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 17 
Abstract 18 

The plasma-facing components of future fusion reactors, where the Eurofer97 is the primary 19 
structural material, will be assembled by laser-welding techniques. The heterogeneous residual 20 
stress induced by welding can interact with the microstructure, resulting in a degradation of 21 
mechanical properties and a reduction in joint lifetime. Here, a Xe+ plasma focused ion beam, with 22 
digital image correlation (PFIB-DIC) and nanoindentation are used to reveal the mechanistic 23 
connection between residual stress, microstructure and micro-hardness. This study is the first to use 24 
the PFIB-DIC to evaluate the time-resolved multi-scale residual stress at length-scale of tens of 25 
micrometres for laser-welded Eurofer97. A non-equilibrium micro-scale residual stress is observed, 26 
which makes a significant contribution at the macroscopy scale. The micro-hardness is similar for 27 
the fusion zone and heat affected zone (HAZ), although the HAZ exhibits around ~30% tensile 28 
residual stress softening. The results provide insight into maintaining structural integrity for this 29 
critical engineering challenge. 30 

 31 
Teaser 32 

A novel insight into residual stresses at different length scales and their effects on mechanical 33 
properties. 34 

 35 
Introduction 36 

Nuclear fusion is a potential substitute source of electricity production, to solve dependence on 37 
fossil fuels, reduce carbon emissions and to provide a major contribution to net zero targets. The 38 
in-vessel components in the fusion plant, such as pipes, breeding blanket and divertor cassette, have 39 
to ustilse complex materials systems, complicated joining techniques and maintenance processes to 40 
enable their function under extreme operating conditions (1, 2). Laser welding is a promising 41 
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technique that is used extensively in a wide range of industries to overcome the intrinsic assembly 42 
and maintenance difficulties (3, 4). Previous studies have demonstrated the feasibility of using 43 
remote laser tools to butt-weld in-vessel components (3, 5, 6). 44 

Reduced-activation ferritic/martensitic (RAFM) steels, which are an evolution of high Cr Grade 45 
91 steel, are widely used as structural materials in various in-vessel components for the 46 
DEMOnstration power plant (DEMO). Eurofer97, one of the RAFM steels, uses lower activation 47 
elements like tungsten, vanadium and tantalum in appropriate quantities. It is used as the European 48 
reference material for the EU-DEMO reactor because its excellent mechanical properties: creep 49 
life, fracture, strength and ductility (7–9). When joining Eurofer97 this process does, however, 50 
induce significant residual stresses, up to c.800 MPa, as a result of the non-uniform deformation 51 
caused by the thermal cycle and the martensite phase transformation which takes place after 52 
welding (10, 11).  53 

The residual stress largely originates from strain misfit between different regions and is usually 54 
categorised into three types according to the length scale (12). Type I (macro-scale) residual stress 55 
is usually measured by averaging over a range of grains in a region ranging from micrometres to 56 
millimetres and varies continuously across the material. The micro-scale residual stress includes 57 
the Type II residual stress which arises from microstructural misfit and the Type III residual stress 58 
from the defects and dislocations induced by the welding process. Macro-scale residual stress can 59 
decrease the tensile strength of the material, while micro-scale residual stress aggravates cracking 60 
at grain level under in-service elevated temperature. Evaluating the multi-scale residual stress and 61 
microstructure, and their impact on the as-welded Eurofer97 is crucial to determining joint 62 
reliability and developing predictive tools for the in-vessel component of DEMO. 63 

Many techniques can be used to characterise the residual stress distribution. Different 64 
approaches are appropriate for the three types of residual stress, due to technical limitations in 65 
resolution and the nature of the complex variation of microstructure, including texture, across the 66 
narrow HAZ. Multi-scale residual stress evaluation where the resolution enables the simultaneous 67 
measurement of both the macro- and micro- scale residual stress is not always possible. For 68 
examples, some attempts have been made to study the residual stress distribution in laser-welded 69 
Eurofer97 by the neutron diffraction, where the resolution is over a millimetre for macro-scale 70 
characterization (10, 13).  Micro-scale residual stress characterisation is therefore neglected due to 71 
low-resolution and limited precision in applying a reference stress-free lattice spacing. Digital 72 
image correlation (DIC) is one of the strain measurement techniques (14, 15) that is capable of 73 
characterising average strain over a region and high-resolution (HR)- strain maps by combining 74 
with other techniques. For example, HR electron backscatter diffraction (EBSD) and DIC method 75 
is an established technique for micro-scale residual strain characterisation. However, requiring a 76 
stress-free reference is challenging, and the technique only characterises Type III residual strain 77 
(16, 17). Ga+ focused ion beam (FIB) and DIC method has proven reliable in measuring the time-78 
resolved strain relaxation in titanium alloys, metallic glasses and martensitic steels (18–20). 79 
Although it measures residual strain without a stress-free reference two significant limitations exist 80 
which affect residual strain measurements: (i) the accelerated Ga+ ions damage the material by 81 
creating defects and increasing dislocation density, which is likely to induce residual stress during 82 
the Ga+ FIB milling process (21). (ii) to achieve a multi-scale residual stress characterisation of 83 
metallic alloys, the low removal rates of Ga+ FIB usually limit the  milling areas to a few 84 
micrometres, which largely achieves only Type III residual stress characterisation (22).  85 

