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Abstract

The extreme working conditions of the in-vessel components in nuclear fusion reactors require
remote laser-welding for maintenance. However, this process induces heterogeneous residual
stress, which can interact with microstructures, degrading mechanical properties. Involving the
high-temperature operating environment can further sophisticate the degradation. Here, the
residual stress distribution of laser-welded P91 joints was evaluated, where the peak residual
tensile stress (~ 150 MPa) is observed at the fusion zone and heat affected zone (FZ/HAZ)
interface, whereas the highest compressive stress (~550 MPa) is located at HAZ and base material
interface. The correlation between microstructures, fractography, residual stresses and
mechanical properties was established to investigate deformation mechanism at room and high
temperatures. While the microstructural strengthening phenomenon is overwhelming in tension,
residual stress effect in micro-hardness is much identical. The results provide insight into
maintaining structural integrity for this critical engineering challenge.

Keywords: laser-welded P91 joints; deformation mechanism; residual stress; PFIB-DIC;

nanoindentation;

Impacts statement: Deformation mechanism of laser-welded P91 joints is investigated by
comprehensive considering residual stresses and microstructures to enhance understanding in

maintaining the structural integrity for nuclear fusion power plant components.



1. Introduction

To solve the relentless upward march in energy demands and the rise of energy-related
emissions, a shift towards sustainable, clean energy production is more imperative than ever
before. Nuclear fusion is a seemingly attractive option to the demand and, if viable, provides
an abundance of benefits unmatched by other solutions currently being explored. The
demanded technologies are not only for controlling a more robust plasma than previously
existed but also for safely generating electricity consistently and for regular, rapid, and reliable
maintenance of the plant.

The in-vessel components in the fusion/fission plant such as pipes for heat exchangers and
helium and coolants, have to utilise complex materials systems and complicated joining
techniques to maintain their function under high-temperature operating conditions, up to
650 °C [1-4]. P91 steel, denoted ASTM A335 for plate and T91 for tubing, is renowned for its
excellent high-temperature properties, in particular, high-temperature creep resistance and
oxidation resistance. An attractive quality of P91 is the weldability and microstructural stability
at elevated temperatures for extensive periods [5]. Laser welding has been investigated as one
of the most promising joint techniques to produce these pipes, which has been previously
proved by using remote laser tools to butt-weld in-vessel components [6,7]. However,
substantial microstructural changes and induced heterogeneous residual stress of the weldment
notably affects the mechanical properties. Such effect can be more sophisticated, rendering the
mechanical properties unpredictable at the high operating temperature. It is critical to
investigate the deformation mechanism and reveal the mechanical properties at both room and
high temperature for maintaining the structural integrity of the laser-welded joints [8,9].

Several studies have been achieved on analysing the mechanistic connection of
microstructures with micro-hardness distribution and tensile strength [10-14]. The change of
the micro-hardness has been correlated with hardening effects of recrystalisation, precipitates
and martensitic phase transformation originated from high heat input during laser welding.
Additionally, using digital image correlation to monitor the strain evaluation during tensile
deformation allows the study of tensile behaviour in local sub-regions and builds correlation
with localised microstructures [15,16]. However, the heterogeneous residual stress effects have
been overlooked for a comprehensive deformation mechanism within the laser-welded P91
joints.

Quantitative evaluation of the residual stress in narrow sub-regions of the weldment is

critical for assessing its relationship to strength degradation and the deformation mechanism.



This requires reliable residual stress measurements on the microscale. Current residual stress
measurements at the microscale includes lab-based and synchrotron-based X-ray diffraction
techniques that usually require thin sample dimensions due to their intrinsic penetration
limitation [17-20]. The residual stress leans towards releasing during the thin sample
preparation, resulting in unexpected uncertainties. The residual stress evaluation for similar or
dissimilar P91 joints has been primarily conducted using the contour method, neutron
diffraction and finite element analysis (FEA) technique at a milimetre scale [21-26]. However,
the residual stress on a finer scale, which is profound in correlating the heterogeneous
mechanical properties for the narrow sub-regions of the laser-welded P91 joint, has not been
revealed.

