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Abstract

Piping systems that transport coolant and breeding fluid are naturally an essential part of the support system of the
nuclear fusion power plants. Following a campaign of operations, the reactor is required to be shut down and
maintained entirely. Pipes connected to the reactor components are to be cut, re-welded or re-joined, and inspected
non-destructively, using Remote Handling (RH) equipment and tools. This paper outlines the candidate structural
materials and their weldability in fusion reactor pipework, reviews investigated welding, cutting and NDE
technologies, developed tooling prototypes and processes for remote pipe maintenance, summarizes the existing
and emerging technological challenges that to be tackled as the results of the environmental constraints, material
selections and the requirement of engineering designs, and highlights the exploration of the unknown and areas to
further research in the future. The urge of developing tools with RH compatibility and high tolerance to
environmental constraints, such as in-pipe robotics with miniaturized end effectors and sensors for operations and
inspections under hazardous condition, is also addressed.
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Introduction

Nuclear Fusion powers the sun and stars as hydrogen atoms fuse together to form helium, and matter is converted
into energy. It offers an almost inexhaustible source of energy and could be one of a very few sustainable options
to replace fossil fuels for future generations [1], [2]. However, fusion is difficult to achieve on earth as the fusion
fuel - different isotopes of hydrogen — must be heated to extreme temperatures, and must be kept steady under
intense pressure, thus dense enough and confined for long enough to allow the nuclei to fuse. Currently, the most
readily feasible reaction is between the nuclei of the two heavy forms (isotopes) of hydrogen — deuterium (D) and
tritium (T): d +t — 4He (3.5 MeV) +n (14.1 MeV), where the reaction must take place in a magnetic confinement
fusion machine such as tokamak. While the Joint European Torus (JET) [3] and International Thermonuclear
Experimental Reactor (ITER) [4] tokamaks’ are both experimental fusion devices, European demonstration fusion
power plant (DEMO) [5], [6] is the near-term reactor design aims to produce electricity and operation with a closed
fuel-cycle. Deuterium can be sourced naturally from seawater, whereas tritium has limited quantity therefore it
must be bred in a fusion system from lithium.

In a fusion reactor, D-T reaction generated high-energy neutrons will bombard the lithium in the breeding zone of
the blanket to produce tritium and back fuel the reactor. In the meantime, blanket will be heated up as a result of
the absorption of the kinetic energy from the neutrons and the coolant flowing through it will collect the heat for
energy conversion. This presents the major design trade-offs between tritium self-sufficiency and power
generation. Intense neutron bombardment rapidly degrades the plasma facing components, which are the cassettes
that from the divertor and breeding blanket modules, requiring frequent replacement of significant amounts of
reactor hardware. Although fusion energy promises zero fuel waste, there will be component waste. Hence using
the right materials in a nuclear fusion reactor will have an environmental dimension and is also going to come
down to striking the right balance between the performance and cost.

Neutron flux also activates isotopes within the components and surrounding structures, causing materials to
become radioactive, requires specifically developed technologies that with safe and reliable remote maintainability,
as no direct human intervention is possible inside the vacuum vessel and other peripheral areas of the reactor [7].
The design complexity of the fusion power plant includes the large numbers of coils, the in-vessel components,
ex-vessel components such as heating and diagnostics plugs, the Neutral Beam injectors and hot cell, and tokamak
building, etc., all lead to the result of a compromise between operational and maintenance needs.

In-vessel maintenance of fusion devices (both experimental and future power plants) involves the regular
replacement of plasma-facing components with cooling and fuelling interfaces, and therefore requires the cutting,
joining, and qualification of pipe interfaces. These are the locations under higher radioactivity but lower
accessibility and visibility. Tooling is required to be deployed through entry ports and carry out maintenance tasks
in space-constrained environment. In addition, joints at such locations are subjected to elevated temperature and



cyclic thermal loads, leak tightness is key to protect the tokamak vacuum during operation [8]. It is also a critical
aspect of fusion remote maintenance as it is anticipated that these activities constitute a large proportion of the
overall maintenance duration[8]-[10], thus driving cost of electricity and therefore commercial viability, as well
as being critical to plant operation and therefore requiring extremely high reliability. Many challenges remain
outstanding in this field including relating to compatibility with the fusion environment, space and access
constraints, and remote deployability.