The relatively new Xe+ plasma FIB (PFIB) technique gives rise to less material damage and 86 
larger volume removal within a reasonable acquisition time (23). Thus, the Xe+ PFIB provides a 87 
potential solution for multi-scale residual stress (Types I, II&III) characterisation. Combining the 88 
Xe+ PFIB with the DIC to the laser-welded Eurofer97, macro-scale residual stress can be directly 89 
measured by averaging over multiple grains within each gauge volume (i.e. milled pillar), ranging 90 
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from millimetres to micrometres. Simultaneously, the micro-scale residual stress localisation in the 91 
milled pillar can be visualised by time-resolved HR strain maps. 92 

In this study, the Xe+ PFIB-DIC technique was first used to evaluate the multi-scale residual 93 
stress in laser-welded Eurofer97 steel. The macro-scale residual stress was obtained, and the time-94 
resolved HR strain map was used to visualise the micro-scale residual strain field, which provides 95 
new insights into the initiation and propagation of creep cracking. Nanoindentation was also used 96 
to cross-validate the residual stress distribution from the Xe+ PFIB-DIC technique. The micro-97 
hardness was then evaluated for the quantitative analysis of residual stress hardening and 98 
microstructural hardening. The mechanistic connection between residual stress, microstructure and 99 
micro-hardness was established, which contributes to addressing the structural integrity for this 100 
critical engineering challenge. 101 
 102 
Results  103 
Microstructure characterisation  104 

The methods section provides material and experimental details of Eurofer97 steel, laser 105 
conditions of welding processing and sample preparation of the laser-welded sample. The 106 
coordinates are defined in Fig. 1A, where the 𝑥𝑥-direction is horizontal, and the laser welding 107 
direction (𝑦𝑦-) is vertical. The EBSD was used to characterise grain size and orientation distribution 108 
in the region marked by the black rectangle (4750 × 200 µm2) in Fig. 1A. The grain morphology in 109 
this region, which covers the fusion zone (FZ), HAZ and base material (BM), is illustrated in Fig. 110 
1B, made by stitching together 19 separate EBSD maps. The average grain size was extracted from 111 
EBSD orientation maps by the mean linear intercept method (24). The grains had an average size 112 
of 11 ± 2.10 µm in the FZ region, whereas in HAZ and BM regions, the grains show the average 113 
size of 6 ± 0.92 µm and 7 ± 1.05 µm, respectively. The stitched EBSD map shows the 114 
microstructural transition area at the centre of the FZ region and interfaces between FZ-HAZ and 115 
HAZ-BM regions. The grains in the FZ region with an obvious preferred orientation arise from the 116 
heat flow during the laser welding, which is the origin of the texture (25, 26).  117 
 118 
Residual stress distribution characterised by Xe+ plasma focused ion beam and digital 119 

image correlation (PFIB-DIC) and nanoindentation method 120 

The Xe+ PFIB-DIC technique was applied to evaluate the multi-scale residual stress of laser-121 
welded Eurofer97. The incremental milling step using the Xe+ PFIB releases residual stress 122 
gradually as the milling depth increased, and the DIC technique visualises the strain relaxation and 123 
enables residual stress measurement. The ring-core method was applied as it allows simultaneous 124 
evaluation of three components of in-plane strains relaxation (Δ𝜀𝜀𝑥𝑥, Δ𝜀𝜀𝑦𝑦 and Δ𝜀𝜀𝑥𝑥𝑥𝑥) (27). Fig. 1C 125 
schematically shows the ring-core incremental milling steps and SEM acquisition processes. The 126 
incremental milling was completed when the depth is equal to the ring-core diameter to avoid 127 
residual stress remaining on the pillar edge (28, 29). The ring-core displacement that results from 128 
the ring-core expansion, or shrinkage, during incremental milling is recorded by the markers (the 129 
displacement between red and green markers in Fig. 1D by DIC). The strain of each marker is 130 
extracted from the gradient of the displacement. In addition, averaging of the strain of markers in 131 
the ring-core region enables measurement of the strain relaxation at each trench depth, and the 132 
'master curve' fitting evaluates the three components of the macro-scale strain relaxation values 133 
(Fig. 1E) (30). The derivation of the strain relaxation in three orthogonal directions enables direct 134 
calculation of the principal strain relief using Mohr's circle (31). Inversion of the sign of the 135 
perceived strain relaxation provided a means of determining the residual strain, and the residual 136 
stress was then calculated using Hooke's law (32). The nanoindentation measurements were 137 
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performed to cross-validate the residual stress distribution obtained from the Xe+ PFIB-DIC ring-138 
core method and establish the microstructural and residual stress hardening effect. As shown in Fig. 139 
1F, the equi-biaxial residual stress was extracted by comparing the load and contact area at the same 140 
depth between residual stress and stress-free state (33). Performing indentation on the ring-core 141 
where the residual stress is fully released after PFIB milling provides the stress-free state and stress 142 
ratio. The location-dependent stress-free reference of FZ, HAZ and BM regions is applied to avoid 143 
differences arising from changes in microstructure during laser welding. 144 