This study applied a novel tunable-scale residual stress evaluation technique, which is
known as plasma focused ion beam and digital image correlation (PFIB-DIC) technique [27],
to quantify residual stress across narrow sub-regions of the laser-welded P91 joints, i.e., fusion
zone (FZ), heat-affected zone (HAZ), base material (BM). Instrumented nanoindentation was
also used to cross-validate the residual stress distribution and characterise the micro-hardness.
The microstructural changes over the weldment are then observed by the electron backscatter
diffraction (EBSD). Whilst the overall tensile behaviours are evaluated at both room and high
temperatures and the local heterogenous tensile strain evolution in different sub-regions is
characterised by the DIC at room temperature. The influence of heterogeneous microstructural
and residual stress distribution on mechanical properties is quantitatively analysed with respect
to the micro-hardness and tensile strength difference in FZ, HAZ and BM regions. The
investigation provides insights into establishing high-precision predictive tools for the lifespan

of fusion power plant components to improve the service time.

2. Materials and Methods

The P91 steel with a composition Fe-0.12C-8.32Cr-1.02Mo0-0.41Mn-0.24V (in weight %)
was used in the present investigation. The as-received 6-mm-thick P91 steel plate was
normalised at 1050 °C, and water quenched to room temperature followed by tempering at
760 °C then cooled in the air [13]. The laser-welded P91 plate was butt welded perpendicular
to the rolling direction by two as-received P91 steel plates, each 150 x 75 x 6 mmg2. The single-
pass laser welding using a 5 kW Yb-fibre laser source with a welding speed of 1.2 m/min was
employed at The Welding Institute (TWI), achieving a fully penetration, narrow FZ and HAZ,

and a slightly concave shape weldment. As shown in Fig. 1(a), the laser-welded P91 specimen



used in this research was cut from the laser-welded P91 plate by electrical discharge machining
with the dimension of ~25 x 6 x 6 mm?. The microstructures characterisation was carried out
in the red box ( Fig. 1(a)) by a Jeol-7100F field emission scanning electron microscopy (SEM),
equipped with a Thermo Fisher Lumis EBSD detector. Post-data-treatment was completed with
MTEX 5.2.8 [28], and the crystal size was measured by the mean linear intercept method [29].
The material anisotropy in x and y directions, i.e. Young’s modulus and Poisson’s coefficient,
was reckoned according to the crystal orientation.

The PFIB-DIC ring-core method was applied in the FZ, HAZ and BM regions, as well as
the interface of FZ/HAZ and HAZ/BM ( Fig. 1(a)) to assess the non-euqi-biaxial residual
stresses because it allows simultaneous evaluation of three components of in-plane normal and
shear strain relaxation (Ae,, Ae, and Ag,,, ), as shown in Fig. 1(b) [27,30]. Considering
anisotropic properties of ring-cores, the residual stresses in x and y directions was calculated
by using the generalised Hooke’s law (Eq. 1 and Eq. 2) [27,31]. The derivation of the three
strain components and in-plane residual stress components enable direct determination of the

principal residual stresses using Mohr’s circle [32].
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where Ae, and Ael, are the strain relaxations, and ofZand o*'Zare two in-plane residual
stress components in x and y directions. E,, E,, v,,and v, are Young’s modulus and
Poisson’s coefficients computed according to the crystal orientation in the ring-core area in x
and y directions, respectively.

Fig. 1(c) schematically shows how nanoindentation is used to measure the residual stress
in weldment by comparing the load-displacement curve with the stress-free reference obtained
from the ring-core regions. The classical symmetric pyramid or spherical indenter tip limits the
use of nanoindentation in non-equi-biaxial residual stress states. Using the PFIB-DIC technique
allows the determination of a pre-known stress ratio between two principal residual stress
components (o Band afF'8) to estimate non-equi-biaxial residual stress via Lee’s model
[27,33,34]. The high-resolution stress ratio was gained from PFIB-DIC measurements using
Eq. 3. The line-scan was performed across the weldment for residual stress and micro-hardness
characterisation, as shown in Fig. 1(a). Depth-control with 1um/min was used to carry out the

indentation using Ultra Indentation Tester (UNHT), and results were considered at depths of



500 nm and 1000 nm. The area function of the Berkovich indenter was calibrated against the
certified reference material. The Micro-hardness is determined according to the Oliver and
Pharr theory [35].

O'fFIB

k=m(—1<k<1andk # 0) Eq 3
2

where the ofF'8 and o2F!B are the two principal residual stress components from the PFIB-
DIC ring-core method.