The Joint European Torus (JET) was the first operating fusion device where Remote Handling (RH)
techniques[11], [12] and associated tools have been developed and tested including on thin-walled cooling pipes
[12]-[14]. Extensive experience such as orbital TIG (vacuum quality welding), MIG (structural quality welding)
and orbital cutting that developed at JET, has been shared to inspire the development of Remote Maintenance (RM)
strategies for ITER, DEMO and other future fusion machines around the world. The main operations carried out
for cooling pipe maintenance during reactor shutdown include cutting and re-welding and then followed up with a
series non-destructive inspection of the new joints. Activities must be conducted remotely, under different level of
hazardous environmental impact, using bespoke tools. Depending on the design and maintenance requirements,
pipes may be cut and post machined to meet the requirement of being ready to re-weld. To produce a compliant
weld, a robust welding process procedure is required to be developed taking into the consideration all of, but not
limited to, the material metallurgy, welding technique, joint design, pre- and post- process treatment, as well as
service environmental constraints. Non-destructive inspection is mandatory, aiming to ensure the welds meet
required levels of quality and are fit for purpose.

This review outlines the candidate structural materials and their weldability in fusion reactor pipework, summarizes
the joining, cutting and inspection technologies have been investigated for pipe maintenance, as well as some of
the tooling prototypes that have been developed, and identifies potential non-destructive evaluation (NDE)
technologies worthy of exploration in the future.

Structural materials and their challenges
Development of candidate materials

Service pipes are an important part of the support system of a fusion reactor. Pipework associated with cooling
functions are subjected to high temperature thus thermal degradations, high neutron energies and fluxes and strong
magnetic fields inside the tokamak [15]. Service pipes may be made of structural materials such as stainless steels,
Reduced-activation ferritic/martensitic (RAFM) steels or maybe even oxide dispersion strengthened (ODS) steels,
depending on the design criteria for specific fusion operating environment, i.e., temperature, pressure, radiation
doses, corrosive coolants, and stress conditions, etc., in various wall thickness and diameters. Selected pipe
materials must meet the requirements of physical and mechanical properties, radiation resistance and coolant
compatibility, for maintaining the structural integrity during reactor operation. RAFM steels are the most promising
structural materials owning to their technology maturity such as qualified fabrication routes, welding technology
and industrial experience [16].

The concept of low-activation material was introduced into the international fusion programs from mid-1980s in
attempt to alleviate the generation of radioactive isotopes in the materials when exposed to the neutron environment
of fusion. Since steels are limited by the decay of radioactive products from transmutation of atoms, reduced-
activation materials were proposed based on the high Cr heat resistance steel - Grade 91 steel which is also known
as modified 9Cr-1Mo steel or P91 steel with ferritic/martensitic (FM) [17], [18]

P91 steel was developed in late 1970s as a great candidate for steam generator components such as tubing, piping
and headers. Due to its advantageous physical and mechanical properties, i.e., high strength, high resistance to
corrosion, high thermal conductivity, low thermal expansion, and low oxidation rate [19], in the early 1980s, USA
introduced tubing P91 steels to replace 300 series austenitic steels in steam boilers [20], [21]. Thereafter the
material became the primary candidates for components for advanced fossil fuel power plants mid-1980s [22],
[23]. It was also suggested that FM steels have higher swelling resistance in radiation environment as well as better
thermal stress resistance and are thus less prone to thermal fatigue compared to austenitic stainless steels in fusion
reactors [24]. FM steels were not considered as structural material candidates for nuclear reactors initially because
of ferromagnetism, it was later confirmed the complication of the interaction with the magnetic fields could be
managed by reactor design [25], [26].