Performing a line scan across the weldment in the EBSD mapped regions by the Xe+ PFIB-DIC 145 
ring-core method aims to establish the residual stress distribution and microstructural correlations 146 
in the FZ, HAZ and BM regions. The line-scan resolution is 200 µm in the FZ and HAZ regions 147 
and 400 µm in the BM region, as limited residual stress in the BM region is expected because of 148 
the relatively low thermal input of laser welding. The average Young's modulus and Poisson's 149 
coefficient for each ring-core in the FZ and HAZ regions were derived according to their 150 
crystallographic orientation using MTEX 5.28 on MATLAB and applied to study the anisotropic 151 
residual stress in 𝑥𝑥- and 𝑦𝑦- directions (34–36). It can be seen in Fig. 2A that the peaks of tensile 152 
residual stress are observed at both the FZ-HAZ and HAZ-BM interfaces, balanced by the adjacent 153 
compressive residual stresses in the HAZ region. The textured FZ regions are identified by 154 
evaluating the texture intensity of 19 separate EBSD maps using inverse pole figures (IPFs) in the 155 
𝑥𝑥- and 𝑦𝑦- directions to enable comparison of the texture across the weldment (Fig. 2B). An example 156 
of an IPF from one of the EBSD maps that accounts for the texture intensity in multiples of random 157 
distribution (MRD) is inset in Fig. 2B. The texture is observed in the FZ region with 2.2 MRD in 158 
the 𝑥𝑥 -direction and 4 MRD in the 𝑦𝑦 -direction. An asymmetric residual stress profile is also 159 
identified in the high-texture FZ region, as shown in Fig. 2A. Fig. 2C illustrates the distribution of 160 
two principal residual stress components, which also exhibit peak values at the interfaces. The 161 
principal residual stress profile is also used for cross-validating the PFIB-DIC ring-core method by 162 
comparing it with the nanoindentation residual stress measurements. 163 

Fig. 2D reveals that the residual stress distribution as measured by the nanoindentation method. 164 
The peak of compressive residual stress in the FZ is as large as –500 MPa, whereas the peak of 165 
tensile residual stress with the value up to 800 MPa occurs around the interface of FZ and HAZ 166 
regions. When moving away from the centreline of the weldment, the residual stress decreases to 167 
c. –400 MPa before reaching the BM region. Unlike the PFIB-DIC ring-core method, the 168 
nanoindentation technique has been proven to evaluate the residual stress with the assumption of 169 
equi-biaxial residual stress distribution (33). Compared with the residual stress distribution from 170 
the Xe+ PFIB-DIC ring-core method, the profile from nanoindentation measurements shows the 171 
symmetric residual stress distribution with higher magnitudes due to the assumption of an equi-172 
biaxial stress state. 173 

To cross-validate the Xe+ PFIB-DIC ring-core method, the equi-biaxial residual stress from 174 
nanoindentation measurement is transformed to non-equi-biaxial residual stress by employing 175 
location-dependent stress ratio (k) derived from the two principal residual stress components 176 
measured by the Xe+ PFIB-DIC technique. The detail of this transformation can be found in the 177 
methods section. The non-equi-biaxial residual stress profile of nanoindentation measurements 178 
(Fig. 2D) displays a similar trend as the results of the Xe+ PFIB-DIC technique, although the peaks 179 
of tensile residual stress in the microstructural transition areas around the FZ-HAZ and HAZ-BM 180 
interfaces show an unexpected lack of agreement regarding magnitudes (compared with Fig. 2C). 181 
This apparent discrepancy may arise due to the selection of the stress-free reference and stress ratio. 182 
The peak value of residual stress occurs at the interface of FZ-HAZ and HAZ-BM, which is 183 
consistent with the results from the Xe+ PFIB-DIC ring-core method.  184 

 185 
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Time-resolved high-resolution (HR) multi-scale strain relaxation analysis  186 

The time-resolved strain relaxation profiles and maps were evaluated quantitatively with example 187 
ring-cores in high-texture FZ and low texture HAZ and BM regions to explore the multi-scale strain 188 
relaxation. The strain relaxation profiles (Fig. 3A, 3C and 3E) show the macro-scale strain 189 
relaxation averaged over the ring-core during the stress relief, whereas the HR strain maps (Fig. 190 
3B, 3D and 3F) show micro-scale information at higher resolution in the ring-core. Comparing the 191 
profiles and the maps demonstrates the importance of monitoring the micro-scale strain relaxation 192 
during residual stress relief. The strain relaxation profile (Fig. 3A) presents the macro-scale strain 193 
relaxation of the ring-core in the high-texture FZ region, which shows the higher strain relaxation 194 
values of 1.2 × 10-3 in the 𝑥𝑥-direction than the value of 1.05 × 10-4 in the y-direction. The significant 195 
localised micro-scale strain relaxation was identified by these HR maps (Fig. 3B), where 196 
significantly higher magnitude was found in the 𝑦𝑦- than in the 𝑥𝑥-direction in the ring-core. The 197 
magnitude of localised micro-scale strain relaxation is higher than macro-scale strain relaxation 198 
profile for both examples at high-texture FZ and low texture HAZ. Significant micro-scale strain 199 
relaxation is also found in the BM regions, although the macro-scale strain relaxation is much 200 
smaller than in the FZ and HAZ regions. It also shows that micro-scale tensile strain relaxation in 201 
the region subjected to compressive strain relaxation macroscopically and vice versa. Furthermore, 202 
although the strain relaxation profiles in Fig. 3A and 3C remain stable when the value of h/d reaches 203 
0.4, the time-resolved HR strain relaxation map still captures the micro-scale strain. These findings 204 
indicate that using the time-resolved HR strain relaxation analysis enables evaluation of the micro-205 
scale strain relaxation during the stress relief, which is neglected in the macro-scale strain relaxation 206 
profile.  207 

