contributed to the possible M-A detected in XRD analysis. However, further verification of this 

124 enrichment and the presence of M-A constituents is required.
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125

126

127 Figure 4: SEM-EDS line scan results from the vertical features at the center of the bond line of as-welded 

128 sample, (a) SEM in-lens image showing the line scan marked across the vertical features, (b) EDS results 

129 showing the variation of concentration of different elements, arrows indicate the higher concentration of 

130 elements in the vertical features.
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131 Atom probe tomography (APT) was conducted for 2 locations at the bondline, vertical features and 

132 ferrite, and a 3rd location at the heat-affect zone of as-welded sample. FIB lift out locations for all 

133 these locations are shown in Figure 5a-c and the corresponding sequence of FIB milling for all these 

134 locations is shown in the supplementary section (Figure). Figure 6a, b and c show the results of APT 

135 corresponding to bondline vertical features, bondline ferrite grains and HAZ region respectively in 

136 the as-welded sample. The concentration of carbon in vertical features and ferrite grains is 0.192 and 

137 0.007 wt. % respectively. It is evident that the vertical features in the bondline region contain a higher 

138 concentration of C as compared to the ferrite grains in the same region just beside the vertical features. 

139 A higher C concentration in the vertical features suggests these be possible M-A constituents. Figure 

140 6c shows the APT results for a location in the HAZ of the as-welded sample. The concentration of 

141 carbon in ferrite of the HAZ region is found to be 0.015 wt. %, higher than the carbon concentration 

142 in ferrite in the bondline. Concentrations of selected elements in these different locations are 

143 summarized in Table II. 

144 When the microscopy, APT, and EDS observations are combined, it seems to suggest that the 

145 bondline region of the as-welded sample consists of two different microstructure constituents having 

146 very large differences in carbon concentration. Based on the higher carbon concentration from APT 

147 analysis, in combination with the presence of austenite from XRD scans (Figure 2), vertical features 

148 in the bondline are most likely M-A constituents while the carbon depleted phase is ferrite. Since the 

149 XRD measurements include both bondline and HAZ region, further verification of the vertical 

150 features at the bondline is required using TEM.

151

152
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153

154
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155

156 Figure 5: FIB liftout locations for APT analysis of the bond line of as-welded sample, (a) vertical features at 

157 the center of bondline, (b) bond line ferrite, (c) the heat-affected zone; inset in (a) shows the markings 

158 relative to as-welded sample.
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159

160 Figure 6: APT elemental atom maps of (a) the vertical features, (b) ferrite at the bondline, and (c) the heat-

161 affected zone of the bondline in as-welded condition

162 Table II: Chemical concentration by APT at different locations of the as-welded sample (wt%)

Wt.% C Fe Mn Cr Cu Mo Nb Si
Vertical 
features 0.192 96.604 1.978 0.099 0.305 0.284 0.169 0.244

Ferrite 0.007 97.609 1.485 0.067 0.240 0.219 0.054 0.188
HAZ 0.015 97.299 1.672 0.078 0.252 0.239 0.057 0.213

163
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164

165 Figure 7: (a-b) TEM bright field image and (c) SAED pattern of vertical features present at the bond line of 

166 as-welded sample; (b) shows a higher magnification image from the marked region in (a)

167 To identify the vertical features at the bondline as M-A, site-specific TEM was performed. 

168 Corresponding bright field TEM images and selected area electron diffraction (SAED) are shown in 

169 Figure 7. The marked area in the low magnification bright field image (Figure 7a) shows a vertically 

170 elongated bondline feature. This feature was further magnified (Figure 7b), and the corresponding 

171 diffraction pattern was acquired (Figure 7c). Magnified image shows the presence of dislocation 

172 substructures in the elongated feature. Indexing of the diffraction pattern revealed the presence of two 
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173 phases (beam parallel to 001 for γ and 111 for α) along with some satellite spots. The simultaneous 

174 presence of an FCC and BCC structure, along with satellite spots, confirms the existence of M-A 

175 features (martensite along with retained austenite) [23, 24] at the bondline and also verifies that the 

176 austenite detected in the XRD scan from the bondline and HAZ region is indeed present in these 

177 vertical M-A constituents.