Reduced-activation ferritic/martensitic steels (RAFM) with 7-9% Cr content were developed by replacing the
common alloying elements molybdenum in conventional Cr-Mo steel with tungsten and/or vanadium and niobium
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with tantalum. RAFM steels such as EUROFER (Fe—8.5Cr—1.0W-0.05Mn-0.25V-0.08Ta—.05N-0.005B-0.10C)
and F82H (Fe-7.5Cr-2.0W-0.2V-0.04Ta-0.10C) have been considered as the primary candidates of fusion
structural materials due to their good resistance to neutron irradiation [27]. A nominal 9wt percentage (wt%) Cr
content was proved to be able to minimise the radiation-induced ductile-brittle transition temperature (DBTT) shift
[28]. However, F82H and EUROFER97 exhibit lower creep compared to P91 steel, due to the low density of MX-
type (M=Nb/Ta/V, X=C/N) precipitates which could not provide sufficient grain boundary pinning. Other concerns
of baseline RAFM steels and proposed approaches are also summarised in early issue [29].

One of the approaches, claimed to have higher risk, as well as being time consuming and costly, but potentially
with higher payoff, is to use powder metallurgy technique to manufacture high strength oxide dispersion
strengthened (ODS) alloys, also named as nanostructured ferritic alloys (NFA) [29]. The processes includes the
following steps: mechanically alloying followed by either by hot isothermal pressing (HIP) or hot extrusion and
thermal-mechanical treatment [30]-[32].By adding in large amount of oxide nanoclusters to pin the sub-
micrometre ferritic grains in the alloys, material exhibits superior creep resistance at high temperature. Besides,
the oxide nanoclusters also act as trapping site for irradiation produced defects and helium atoms thus to provide
superior radiation resistance compared to conventional RAFM steels [33]. A selection of 17 ODS steels and 6
traditional FM steels were summarised with their element compositions in Figure 1 [34].

Material composition (wt.%)

Alloy Cr Al Y03 C w Ti
ODS steels
MA956 18-21.7 45-5.8 0.5 0.018-0.06 - 0.32-0.4
MA957 13.7-14 — 0.5 <0.03 — 0.9-0.98
PM2000 19.2-20 55-5.7 0.5 0.01-0.013 - <0.5
PM1000 20 0.3 0.6 0.05 - 0.5
12YWT 12 — 0.25 0.05 0.8 04
14YWT 14 — 0.25 0.05 0.6 0.3
9Cr-ODS 8.6-9.0 — 0.36 0.13-0.14 1.95-2 0.21
12Cr-ODS 12.0 — 0.24 0.024 2.01 0.3
K1 18.3 <0.01 0.368 0.05 0.29 0.28
K2 13.6 412 0.381 0.04 1.65 0.28
K3 16 459 0.368 0.08 1.82 0.28
K4 18.9 461 0.368 0.09 1.83 0.28
K5 22.0 455 0.356 0.1 1.8 0.27
19.0 4.6 0.368 0.1 1.85 0.28
EUROFER97-ODS 9.1 - 0.3 - 1 -
J27 14 — 0.3 — 1 0.3
EFPL-E 14 — 0.3 — 2 0.3
FM steels
F82H 7.5-8 — — 0.09-0.093 1.96-2 <0.004
JLF-1 8.9-9.0 <0.003 — 0.097-0.1 1.97-1.99 <0.001
EUROFER97 8.8-9.0 — — 0.12 1.15 —
HT-9 11.6 0.01 — 0.2 — —
T91 9 0.02 — 0.1 0.4 0.01
EP-823 11.7 — — 0.16 0.58 —

All alloys shown have a remaining balance of Fe
Figure 1 Comparison of ODS and non-0DS steels used in high temperature energy applications [34]

EUROFR97 is considered primary structural material for fusion reactor components, such as European ITER test
blanket modules, the EU-DEMO breeding blankets and diverter cassette [35]-[38]. EUROFER97 is presently
limited by a drop in mechanical strength at approximate 550 °C, which in comparison, ODS RAFM could be used
for structural applications in fusion power reactors up to about 650 °C and the nano structured ODS RAFM are
expected up to about 750 °C [39].

Conventional FM and RAFM steels also show poor thermal creep strength after 500°C -550°C, which limit their
operating temperature. Future fusion power plants require structure material that can operate rate up to or even
beyond 650°C, where ODS steels have a highly superior creep performance [29], [40]-[42]. Improvement of
thermal creep property could be achieved by applying thermomechanical treatment with or without chemical
modification such as boron addition and optimizing the chemical processing to nucleate a high density of MX
particles in advanced alloys such as castable nanostructured alloy [43].