 208 
 209 
High resolution micro-scale residual strain relaxation correlated with crystal 210 

microstructures 211 

To explore and visualise the role of micro-scale residual stress quantitatively, the displacement 212 
and HR strain relaxation of the ring-core was mapped and correlated with microstructure. Two ring-213 
core measurements were selected from the high-texture FZ region and the low texture HAZ region 214 
to demonstrate the displacement and HR strain relaxation maps. It can be seen in Fig. 4A and Fig. 215 
4C that the overlaid EBSD maps enable visualisation of the crystallographic orientation, and the 216 
outline (red dashed rectangle) reveals the position of the markers. The displacement maps disclose 217 
the corresponding deformation of the ring-cores due to the residual stress relief. Closer inspection 218 
of the displacement maps reveals a uniform distribution in the 𝑥𝑥-direction for both ring-cores and 219 
in the 𝑦𝑦-direction for the ring-core in the low texture HAZ region, while a linear distribution is 220 
found in the high-texture FZ region in the y-direction. The difference in texture intensity between 221 
these two regions is assumed to result in this linear distribution potentially. The IPF shows that the 222 
grains have a significant preferential orientation in 𝑥𝑥- and 𝑦𝑦- directions for the pillar in the high 223 
texture FZ region. This implies that the grains with different crystallographic texture show distinct 224 
deformation behavior during strain relief, resulting in the micro-scale residual stress not being in 225 
local equilibrium in the ring-core region. 226 

By calculating the displacement gradient, the HR micro-scale strain relaxation was 227 
quantitatively evaluated and mapped. The distinct heterogeneous localised micro-scale strain 228 
relaxation was observed in both high texture FZ and low texture HAZ regions. However, due to the 229 
difference regarding grain orientation in the pillar, a layer between tensile and compressive region 230 
is found, whereas no such layer is found in the low texture HAZ region (Fig. 4C). Fig. 4B and 4D 231 
show the measured residual stress and localised texture effect schematically. In the high-texture FZ 232 
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region, most grains display similar micro-scale residual stress, resulting in non-equilibrium strain 233 
relaxation during the ring-core milling. In this case, the micro-scale residual stress significantly 234 
affects the residual stress distribution. In contrast, the measured residual stress distribution in the 235 
low texture HAZ region is equivalent to the macro-scale residual stress. 236 
 237 
 238 
Microstructural and residual stress hardening  239 

Local hardness values are dependent on the microstructure (e.g. grain size, the presence of 240 
martensite and precipitate size) and residual stress. The use of nanoindentation measurements 241 
enables the quantitative evaluation of the microstructural and residual stress effects on the hardness. 242 
The stress-free ring-cores provides the hardness value without the residual stress effect, where the 243 
hardness depends only on the microstructure. The measured hardness of the weldment (FZ and 244 
HAZ regions) lies in the range of 5.1 to 5.6 GPa, where the average magnitude is 5.25 ± 0.31 GPa, 245 
while this value drops to 3 ± 0.1 GPa at the HAZ-BM interface (Fig. 5A). The averaged hardness 246 
of stress-free ring-cores in the FZ and HAZ regions are shown as a dotted line and dash-dot lines, 247 
respectively, which indicates that the joined material was microstructurally hardened to 4.51 ± 0.28 248 
GPa in the FZ region and 5.85 ± 0.33 GPa in the HAZ region by grain refinement and the presence 249 
of martensite. Looking at Fig. 5B, although the total hardening, i.e. the sum of microstructural and 250 
residual stress effects, is the same between the FZ and HAZ region, the origin of the hardening 251 
effect differs. The quantitative microstructural hardening is extracted by subtraction of the hardness 252 
of the BM from the hardness of stress-free ring-cores, which are 1.51± 0.18 GPa and 2.85 ± 0.23 253 
GPa in the FZ and HAZ regions, respectively. Compared with the hardness of stress-free ring-cores, 254 
the quantitative residual stress effect on hardness is derived from the measured hardness, which is 255 
0.74 ± 0.03 GPa and -0.6 ± 0.02 GPa in the FZ and HAZ regions, respectively.  256 
 257 