178 The PWHT bondline

179 To understand the migration of alloying elements during post weld heat treatment (PWHT) and see 

180 whether there are any changes in the bondline during PWHT, APT was also conducted on the PWHT 

181 sample. No vertical features were observed at the bondline after PWHT at the observed locations on 

182 this specimen. Samples extracted from the bondline and HAZ were investigated, as shown in Figure 

183 8. The corresponding sequence of FIB milling for these locations is shown in the Appendix (Figures 

184 A1 and A2). From the elemental atom maps in Figure 9 it can be clearly seen that the concentration 

185 of carbon is similar in both the bondline and the HAZ after the post-weld heat-treatment. The carbon 

186 concentration in the bondline and HAZ is found to be 0.008 and 0.011 wt. %, respectively. The 

187 concentration of the selected elements in the different locations are summarized in Table III.

188  Although the concentration of elements throughout the region for these locations is more uniform 

189 than in the as-welded condition, there are still small solute segregations in the bondline. The small 

190 solute segregation at the bondline suggests that homogenization of Nb and Mo concentrations have 

191 not been complete during the PWHT. This is most likely due to the short duration at peak temperature 

192 of normalization, and very high cooling rates used in the mill and hence insufficient time for the 

193 uniform distribution of solute elements in the bondline.

194
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195

196

197 Figure 8: FIB liftout locations for APT analysis of the bond line of PWHT sample (a) center of the bond line, 

198 and (b) the heat-affected zone (HAZ); inset in (b) shows the markings related to PWHT sample.
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199

200 Figure 9: APT elemental atom maps of the center of bond line (a) and heat-affected zone (b) of PWHT 

201 sample
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202

203 Table III: Chemical composition by APT at different locations in PWHT sample (wt%)

Wt.% C Fe Mn Cr Cu Mo Nb Si
Bondline 0.008 97.653 1.554 0.082 0.216 0.170 0.022 0.185

HAZ 0.011 97.545 1.573 0.079 0.211 0.210 0.043 0.178
204

205 Discussion

206 Microstructural changes at the bondline

207 The experimental observations suggest that the bondline of the as-welded sample consists of two 

208 phases, i.e., ferrite having acicular morphology and M-A modules having elongated vertical 

209 morphologies. While the M-A modules were found to have a higher concentration of carbon and other 

210 substitutional solute elements, ferrite grains had relative lower concentration of these elements. To 

211 understand the mechanisms for elemental partitioning during phase transformations, solidification of 

212 the bondline was modeled using Scheil calculations in ThermoCalc.
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213

214 Figure 10: Mass fraction of solid predicted by Scheil calculation using ThermoCalc

215 As shown in Figure 10, it can be observed that greater than 97% of liquid is still present during 

216 solidification for temperatures as low as 1420 °C (for the steel composition used in this study). As 

217 discussed, the ERW process essentially melts the bondline region due to the application of resistance 

218 heating and the subsequent squeeze forces the liquid metal out of the joint into the flash during 

219 welding. Although theoretically the purpose of squeeze is to completely expel the molten metal out 

220 of the bondline, it would practically depend on the extent of the applied squeeze in combination with 

221 the weld frequency, weld geometry, and other parameters. In the case of greater applied squeeze, 

222 there is a higher possibility of squeezing the molten metal out of the bondline and the corresponding 

223 temperature at the bondline would be correspondingly lower at the completion of the squeeze. The 

224 previous study involved the use of a Gleeble for physical welding simulation to understand the effect 

225 of processing conditions on the removal of the liquid at the bondline. Varying the extent of squeeze 

226 and the observation of the corresponding force-temperature response during the time of squeeze 
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227 suggested that for the maximum squeeze sample, the temperature at the end of squeeze is around 

228 1500 °C [21]. The Scheil calculation, shown in Figure 10, suggests that when the temperature at the 

229 bondline drops to 1500 °C, a solid-liquid mixture comprising  ferrite and approximately 20% liquid 

230 would remain to solidify at the bondline.