Irradiation degradation

In a fusion reactor, D-T fusion reaction produces 14MeV high energy neutrons that have sufficient kinetic energy
to cause atomic vacancies and self-interstitial atoms over operating time in the structural materials. The main
mechanisms of radiation damage which is quantified by dpa (displacements per atom) to structural materials vary
at different operating temperatures and radiation levels [44].

For body-centred cubic (bcc) material such as FM materials at low temperature (below 0.3-0.4 Tm, where Ty is
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the absolute melting temperature), radiation-induced defects clusters created by displacement cascades act as
strong obstacles to dislocation motion which results in radiation hardening accompanied with reductions in material
elongation and work hardening capacity and can induce loss of ductility and fracture toughness.

Neutron radiation can lead to large increases in the in the yield stress and DBTT shift with increased doses [33],
[45]. EUFROFER97 and F82H tensile samples were prepared at irradiation temperatures between 300 and 335 °C
up to 70 dpa and tested at 300 to 350 °C. Materials exhibit increases in yield strength and DBTT shift substantially
below 10dpa, and low temperature hardening and embrittlement was indicated to be saturated at 70dpa. For bcc
alloy, because radiation hardening emerges at relatively low temperatures and doses as low as 1pda, the radiation
hardening and embrittlement phenomenon is often used to define the lower operating temperature in neutron
irradiation environments.

At intermediate temperatures up to 0.6 Tw, and radiation does above 1-10 dpa, material performance may be
affected by radiation induced segregation and precipitation that can lead to localised corrosion or mechanical
degradation such as grain boundary embrittlement [44]. At this temperature regime, irradiation creep can cause
dimensional expansion along directions of high stress or specific crystallographic directions. In addition to
irradiation creep, void swelling which is caused by vacancy accumulation can also create unacceptable volumetric
expansion though it is not anticipated to be significant in ferritic-martensitic steel up to damage levels in excess of
100dpa [46].

Changes in the spectrum of irradiation will change the properties of the materials. Four of the five key radiation
degradation mechanisms for structural materials are strongly affected by the He/dpa ratio during irradiation [47],
[48]. Investigations suggested hardening in the annealed irradiated F82H was contributed by helium bubbles.
Though the barrier strength of helium bubbles with size 1-1.5nm is about 0.1 and small helium bubbles are weak
obstacles, significant hardening can still be produced at very high-density 1023-10% m?® [49].

Along with the neutron irradiation induced materials hardening and embrittlement, He generation rate may shift
the BDTT even higher without taking into account attributable helium hardening effect. The maximum allowable
operating temperature for a structural material may be defined by high temperature helium embrittlement along
with thermal creep and chemical compatibility [46].

Future reactor designs call for structural materials with high radiation resistance, in excess of 100dpa, low residual
activation and good compactivity with cooling media. RAFM steels (such as EUROFER97 and F82H), ODS
RAFM and RAF steels are the most promising materials. Modifications have been made on EUROFER97 and
F82H to improve the material performance [47], [50], for instance, through modified thermodynamical processing,
BDTT of the material has been shifted ~100 °C lower than conventionally processed EUROFER97 [50]. Adding
small amount of N element in conjunction with appropriate heat treatment has greatly increase creep lifetime of
F82H [51].

Corrosion and tritium permeation

Liquid PbLi alloy is one of the candidate materials for tritium breeding in D-T fusion reactor. Key resulting issues
with this to the pipe structural materials include corrosion and tritium permeation. Because of the direct contact,
PbLi will cause corrosion of the materials due to the changes in the microstructure, composition and surface
morphology [52]. Tests performed on RAFM steels at 550°C showed dissolution of Fe and Cr out of the steel
matrix which leads to a corrosion rate at 400 um/year and high risk of loop blockages by forming precipitates,
which are freely transportable in the melt and deposited at positions with low flow rate or special magnetic field
condition [53].