The samples for the tensile testing, including dog-bone and rectangular shapes, were cut-off
by electrical discharge machining from the same laser-welded P91 plate. The uniaxial tensile
experiment at room temperature was conducted using a universal material testing machine
(Instron 5500). The deformation is induced in uniaxial tension until failure at a constant
displacement rate of 0.02 mm/s, and the DIC software (Vic-2D v6, Correlated Solutions, US)
[36] was used to visualise the heterogeneous strain distribution throughout the tensile
deformation. The tensile behaviours were characterised by multiple virtual extensometers, as
shown in Fig. 1(d). The high-temperature tensile testing was carried out using the electro-
thermal mechanical testing (ETMT). A R-type thermocouple was affixed to the centre heat
zone of the sample Fig. 1(d)), which is in the dimension 3 x 1 x 65 mm3, for monitoring and
controlling the temperature. The temperature of the sample was then elevated to 550 °C at a
rate of 5 °C/s, followed by a stabilising period of 2 minutes. The uniaxial tensile deformation

was induced at a displacement rate of 0.02 mm/s until fractured
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Fig. 1 (a) Laser-welded P91 specimen for residual stress, microstructures and micro-hardness
characterisation. (b) Schematic figures illustrate the PFIB-DIC ring-core residual stress quantification.
(c) Schematic figures show the nanoindentation residual stress measurement. The ring-core fabricated
during PFIB-DIC measurement provides a stress-free reference. (d) The dog-bone specimen used in the
room temperature uniaxial tensile experiment and virtual extensometers applied in DIC analysis. The
rectangular sample for high-temperature tensile testing using the ETMT. (e) Stitched consecutive EBSD
maps highlighted by the rectangle in red at (a). (f) Morphology characterisation at FZ, HAZ and BM
regions, respectively.

3. Results and discussion

The stitched EBSD maps and SEM morphologies of the FZ, HAZ and BM regions shown in
Fig. 1(e-f) exhibit the heterogeneous microstructural distribution across the weldment. The grain
growth is observed in the FZ region, which is most evident close to the fusion line (FZ/HAZ
interface). The grain size decreases dramatically from the FZ to HAZ, followed by a slight
increase in the BM region. There is no obvious evidence showing the preferred orientation in
the EBSD maps. The morphologies ( Fig. 1(f)) varied substantially in the different areas across
the weldment, depending on the peak heat input attained during the laser welding. Unlike other
welding processes, the &-ferrite, which is usually seen as an undesirable phase in 9-12% Cr
steel, is not observed after laser-welding [37]. The quenched martensites are found in both FZ
and HAZ regions, whereas the tempered martensite are identified in the HAZ and BM regions.

The PFIB-DIC ring-core method and nanoindentation techniques reveal residual stress
distribution and build correlations with microstructures and mechanical properties. Fig. 2(a)
shows an example of extracting the grain microstructures in the ring-core region from the
EBSD map. The as-welded P91 steel is assumed to exhibit cubic crystal symmetry, and elastic
constants of RAFM steel have been studied previously [38]. The anisotropic Young’s modulus
and Poisson’s coefficient are computed circularly and used to calculate residual stress in x and
y directions via generalised Hooke’s law. Fig. 2(b) presents the residual stress distribution
quantified by the PFIB-DIC ring-core method in x and y directions. Our findings show the
peak magnitude of residual stresses is at the FZ/HAZ and HAZ/BM interfaces, where the
microstructures change dramatically. The tensile peak of residual stress (~150 MPa) is found
at the FZ/HAZ interface in x direction, balanced by compressive residual stress on both sides.
The compressive peak (550 MPa) is identical at the interface of HAZ and BM. The residual
stress is gradually diminishing while moving away from the weldment. The residual stress
distribution in laser-welded P91 is consistent with other similar laser-welded RAFM joints,
which was also measured by the PFIB-DIC ring-core method [27]. The principal residual stress

derived from PFIB-DIC is displayed in Fig. 2(c), showing o8 and oF!B.