231
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232

233 Figure 11: (a) Mole fraction of phases against temperature, and (b) C partitioning in δ ferrite and liquid 

234 during solidification, as calculated using ThermoCalc

235 As per the thermodynamic equilibrium calculations, phase diagrams predict that there are only liquid 

236 and δ ferrite phases present at temperatures between 1500 and 1520 °C, as shown in Figure 11a. 

237 Equilibrium fraction of δ-ferrite is also slightly higher than the fraction predicted by Scheil 

238 calculations due to the restricted diffusion in solid, assumed in Scheil calculations. The carbon 

239 concentration of the ferrite and liquid phases was calculated using ThermoCalc and shown in Figure 

240 11b. Clearly, the liquid would be enriched in C, and the neighboring delta ferrite would be depleted 

241 in C. The carbon concentration in liquid and δ ferrite at 1500 °C is around 0.190 wt.% and 0.025 

242 wt.% respectively. These C concentration values are very close to those determined using APT 

243 (Figure 6) for M-A vertical features (0.192 wt.%) and ferrite (0.007 wt.%) at the bondline for as-

244 welded material.
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245 During the subsequent solidification, both the remaining liquid and δ ferrite would peritectically 

246 transform into the austenite phase. Austenite formed from the remaining liquid at the bondline would 

247 be enriched in carbon and other solute elements, while austenite formed from δ ferrite directly would 

248 have relatively lower concentration of these elements. On subsequent solid-state transformations, 

249 solute-depleted austenite would transform into a solute-depleted α-ferrite, whereas the solute-

250 enriched austenite would transform into martensite. Thus the microstructure at the bondline would 

251 consist of a high fraction of low-carbon α-ferrite and a relatively lower fraction of martensitic-

252 austenitic (M-A) modules as vertical films corresponding to the location of the last liquid films. This 

253 explains the presence of these two phases as well as decarburized regions at the bondline, as shown 

254 in Figure 1 and Figure 3. The agreement between the observed solute concentration values and 

255 thermodynamic calculations further support the interpretation of the observed features as M-A arising 

256 from enriched regions following welding.

257 Application of squeeze during these phase transformations would, in addition to expelling the liquid 

258 out of the bondline, also deform the solid-state phases present at the bondline. It is also known from 

259 the microstructural observations in Figure 1 that the squeeze creates the flow of grains in the direction 

260 parallel to the bondline. This squeeze would also deform the pockets of liquid towards the bondline 

261 direction. These elongated pockets of liquid are then cooled with the heat being extracted horizontally 

262 to the body of the pipe so that the solidification fronts on both sides of the liquid pocket advance 

263 toward the weld centerline leaving the very narrow carbon-enriched region (M-A module) aligned 

264 vertically in the weld. Thus, the morphology of the M-A module, formed during the transformation 

265 at the bondline, would be similar to that of vertical features oriented along the bondline, which is 

266 what is observed in Figure 1.

267 Elemental segregation in the as-welded HAZ region

268 The HAZ in the as-weld condition on the other hand is primarily comprised of bainitic structures and 

269 a small fraction of retained austenite, without any observable M-A constituents. To understand the 
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270 microstructural changes in the HAZ during welding, APT data from this location was further analyzed 

271 and the results are shown in Figure 12.

272 Figure 12a-b shows the location markings for the ferrite/austenite interface relative to as-welded 

273 sample. Figure 12c-d shows the atom maps of C and Mn respectively. Both bainitic ferrite and 

274 retained austenite phases are marked in the atom maps. A higher concentration of C and Mn in the 

275 austenite () phase is observed in the maps, as shown in Figure 12c-d. 