Tritium, a radioactive isotope of hydrogen, can migrate from the breeder region into the primary coolant due to the
high tritium concentration, high temperature, and the large and thin metallic surface area, and then reach the
working areas of the torus hall and the external environment through the steam generator by permeation and/or
leaks [54]. To minimise the radiological hazards, the mitigation of tritium migration to the primary and secondary
coolant loops can be achieved by applying dedicated coatings, such as anti-permeation barriers and/or natural oxide
layers and by treating a certain fraction of the primary coolant flow rate inside the Coolant Purification System. ]

The ITER water cooling systems comprise a variety of thin-walled austenitic stainless steel (SS) 316 pipes.
Austenitic SSs are susceptible to irradiation assisted stress corrosion cracking (IASCC), which means materials
have elevated susceptibility to stress corrosion cracking (SCC) in water-cooled reactors because of the exposure to
high-energy neutron irradiation and high-temperature coolant. Although the mechanisms of IASCC are not fully
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understood, the current consensus is that IASCC results from a synergistic effect of irradiation damage to the
material as discussed above, water environment with possible radiolysis effects, and a stress state. In fusion
reactors, tritium can permeate structural materials and affect the cooling water chemistry, forming tritiated water
or as dissolved gaseous species in the coolant. SS316 was studied in Japan suggested SCC susceptibility of type
316L SS depends on test temperature and dissolved-hydrogen content, which higher dissolved-hydrogen content
in water is necessary to trigger intergranular SCC rather than transgranular SCC at 613 K [55], [56].

Coatings on RAFM steels are one of the solutions to corrosion and tritium permeation issues. Aluminium (Al)
based coating was investigated as its potential to work as a corrosion and tritium permeation barrier. To form a
layer of dense and adherent Al,Os film on the surface of a component i.e., blanket and cooling pipe, that has
complex shape or specific geometry, various coating technologies have been studied. So-gel method fabricated
coating failed due to mismatch between the thermal expansions of the sol-gel and substrate [57]. Chemical vapour
deposition (CVD) and hot dipping aluminization (HDA) processes were also unsuccessful as coating separated
from the substrate in different zones and cracks were observed in welded area of the specimens due to HDA process
induced stresses [58]. In addition, inappropriate thermal treatment from HAD process can form Al rich phases in
EUROFER97, which are less stable in Pb-17Li. Because of incomplete transformation of the Al scales material is
sensitive to corrosive attack [59].

Very promising Al,O3 coatings on EUROFER97 disks have been obtained via pulsed layer deposition (PLD) and
atomic laser deposition (ALD) techniques. However, the process may still limit the coating repair and fabrication
in nuclear environment, which PLD requires the substrate housed in a vacuum chamber and the process involves
high-power laser interaction and ALD uses reagents which directly interact onto the surface needs to be
covered[54]. Other technologies such Al-based coating fabricated by electrochemical deposition method have
shown excellent corrosion resistance to PbLi for RAFM steels [60] and Al-pack cementation to fabricated Al,Os
coatings on SS316 tubular specimens achieved a tritium permeation reduction factor of more than 3000 in gas-
phase tests [61].

Coatings can also provide electrical insulation and reduce magnetohydrodynamic pressure drop in self-cooled
lithium systems are correlated to vanadium-alloy structures [62]. Feasibility of coating with candidate materials of
Er,O3 and Y03 have been demonstrated using various physical vapor deposition (PVD) methods, such as electron-
beam assisted process [63], arc-source plasma deposition [64]-[66] and RF sputtering[66].

Welding techniques and weldability

EUROFER has been selected as the structural material for three concepts of DEMO breeding blanket (BB) [67]-
[69]. Because of the complexity of the structure design, manufacturing of BB requires sophisticated joining strategy
to maintain structural integrity. Considerable effort has been made to demonstrate the feasibility and reliability of
different fusion joining technologies, such as tungsten inert gas (T1G) welding, electron beam (EB) welding, laser
beam welding (LBW) and hybrid welding to fabricate test blanket module (TBM) mock-ups in the original multi-
module segment blanket concept [70]-[72]. Investigated welding parameters and those used for manufacturing
TBM mock-ups are listed in Table 1. For welding of EUROFER thicker than 8mm (in TBM structure), TIG
welding is not recommended due to the introduction of inacceptable distortion levels. Single pass laser welding,
instead, is superior and requires travel speeds greater than 1m/min in order to produce sound joints [70].