Instrumented nanoindentation has great potential in massive use of identifying residual
stresses because of the time efficiency, simplicity of use and applicability from nano to macro
scales [33,34,39-41]. Fig. 2(d) and (e) show the equi-biaxial principal residual stress
distribution (ogpas™) extracted at the depth of 500 nm and 1000 nm from the nanoindentation
measurement, respectively. The two depth-resolved residual stress distributions are in a similar
trend, while the magnitude is slightly higher at depth of 500 nm. The pre-known stress
coefficient concluded from the PFIB-DIC measurement is used to calculate the non-equi-
biaxial components (o™t and gi*@€™t) from nanoindentation. The distribution trends
derived from nanoindentation measurements cross-validate the ones from the PFIB-DIC
evaluation, although an discrepancy arises in magnitude. Such a difference suggests the depth
sensitivity in the nanoindentation residual stress measurement at shallow position. On the one
hand, the indentation size effect originates from dislocation density and causes load
amplification in the load-displacement curve at a smaller scale [42]. The accompanying
magnification of residual stress occurs while comparing with the stress-free reference.
Although increasing displacement in nanoindentation measurement may extenuate this issue
(Fig. 2(e)), risks might be raised in terms of the pile-up phenomenon in some compressive
residual stress areas, leading to an unexpected error in accounting contact area. In this case,
further evaluation of the contact area might be requested. On the other hand, non-equilibrium
micro-scale residual stress derived from the local anisotropic properties also contributes to the
depth effects. Applying multiple or high-depth measurements is able to consider a larger
number of grains, equilibrating the micro-scale residual stress and overcoming this limitation
[27].
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Fig. 2 Residual stress characterisation using PFIB-DIC ring-core method and nanoindentation
technique with consideration of anisotropy. (a) EBSD map visualises the crystal orientation in the ring-
core region by which the anisotropy is quantitatively calculated in x and y directions. (b) Residual
stress distribution quantified by PFIB-DIC in x and y directions. (c) Principal residual stress
distribution calculated from PFIB-DIC measurements. (d) Principal residual stress distribution analysed
at depth of 500 nm using nanoindentation. (e) Principal residual stress distribution analysed at depth of
1000 nm using nanoindentation.

To study the residual stress effects on mechanical properties, the micro-hardness and tensile
behaviour are characterised at room and high temperatures and visualised in Fig. 3. A
significant advantage of using nanoindentation is that the micro-hardness and other mechanical
properties can be measured in addition to residual stress measurements. Local micro-hardness
values are severely affected by the microstructure (e.g., grain size, quenched martensite and
precipitate) and the residual stress. The hardest position (~6.5 GPa) is identified in the HAZ,
which is also adjacent to the fusion line (Fig. 3(a)). The micro-hardness gradually and
constantly decreases to (~3.1 GPa) until the BM region. The microstructural hardening is
concluded by comparing the micro-hardness of the stress-free reference ring-cores with that of
the BM region. As shown in (Fig. 3(a)), the microstructures harden the edge of the FZ region
up to ~ 5.9 GPa, which attributes to the quenched martensite and carbide dissolution during the
welding cycle [43]. The grain growth (see Fig. 1(e)) in the FZ region slightly weakens this
hardening effect. As the peak temperature decreases, the reduction of fraction of quenched
martensite and residual of coarsen carbides decline the microstructure hardening in the HAZ

region. Link to the residual stress distribution, the most apparent tensile principal residual stress



is located at the FZ region of the FZ/HAZ interface, which is due to the tensile residual stress
tends to appear at the soft area [44,45]. The residual stress effects on micro-hardness is also
separated quantitatively by comparing the micro-hardness between the as-welded state and
stress-free reference in different regions of the weldment (Fig. 3(a)). The compressive residual
stresses also hardens the FZ and HAZ regions, while the tensile residual stresses softening
effect stands out around the fusion line. Both residual stress and microstructural hardening
effects are diminishing while reaching the BM region, the micro-hardness almost remains the
same as the parent materials.

Fig. 3(b) illustrates the tensile behaviour in the loading direction (x direction) at room and
high temperatures, with the room temperature performance highlighted by a black rectangle. A
detailed view is provided in Fig. 3(c). At the high temperature, the material exhibits a yield
stress with a 0.2% offset of 345 MPa and an ultimate tensile stress (UTS) of 568 MPa. In
contrast, at room temperature, the yield stress with a 0.2% offset is approximately 532 MPa,
and the UTS is approximately 687 MPa. Compared to room temperature, the weldment
demonstrates higher ductility and enhanced strain hardening effects at elevated temperatures.