Discussion 258 

The results demonstrate the evaluation of multi-scale residual stress distribution in the 259 
Eurofer97 weldment using Xe+ PFIB-DIC ring-core methods. The residual stress distribution across 260 
the weldment is derived from the 'master curve' fitting by the Xe+ PFIB-DIC ring-core method. It 261 
is worth reiterating that the asymmetric residual stress profile with sharp peaks at the interface of 262 
FZ-HAZ and HAZ-BM was observed in Fig. 2A because of the significant contribution of the non-263 
equilibrium micro-scale residual stress to the macro-scale residual stress distribution in the 264 
weldment. The micro-scale residual stress is related to banded microstructures, texture on the 265 
surface, and regions with different microstructures. It is usually self-equilibrated over a length of 266 
around three times the grain size when there is no texture effect (37, 38). However, the micro-scale 267 
residual stress is also texture dependent, which means it might become non-self-equilibrium even 268 
in a relatively large region if significant texture exists (39). Micro-scale residual stress can have 269 
sufficient magnitude to induce localised tensile residual stress in a region subject to compression 270 
on the macroscopic scale (22, 40). During the laser welding process the local heat flow direction 271 
usually induces the texture in the weldment (41). The thermal gradient and associated phase 272 
transformations and solidification result in the severe microstructural misfit at the interface of FZ-273 
HAZ and HAZ-BM. The texture in the FZ region and the microstructural misfits at the interface 274 
leads to heterogeneous mechanical properties at the microstructural level, leading to the significant 275 
mismatch between grains and micro-scale residual stress (26). Conventional residual stress 276 
measurements by neutron diffraction failed to capture this micro-scale residual stress in laser 277 
welded Grade91 steel. Such non-destructive residual stress measurement has a limited resolution 278 
for macro-scale measurements and usually requires a reference sample to calculate the residual 279 
stress. For example, Hughes et al. (10) performed the residual stress measurement with the constant 280 
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reference d-spacing at the far-field region, and Kumar et al. (42) characterised the residual stress 281 
profile of laser-welded Grade91 steel using a comb-shaped reference sample. However, the non-282 
equilibrium micro-scale residual stress is neglected. Given the high material removal rate of Xe+ 283 
PFIB and HR analysis of DIC, a proper length-scale and resolution can be selected for the ring-284 
core, allowing evaluation of macro-scale and micro-scale residual stress simultaneously, and study 285 
of the microstructural effects on heterogeneous residual stress distribution intergranular. In this 286 
project, although the texture is slightly higher (just below 4 MRD in the y-direction) than the low 287 
texture HAZ, the texture effect on residual stress is significant in the tens of micron length scale. 288 
As illustrated in Fig. 4B, it is assumed that the grain in similar orientation releases the micro-scale 289 
residual strain in same direction. In this case the micro-scale residual strain is not self-equilibrated 290 
in the ring-core region, which affects the residual stress distribution significantly in the high texture 291 
FZ region. In contrast, the micro- residual stress is self-equilibrated for the ring-core region in the 292 
low texture region, as shown schematically in Fig. 4D. Further evidence is found in the low texture 293 
BM region where significant micro-scale residual stress is observed, but the macro-scale strain 294 
relaxation is not evident (Fig. 3E and 3F). 295 

Here, the residual stress distribution was also measured using a nanoindentation method by 296 
averaging over five line-scans. The nanoindentation residual stress measurement is performed with 297 
the assumption of equi-biaxial residual stress distribution in the weldments. As shown in Fig. 2D, 298 
the equi-biaxial residual stress (𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖) presents the generally symmetric 'M-shape' residual stress 299 
distribution, which is consistent with the neutron diffraction residual stress measurement on the 300 
laser-welded Grade91 steel (42). Lee et al. proposed a stress ratio to extract the two principal 301 
residual stress components in an arbitrary non-equi-biaxial state from the average equi-biaxial 302 
residual stress (43).  Until now, only a constant stress ratio of 0.33 could be applied to achieve the 303 
non-equi-biaxial residual stress evaluation on the weldment (44). Use of the Xe+ PFIB-DIC ring-304 
core method provides the location-dependent stress ratio (k) to transfer the equi-biaxial residual 305 
stress to non-equi-biaxial to overcome the primary limitation of nanoindentation residual stress 306 
measurement and cross-validate the two techniques. The two principal residual stress components 307 
from nanoindentation measurements (𝜎𝜎1𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 and 𝜎𝜎2𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖) in the Fig. 2D, show a similar trend to 308 
that of the ring-core method (Fig. 2A). However, some unexpected inconsistency occurs at the 309 
position where the non-equilibrium micro-scale residual stress exists, e.g. high-texture FZ region 310 
and microstructural transition areas. This reveals the limitation of nanoindentation residual stress 311 
measurement, with its intrinsic difficulty of selecting a truly stress-free reference and stress ratio 312 
for non-equi-biaxial residual stress calculation in complex material systems. On the one hand, the 313 
sharp microstructure and residual stress gradients usually exists in these transition regions, which 314 
implies that the location-dependent stress-free reference at high resolution is desirable to improve 315 
the quality of the nanoindentation residual stress measurements. On the other hand, the stress ratio 316 
in the high-texture FZ region consists of macro-scale and non-equilibrium micro-scale residual 317 
stresses, which is unable to provide the accurate stress ratio for non-equi-biaxial residual stress 318 
evaluation. Further work is needed to optimise the location-dependent stress-free reference and 319 
macro-scale stress ratio at the narrow transition areas to develop the next generation of advanced 320 
nanoindentation residual stress measurement, leading to more accurate measurement with reduced 321 
uncertainty. 322 

Additionally, combining the two techniques enables the quantitative analysis of the 323 
microstructural and macro-scale residual stress hardening (Fig. 5A and 5B), enabling evaluation of 324 
the underpinning mechanisms of degradation of mechanical property of the laser-welded weldment. 325 
Microstructural hardening is the result of the presence of precipitates, grain boundary strengthening 326 
and the martensite transformation in the FZ and HAZ regions (45–47). The compressive residual 327 
stress aggravates the hardening phenomenon in the FZ region, while the tensile residual stress 328 
softens the material in the HAZ. Both methods enabled consideration of the macro-scale biaxial 329 
residual stress, achieving an improved understanding of residual stress distribution in the weldment. 330 
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As the Xe+ PFIB-DIC technique does not require a reference, this technique provides a more 331 
reliable residual stress distribution in the transition areas.  332 