276
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277

278 Figure 12: (a) Markings of (b) FIB liftout location for APT analysis of the heat-affected zone (HAZ) of as-

279 welded sample; APT reconstructions across the ferrite/ retained austenite interface in the same location (c) 

280 C and (d) Mn atom maps for the complete data set of the APT experiment.

281 Figure 13a-b display the profile of local concentration against the proximity to the  interface, also 

282 known as a proximity histogram, showing the concentration and concentration ratio across the  

283 interface respectively. It can be seen that the average concentration of carbon in ferrite is low, whereas 

284 the average concentration of carbon in austenite close to the interface is around 4 at.%. As we move 

285 away from the ferrite/austenite interface, the carbon concentration in austenite drops to approximately 

286 2.5 at.%. A spike in the concentration of Mn with a few nanometers width is also observed at the 

287 interface. Width of this spike is estimated to be ~5 nm. However, since the best resolution is obtained 

288 in the analysis direction [25], this width is most likely overestimated indicating the Mn spike to be 

289 much narrower. The maximum spike in the concentration of Mn in the austenite phase near the 

290 interface is around 4 at.%, while the concentration in the austenite away from the interface also drops 
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291 to a concentration of 2 at.%. The increased concentration of Mn and C (4 at. %) at the austenite 

292 interface seems to suggest that negligible partitioning local equilibrium (NPLE) may have reached at 

293 the interface. Since the concentration of substitutional solute element such as Mn in ferrite (~1.7 at%) 

294 and away from the interface in austenite (~1.9 at%) are significantly close, there will be no, or very 

295 minimal, partitioning of Mn from ferrite to austenite possible. The NPLE-type growth mechanism 

296 indicates that there is almost negligible partitioning of substitutional alloying elements across the two 

297 phases and only interstitial elements such as C partitions during the transformation. Negligible 

298 partitioning of Mn across the interface hence illustrates the inability of Mn to diffuse in the long range 

299 and explains its segregation at the boundary.

300
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301

302 Figure 13: (a) APT Proximity histogram and (b) concentration ratio across the ferrite/austenite interface 

303 showing the solute redistribution

304 Conclusions

305 The thin vertical features at the bondline in the as-welded condition were identified as carbon-rich 

306 martensite-austenite (M-A) constituents, and the majority ferrite phase in the bondline was identified 

307 as carbon-depleted. Following the post-weld normalization, the segregation of all alloying elements, 

308 except Nb and Mo, in the bondline had been modified to be similar to that of the heat-affected zone. 

309 To the authors best knowledge, carbon depletion in the ERW bondline was accurately measured for 

310 the first time, and explained by Scheil calculations as elemental partitioning during weld formation. 

311 Segregation of elements in the heat-affected zone was suggested to follow the NPLE kinetics for 

312 bainite transformation. The following conclusions can be made:

313  TEM results confirm the presence of M-A constituents with a thin, vertically elongated 

314 morphology in the bondline region of the as-welded pipe. Less than 10% by volume of the 

315 bondline is M-A constituents. 
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316  The majority of the bondline has ferrite microstructure. APT results confirm carbon-depletion 

317 in the bondline ferrite (0.007 wt.% C) compared to the heat-affected zone ferrite (0.019 wt.% 

318 C). 

319  Incomplete expulsion of liquid during welding and the subsequent solidification are suggested 

320 as a mechanism for the formation of solute rich M-A constituents and solute depleted ferrite 

321 phases in the bondline.

322  APT measurements of the ferrite-austenite interface in the as-welded HAZ region suggest a 

323 NPLE-type kinetics of bainite transformation, resulting in the spike of Mn at the interface 

324 boundary. 

325  After PWHT, all alloying elements, except Nb and Mo, are homogenized. The remnants of 

326 Nb and Mo segregation at the bondline is most likely due to the insufficient time during the 

327 normalizing treatment.
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333 Appendix

334

335

336

337 Figure A1: Supplementary figure showing the sequence of FIB liftout for APT analysis of the as-welded 

338 condition (a1-a2) vertical features at the bondline, (b1-b2) bondline ferrite, (c1-c2) coarse-grained heat-

339 affected zone (HAZ).
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340

341

342 Figure A2: Supplementary figure showing the sequence of FIB liftout for APT analysis of the PWHT 

343 condition (a1-a2) center of bondline, and (b) coarse-grained heat-affected zone
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