The virtual extensometers covering different sub-regions enables the correlation between
residual stress, microstructures and tensile behaviours at room temperature. As shown in Fig.
3(c), the FZ region shows the highest yield stress (568 MPa) compared to the HAZ (539 MPa)
and BM (504 MPa) regions. The resembling stiffness are found in the elastic regime for all
global and sub-regions. Similar to the micro-hardness, the FZ region is the most strengthened
region by microstructures (i.e. quenched martensite and carbide dissolution) and compressive
residual stresses, while the BM region shows the highest ductility. The HAZ region is
strengthened by its fine grain size, martensitic phase transformation and compressive residual
stresses, where the yield strength is slightly below the FZ region. Fig. 3(c) also show the strain
evolution at the UTS and after the necking while the sample is deformed in tension. The
outstanding heterogeneous strain distribution is observed, and the strain is accumulated in the
most ductile BM region, resulting in a fracture. The compressive residual stress aggressively
hardens the HAZ region, which narrows the micro-hardness difference with the FZ region,
whereas it unsuccessfully strengthens the HAZ region to reach the strength of the FZ region.
This indicates that microstructural strengthening is dominated in tensile behaviours and

residual stress hardening effects is more obvious than strengthening effects.



‘ ‘ ‘ 800 . : ‘ ‘ .
(a) S As-welded (b) Ext-1 (BM)
6r E Ring-core 1 Ext-3 (FZ)
60 Ext-4 (Global)
= =
& Residual Y & [e]
9 stress effects a T - 550 C
2 2
g g 40
= 4F 0
= .
] ) ob /
- Microstructures = !
effects v = 4
20?
y /
FZ HAZ | BM | /
2 : z z 0 : : : : .
0 1000 2000 3000 4 0 0.5 1 1.5 2 2.5 3
Distance to welding centre (z2m) / Eng. Strain (¢)
( C) 800
- 600 -
«
[-™
g
b
g 400
w
s
=]
< 200 Ext-1 (BM)
Ext-2 (HAZ)
——Ext-3 (FZ)
T=20°C — Ext-4 (Global) Behind necking
0 (580 MPa)
0 0.05 0.1 0.15 0.2 0.25

Eng. Strain (¢)

Fig. 3 Mechanical properties of as-welded and stress-free P91 steel at room and high temperatures.
(a) Room-temperature evaluation of micro-hardness distribution across the weldment and stress-free
ring-cores in the FZ, HAZ and BM regions. (b) Tensile behaviours at room and high-temperature of
laser-welded P91 joint (c) Zoom-in figure for the tensile behaviours at room temperature measured by
virtual extensometers and 2D maps of the strain evolution during the tensile deformation., which cover
full gauge length, FZ, HAZ and BM regions, respectively.

At the room temperature, a mixed mode of ductile and brittle fracture is presented in Fig.
4(a). The ductile zones are represented by the presence of micro-voids and equiaxial dimples
which embody the void growth and coalescence that eventually leads to the fracture. Large
areas of quasi-cleavage facets are observed with River patterns, which are typical
characteristics of transgranular brittle fracture [46]. Furthermore, the splitting and secondary
cracking are also observed (Fig. 4(a)), which is due to the decohesion of interface between lath
ferrite-lath matrix and secondary precipitates [47-49]. At the high temperature, the ductile
fracture mode prevails, as depicted in Fig. 4(b), where the fracture surface exhibits ductile
features, including dimples and micro- and macro-voids. In contrast to the room temperature
fracture, which shows more cleavage features, the high-temperature fracture displays a limited

number of cleavages, indicating a more ductile nature. This is also in good agreement with the



stress-strain graph (Fig. 3(b)) obtained where higher ductility and strain hardening effects is

observed.

(a) Fracture surface -RT

Splitting
Necking

X

Secondary
Cracks

(b) e surface -| . . — - > . S v % Tal e Ca ey

- b X
Cleavage Facets™ | —

7
7 Dimplesiy

Fig. 4 The facture surfaces were characterised using SEM for the tensile testiong at (a) room
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splitting, secondary cracking and necking, dimples, micro(macro)-vioids, river patterns and Quasi
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4. Conclusion

This work established the deformation mechanism of laser-welded P91 joints by considering
effects of both heterogeneous residual stress and localised microstructures. The residual stress
distribution across the narrow sub-regions of the joints was quantified and cross-validated,
where the peak residual tensile stress (~150 MPa) is found in loading direction at the FZ/HAZ
interface, balanced by compressive residual stress on both sides. While microstructural
strengthening phenomenon is overwhelming in tensile behaviour, residual stress effect in
micro-hardness is much identical. The FZ and HAZ regions showed a higher yield strength,
and the fracture occurred at the BM region. Whilst the weldment softs at the high temperature,
the ductile and strain hardening effect increase. This observation is consistent with the
fractographic analysis, which shows a greater presence of ductile fracture features at elevated

temperatures.
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