The Xe+ PFIB-DIC technique can also map time-resolved HR micro-scale strain relaxation, 333 
which provides insight into analysing the void formation and creep cracking caused by residual 334 
stress relief. It has been widely reported that the creep cracks are a significant challenge for Grade91 335 
steel under load at high temperature and residual stress is often considered as the most primary 336 
reason for creep cracking (48, 49).  The high operating temperature triggers the thermal relaxation 337 
of welding-induced residual stress. The accumulation of micro-scale strain relaxation during the 338 
thermal residual stress relief leads to the formation of the voids and creep crack initiation (50–52). 339 
Such accumulation during the residual stress relaxation can be visualised by the time-resolved HR 340 
strain relaxation maps. It can be seen in Fig. 3 that even in the region that is subject to compressive 341 
macro-scale strain that the micro-scale residual strain is sufficient to form tensile localised residual 342 
strain. The use of time-resolved HR strain maps is valuable for identifying and quantifying sharp 343 
micro-scale strain relaxation gradients and strain accumulation during residual stress relief. It 344 
provides critical information necessary for developing a micromechanical rationale for failure. The 345 
Xe+ PFIB-DIC technique, however, has some limitations that require careful consideration. Due to 346 
the SEM’s serial acquisition the pixels in x-, xy- and y- directions are in order of increasing scanning 347 
time gap (19), this results in the broadening of the range of the 95% confidence interval in xy- and 348 
y- directions compared to the x-direction. Additionally, although the Type I, II and III strain 349 
relaxations are identified based on their locations, further work is still necessary to quantitatively 350 
characterise the magnitude of Type I, II and III residual stresses on the time-resolved HR strain 351 
relaxation maps. 352 

In conclusion, our analysis of the heterogeneous microstructural and residual stress distribution 353 
in laser-welded Eufofer97 steel, through the combination of EBSD, Xe+ PFIB-DIC and 354 
nanoindentation, offers new tools for evaluating multi-scale residual stress and providing new 355 
insight into the critical engineering challenges of laser welded Eurofer97 steel and other complex 356 
weldments. With the Xe+ PFIB-DIC ring-core method the macro-scale residual stress is 357 
characterised across the weldment, and the micro-scale residual stress is observed from time-358 
resolved HR strain relaxation maps. The non-equilibrium micro-scale residual stress in high texture 359 
regions significantly affects the macro-scale residual stress, rationalising the asymmetric residual 360 
stress distribution. The time-resolved HR- strain relaxation map was first used to visualise the 361 
micro-scale residual strain field -- the precursor of void formation and crack initiation during 362 
residual stress relief. The mechanistic connection between residual stress, microstructure and 363 
micro-hardness is established, where the residual stress contributes around 25 % to hardening and 364 
softening in the FZ and HAZ, respectively. Further analysis enables extraction of a coefficient using 365 
the Xe+ PFIB-DIC technique. This method enables the reconstruction of the residual stress from 366 
equi-biaxial to non-equi-biaxial by considering texture effects. This has great potential to overcome 367 
the current limitation of nanoindentation residual stress measurement. The Xe+ PFIB-DIC ring-core 368 
method is now available for the evaluation of HR multi-scale residual stress heterogeneity in welded 369 
in-vessel fusion components or even more complex material system. 370 
 371 
Materials and Methods  372 

Materials  373 

The as-received 6mm thick Eurofer97 steel (made by Böhler Austria GmbH) had a composition 374 
Fe-0.11C-8.82Cr-1.08W-0.13Ta-0.48Mn-0.2V (in wt.%). Reith et al. have described the detailed 375 
fabrication and heat treatment of as-received Eurofer97 steel in a previous study (46). The 376 
Eurofer97 plate butt-weld was made from two plates, each 150 × 75 × 6 mm3. The single-pass laser 377 
weld was made using a Yb-fibre laser source with a spot size of 200 µm and a welding speed of 1.2 378 
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m/min at TWI to attain a high-quality weld (narrow penetrating bead and slightly concave. As 379 
shown in Fig. 1A the as-welded sample used in this research was cut from the as-welded Eurofer97 380 
plate by electrical discharge machining, and the size was ~25 × 6 × 6 mm3.  381 

The microstructure was characterised using a Jeol-7100F SEM, equipped with a Thermo Fisher 382 
Lumis EBSD detector. Suitable sample preparation processes were applied in a sequence of 383 
mechanical polishing, vibration polishing using 0.3 µm colloidal silica and etching with Vilella's 384 
reagent (1 g picric, 5 ml HCL and 100 ml ethanol). The 19 EBSD maps were captured  with a 385 
resolution of 512 × 384 pixels using an accelerating voltage of 20 kV and beam current of 12 nA 386 
with a step size of 0.6 µm and a 2 × 2 pattern binning. PathfinderTM software was used to collect 387 
the EBSD orientation data, and MTEX 5.2.8 software was applied to analyse the crystallographic 388 
orientation, calculate the texture intensity, average Young's modulus and Poisson's ratio. The post-389 
processing of the raw EBSD orientation data began with filtering, which filled the missing data 390 
using the interpolation method of the nearest neighbour. Denoising was then performed according 391 
to the deviations from the true orientation. The grains were reconstructed by reducing the 392 
orientation noise with a lower threshold of 15 °. The grain morphology in the region of 4750 × 200 393 
µm2 (dashed rectangle in Fig. 1A), which covers FZ, HAZ and BM, were visualised by stitching 394 
the 19 separate EBSD maps. The IPF characterised the texture of each EBSD map in both x- and y- 395 
directions (representative IPF in Fig. 2B) by the texture intensity. The highest intensity in the IPF 396 
of each separate EBSD mapping was employed to describe the distribution of texture circumstances 397 
across the weldment in x- and y- directions. The average Young's modulus and Poisson's coefficient 398 
were evaluated from elastic constants of as-received Eurofer97 according to the crystallographic 399 
orientation. 400 
 401 
Xe+ PFIB-DIC ring-core method 402 