Table 1 Summary of the parameters investigated for welding of EUROFER using various welding technologies

Welding technique EUROFER plate Key parameter
TIG 8mm Double sided 6-pass, two root passes and four filling passes
11mm 130A, at 0.1m/min
35mm 140-230A 0.1m/min
Laser 4kwW 8mm Double sided two-pass, twin spots
11mm 0.3m/min
8kwW 8mm Single pass at 0.5m/min
11mm Single pass at 0.35m/min
10kW 11mm Single pass at 2.5m/min
EB 40mm -
35mm 80mA at 10mm/s
MIG-Laser Hybrid 25mm Multi-pass (including 14 filling passes for 18mm groove) at
1.3m/min
35mm YAG laser 4.5kW + MIG 21A at 1m/min




Although RAFM steels are considered having relatively good weldability, they still suffer property degradation,
caused by phase transformation, from fusion processes. This is because the matrix of the steels comprises of
tempered martensite with dispersed carbide, which the thermal cycle from welding process destroys such tailored
microstructure, especially forming hard phases in the fusion zone due to uncontrolled martensite formation while
softening in the HAZ due to over tempering [70], [73]. A laser welded EUROFER joint had hardness over 5GPa
(over 500HV) in the fusion zone compared that of 2.75GPa (280HV) in the parent metal [74].

Post weld heat treatment (PWHT) is a common practice for restoring material microstructure and property. One
method is to go through re-austenitisation followed by tempering in order to generate fully tempered martensitic
structure with a homogeneous hardness profile. This procedure is especially unavoidable for high chromium FM
steel, to soften the brittle as-quenched martensite of the weld and to reinforce the HAZ with hardening precipitation.
Tempering is a heat treatment technique often conducted after welding process to reduce the excess hardness and
relieve residual stresses in the weld. By heating up the weld to a temperature below the critical point and holding
for a certain amount of time, welding included martensite will de-compose and carbides precipitate along the grain
boundaries, achieving increases to the toughness. It was suggested heat treatment specification and acceptance
values for RAFM steels are similar to those of conventional FM steels, at least in the case of the most mature ones,
F82H and EUROFER97 [24].

Experimental results have proved that conducting one-step PWHT on F82H at the tempering temperature range
coded in ASEM for P91, did improve toughness and inhomogeneity of strength without enhancing the weakness
in softened HAZ [75]. Tempering EUROFER97 joints at 750°C allowed recovery of enough metallurgical and
mechanical behaviour after 3 hours [70] and effective residual stress relief after 2 hours [74]. Cross sections and
hardness tests on TIG and EB welded F82 joints after PWHT are shown in Figure 2. Both welds were subjected to
PWHT at 720°C, below standard tempering temperature 750°C. Welding induced hardening still can be observed
from the hardness test results. Multi-pass TIG welding had slower welding speed thus lower cooling rate, compared
to single pass high speed EB welding, which results in wider joint with less hardened weld metal and obvious HAZ
softening [76].

AR K

350 350 T Raan
L d) word
L : metal
300 — 300 =
| 1z
g 2
2 250 — 2250 —
e ° 1
£ 5 {45
200 — 200 —
150 L | | S . | | 1 150 . ! 1 |
30 20 10 0 10 20 30 20 <10 0 10 20
Distance (mm) Distance (mm)

Figure 2 Cross sections of TIG(a) and EB(b) welded F82 plates and hardness distributions on TIG weld joint(c) and EB
welded joint(d) [76]

Hybrid laser-arc welding performs arc welding (such as TIG, MIG or MIG welding) and laser welding
simultaneously. In hybrid welding process, TIG welding provides higher heat input, ensuring proper high
temperature residence time, with the aim of reducing the content of 8-ferrite which is detrimental to the toughness
of the fusion zone in the joint, while laser welding guarantees increased penetration with high accuracy at high
welding speed [70], [77]. A laser-laser hybrid welding process, where one laser was used in key-hole mode for
joining of the metal while the other laser was used in conduction regime to provide additional heating and tailor
the thermal history, was developed for RAFM steels [78]. This process is advantageous to keyhole only laser
welding as it gives better weld profile, tolerance to fit-up and control of microstructure. It is also superior to
standard laser-arc hybrid welding because it enables efficient addition of filler wire with better stability and control,
but less spatter [79].