The Xe+ PFIB-DIC ring-core method comprises two procedures: SEM image acquisition 403 
during incremental PFIB milling (Fig. 1C) and residual stress measurement (Fig. 1D-E). The first 404 
procedure was performed using a Tescan MIRA 3 PFIB-SEM. Given the different grain size at 405 
different regions, the inner diameter of the ring-core (d) of 30 μm at the FZ region and 20 μm at the 406 
HAZ and BM regions enabled sufficient grains to be captured within a reasonable data acquisition 407 
time. The final milling depth (h) was equal to the inner diameter to avoid any remaining residual 408 
stress at the ring-core edge, and a uniform milling depth was used for each incremental step. Fifty 409 
milling steps were performed at a beam energy of 30 keV and beam current of 15 nA, which 410 
achieved full relief of residual stress (i.e. when h/d = 1). Ten secondary electron (SE) images were 411 
acquired with a spot size of 10 nm in every incremental step to record the strain relaxation. The 412 
processes of incremental milling and SE image acquisition were performed with the help of a 413 
specifically developed automated programme by TESCAN s.r.o.  414 

Customised MATLAB-based DIC software was employed to perform strain relaxation 415 
correlation (53). The first step of DIC was the correlation analysis over the stack of SE images. A 416 
Gaussian filter was used to denoise the raw SEM images, and a fiducial mesh was used to track the 417 
ring-core deformation of the central region to avoid the stress concentration at the pillar edge. The 418 
fiducial mesh in the space of 20 pixels (200 nm) were used as the ‘subset’ to record ring-core 419 
displacements in high resolution (Fig. 1D). The pre-set ‘subset’ used for tracking a single node 420 
movement was 31 × 31 pixels, which ensured that single node movement occurred only in the 421 
subset region with a minimum of boundary effects (54).  The outline shape of the mesh is 422 
highlighted in Fig. 4A and Fig. 4C, representing the deformation of the ring-core. The correlation 423 
results for 10 SE images in the same incremental milling step were averaged to reduce noise. The 424 
outliers (poorly tracked nodes) were removed in post-processing to estimate ring-core 425 
displacements in high accuracy and precision. The detail of the outlier removal process has been 426 
reported previously (55). The HR ring-core displacements were analysed by tracking the node 427 
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movements, as shown in Fig. 4A and Fig. 4C. The gradient of the single node movement was 428 
evaluated to quantify the ring-core strain relaxation. To visualise time-resolved HR strain relaxation 429 
maps, the strain values of each node were converted into a colour-coded map for each incremental 430 
milling step, achieving the resolution of 200 × 200 nm2.  431 

Finally, the linear fit to all node movements, with their fiducial position, yielded time-resolved 432 
strain relaxation for each incremental milling step using the least-squares function. The time-433 
resolved strain relaxation was fitted to the 'master curve' function to obtain the full in-plane strain 434 
relaxation components accompanied by the error bars that correspond to a 95% confidence level 435 
(30). The residual stress was then calculated by Hooke's law, where the out of plane stress is 436 
negligible (32): 437 

 𝜎𝜎𝑥𝑥𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = − 𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎
�1−𝑣𝑣𝑎𝑎𝑎𝑎𝑎𝑎2 �

�Δ𝜀𝜀∞x + 𝑣𝑣Δ𝜀𝜀∞
y � Eq. 1 438 

 𝜎𝜎𝑦𝑦𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 = − 𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎
�1−𝑣𝑣𝑎𝑎𝑎𝑎𝑎𝑎2 �

�Δ𝜀𝜀∞
y + 𝑣𝑣Δ𝜀𝜀∞x � Eq. 2 439 

where Δ𝜀𝜀∞x  and Δ𝜀𝜀∞
𝑦𝑦  are the strain relaxations and 𝜎𝜎𝑥𝑥  and 𝜎𝜎𝑦𝑦  are two in-plane residual stress 440 

components in the x- and y- directions. 𝐸𝐸𝑎𝑎𝑎𝑎𝑎𝑎 and 𝑣𝑣𝑎𝑎𝑎𝑎𝑎𝑎 are average Young's modulus and Poisson's 441 
coefficients of the region where the ring-core located.  442 
 443 
Nanoindentation 444 