In addition to utilizing appropriate welding technology with optimized welding procedure and parameters, applying
PWHT, the development of appropriate filler metal is also of importance to achieve good quality weldments.
Though P91 is often used as substitute for welding trials to assist understanding of the weldability of RAFM, filler
products for P91 have mainly been optimized for creep resistance in the frame of conventional power applications
but not for toughness, which is a great concern in irradiation environments [24]. For RAFM, studies have been
carried out on the adjustment of filler metal chemistries taking into account the low—activation requirement [24],
[80], [81]. Early studies on optimizing of EUROFER filler wire have showed large tolerance in chemical
composition, even wires out the standard selection window, porosity and crack free welds were achieved when
butt joining 2mm EUROFER samples [70].

The development of joining methods for ODS FM steels is very challenging. This is mainly because traditional
fusion welding methods cause nanoparticle coagulation in the melted region which is leading to a significant loss
of strength [29]. Previous research work reported welds produced in simple structural geometries such as plates
and pipes have demonstrated good strength and quality using diffusion bonding and friction-stir welding techniques
[82]-[86]. Recently publications demonstrated feasibility using spark plasma sintering and pulsed laser beam
welding methods to join the ODS steels [87]-[89].

In a nuclear reactor, dissimilar joints may be required in certain structures. Components are potentially
manufactured by joining RAFM steel to stainless steel or to ODS steel. Electron beam welding and friction stir
welding are candidate technologies defect-free similar and dissimilar welds filler [73], [90]-[92]. However, PWHT
is always required, as re-precipitated carbides in the fusion zone soften the weld zone and the formation of the
large oxide particles in weld zone results in mechanical property reduction.

Pipe welding and tooling development

ITER RH comprises seven core systems. Three of these, the Blanket RH system, Divertor RH system and Neutral
Beam RH System involve significant maintenance activities involving cutting, re-welding and inspection of the
cooling pipes [7]. All three systems are required to tackle the same environmental challenges such as operating in
highly radioactive environment preventing human access, and in confined spaces with complex geometries, heavy
components, and access limitations.

Radiation doses in the ITER Neutron Beam (NB) cell will be 10Gy/h during ITER operation and 1Gy/h during
shutdown. An early concept on remote handling tools for pipe retraction, alignment, and clamping was reported in
2011 [93]. Three suites of tools, for DN200, DN80/100 and DN25/50 pipes, were identified and required to
complete a series of maintenance activities, including bellows compression, pipe alignment, cutting, surface finish,
welding, and inspection [94], [95]. An orbital TIG welding tool was developed and successfully demonstrated the
feasibility of joining 3mm-walled 316LN stainless steel pipes without wire feed system. The tool comprised a
small motor and a gear box to realise low welding speed required during the process. An off the shelf welding
head, with electrode holder and gas lens that were commercially available were used for welding process (Figure
3). The experiments confirmed that a simple tool is feasible to achieve reliable operation, in which the cabling to
the rotating drive was managed internally to avoid snags and the process did not require any additional active
electrode height control system [96].

The ITER divertor, located at the bottom of the vacuum vessel and with a worst-case operational environment up
to 300Gy/h, consists of 54 divertor cassettes and each is connected to two horizontal water-cooling pipes. These
pipes are 316L Stainless steel in diameter of 71mm and 3mm wall thickness. Replacing the entire divertor requires
cutting, rewelding and inspecting the 108 cooling pipes in the space with small clearance and limited viewing
remotely [97]. TIG welding trials were performed using a commercial orbital welding tool (ESABA21 PRB33-90)
[98]. Test pipes were mounted on a bespoke fixture which allowed controlled misalignment to be introduced six
degree of freedom (Figure 4). A novel solution, to the problem of Marangoni effect induced undesired weld profile
and gravitational weld sag, was to use 0.7mm filler ring that made of 316L stainless steel with a sulphur content
of between 110 to 150 ppm tack-welded to the divertor cassette pipe with 0.4mm vertical offset prior to the welding
process.