The nanoindentation measurement was carried out using an Agilent G200 nano indenter with a 445 
Berkovich indenter tip at the UKAEA's Materials Research Facility. Strain rate-controlled 446 
indentations were carried out to 1.5 µm depth using continuous stiffness mode (2 nm amplitude, 45 447 
Hz frequency, 0.05/s strain rate), and the mechanical properties were determined according to the 448 
theory by Oliver and Pharr (56). An array of 5 × 40 indentations was performed on the as-welded 449 
sample, see Fig. 1A. The nanoindentation measurements in the x-direction were in the space of 200 450 
µm, while the interval between nanoindentation in a column in the y-direction was 30 µm. Since 451 
the ring-core is considered notionally stress-free, the location-dependent stress-free 452 
nanoindentation tests were carried out on the ring-cores at the FZ, HAZ and BM regions. The setup 453 
for executing a stress-free nanoindentation test was the same as performing a nanoindentation array-454 
scan. To avoid error due to insufficient stiffness of the reference ring-core, the hardness values 455 
reported are an average of the depth-resolved hardness from 100 to 500 nm deep, and the load and 456 
contact area were extracted for a depth of 500 nm for residual stress evaluation. The residual stress 457 
from nanoindentation measurement (𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖) is assumed to be equi-biaxial and uniform in the near-458 
surface region in this technique (57, 58). The method of deriving the residual stress from comparing 459 
the difference regarding load-depth curves and contact areas between residual stress and stress-free 460 
states has been discussed elsewhere (33, 58). To cross-validate the results from the PFIB-DIC 461 
technique, the equi-biaxial residual stress (𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 ) was transformed to the non-equi-biaxial 462 

residual stress (major and minor principal stress 𝜎𝜎1𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 and 𝜎𝜎2𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖) via the location-dependent 463 
stress ratio k at corresponding position in the following manner:  464 
 465 

 𝑘𝑘 =  𝜎𝜎1
𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃

𝜎𝜎2𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃
 (−1 < 𝑘𝑘 < 1 𝑎𝑎𝑎𝑎𝑎𝑎 𝑘𝑘 ≠ 0) Eq. 3 466 

 𝜎𝜎1𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 =  3(𝐿𝐿0−𝐿𝐿)
(1+𝑘𝑘)𝐴𝐴𝐶𝐶

  Eq. 4 467 

 𝜎𝜎2𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 =  𝑘𝑘𝜎𝜎1𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 =  3𝑘𝑘(𝐿𝐿0−𝐿𝐿)
(1+𝑘𝑘)𝐴𝐴𝐶𝐶

  Eq. 5 468 
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where the 𝜎𝜎1𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 and 𝜎𝜎2𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 are the major and minor principal residual stress components from the 469 
PFIB-DIC ring-core method, respectively.  470 
 471 
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Figures and Tables 661 
 662 
Fig. 1. Experimental schematic illustration and microstructural characterisation. (A) 663 
Schematic figure showing the areas and positions of EBSD mapping, nanoindentation and PFIB-664 
DIC. (B) Stitching map showing the grain size, shape and orientation. (C) Schematic figure 665 
illustrating SEM image acquisition during Xe+ PFIB incremental milling steps. (D) Illustration of 666 
the tracking of the ring-core, using the displacement between fiducial mesh and the mesh after 667 
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milling increments. (E) Strain relaxation profiles at incremental normalised trench depth (h/d) and 668 
master fitting curve along x-, y- and xy- directions, and the error bar shows the 95% confidence 669 
interval. (F) Schematic figure of residual stress measurement by nanoindentation and an example 670 
of location-dependent stress-free reference. 671 

  672 



Science Advances                                               Manuscript Template                                                                           Page 16 of 19 
 

Fig. 2. Residual stress distribution across the weldment. (A) Residual stress distribution in 𝑥𝑥- 673 
and 𝑦𝑦- directions measured by Xe+ PFIB-DIC ring-core method. (B) Texture distribution across the 674 
weldment in x- and y- directions, and the example IPF in the FZ region. (C) Principal residual stress 675 
distribution across the weldment from Xe+ PFIB-DIC ring-core method. (D) Equi-biaxial and non-676 
equi-biaxial residual stress distribution measured by nanoindentation residual stress measurement. 677 

  678 



Science Advances                                               Manuscript Template                                                                           Page 17 of 19 
 

Fig. 3. The time-resolved multi-scale strain relaxation during Xe+ PFIB milling step. (A) Strain 679 
relaxation profile of the ring-core at high-texture FZ region in the x- and y- directions with 95% CI. 680 
(B) Corresponding time-resolved HR strain relaxation maps in the x- and y- directions. (C) Strain 681 
relaxation profile of the ring-core at low texture HAZ region in the x- and y- directions with 95% 682 
CI. (D) Corresponding time-resolved HR strain relaxation maps in the x- and y- directions. (E) 683 
Strain relaxation profile of the ring-core at low texture HAZ region in the x- and y- directions with 684 
95% CI. (F) Corresponding time-resolved HR strain relaxation maps in the x- and y- directions. 685 
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Fig. 4. Examples of displacement and strain relaxation mapping in the high-texture FZ and 687 
low texture HAZ regions. (A) and (C) The texture intensity and the crystallographic orientation 688 
of the ring-cores and the outline of the fiducial marker array (red rectangle). The displacement maps 689 
of the ring-core and the HR strain relaxation maps overlaid by the grain boundary in 𝑥𝑥- and 𝑦𝑦- 690 
directions indicate the strain partitioning and strain relaxation localisation. (B) and (D) 691 
Schematically figures explain the texture effects on residual stress evaluation by the PFIB-DIC 692 
ring-core method. 693 
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Fig. 5. Residual stress measurements using the nanoindentation, and residual stress and 695 
microstructural effects on micro-hardness. (A) The micro-hardness distribution across the joint 696 
and the average micro-hardness of the stress-free ring-cores in FZ and HAZ regions. (B) 697 
Quantitative analysis of residual stress and microstructural hardening/softening in the FZ and HAZ 698 
regions. 699 
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