Significant effort has been made in bore tools systems (BTS) development for remote maintenance of cooling pipes
during ITER engineering design phase. Before 1998, ITER diverter pipes were designed in 160mm diameter with
straight configuration. A parametric study was carried out on a developed BTS system to assess the cutting, welding
and NDT processes [97]. The welding tool head equipped with an internal alignment function that having a pulling
capacity of 300kg to clamp the pipe ends and a continuous multi pass TIG weld could be performed automatically.



Figure 5 provides a general view of the divertor test platform (DTP) with the BTS not in alignment.

Figure 4 Fixture with controlled misalignment mechanism used for divertor cooling pipe welding trials [98]

The concept of modular bore tool was introduced in 1998, which a prototype was developed and tested to prove
the concept of deploying a modular carrier with multiple sub-tooling systems, including milling, swaging, TIG
tack-welding, TIG butt-welding, and inspection, to the 4-inch divertor cooling pipes with bending radius of 400mm
[97], [99]. The carrier is designed with articulated configuration during the navigation through the pipes then to

become a rigid configuration when reaching the working area (Figure 5).
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Figure 5 Overview of the 160 mm piping BTS on divertor test platform (DTP) [97]



In 2003, a modular laser BTS, comprised a laser module and pipe clamping and alignment modules (Figure 6),
was designed and manufactured [100]. The total length of the carrier in the travelling configuration is
approximately 1900mm. Functions of the modules as well as the system rigidification were verified in the operation
testing, however, validation tests in a real situation showed significant limits in the design such as reliability of
wiring, complexity of tool design, and suitability of using industrial laser connector and fibre.

Assembly process
between modules

(b)

Figure 6 Modular BTS for ITER divertor cooling pipes (a) modular carrier in traveling configuration and the conical
connection between the modules [97], [99], (b) modular laser BTS [100]

Replacement of the ITER first wall requires deploying the tools from the surface side of the first wall and
performing welding and cutting of the hydraulic pipes from in-bore. Those pipes, installed inside the blanket
module, are made of SS316L with inner diameter of 42.72mm and wall thickness of 2.77m [101]. A comparative
study of laser and TIG welding for ITER blanket hydraulic connection was carried out by JAEA (Japan Atomic
Energy Agency) to assess various parameters such as allowable misalignment, the lifetime of the tools and amount
of spatter and fumes in the welding processes [102]. Schematic drawings of the developed laser and TIG bore
welding tools are shown in Figure 7. Table 2 lists the welding test results using both tools. Laser welding
demonstrated improved tool life and reduced spatter by applying reduced power density. Much lower heat input
from laser welding may be favoured for re-welding of neutron-irradiated helium-containing stainless-steel pipes
and to use over long duration [103].

collecting lenses
CCDcamera collimating lenses

dichroic T
mirror /Nz shielding gas

7
o ,_.,—\) optical fibre
" spatter

cap -
movable —_ rotating mechanism
stage % sweeping line

@

target pipes
\ reflecting

mirror

N2 gas for




Ar gas for

S chamber for drum for drum for
pressurization p,ok side target pipes power cable gas line
/ sealing 15 %]r:)/ 450 AVC \ ||

CaP == e: l l &1 1-3» L 3

Ar+He

A |J—L| |
ﬁ shielding gas < I hieldin
<= y shielding
Etl_‘ U W electrode

I
Lo |
ope 7
N2 gas % silicon ; 7
rotating
rubber ’
7 movable stage mechanism

regulator

<D

(b)
Figure 7 Schematic drawing of the developed (a)laser bore tool and (b)TIG bore tool for ITER blanket hydraulic pipes [102]

Table 2 Results of comparative study using developed laser and TIG welding tools [102]

Laser TIG
Key parameters Laser power 2.8kW Pulse frequency 1.7Hz

Laser spot diameter 1.2mm Peak width 35%

Welding speed 1m/min Current (peak/base) 121-130/43-45A

Gas glow rate 80L/min Voltage (peak/base) 9.8/9.2V

Heat input 1.7kJ/cm 5.5kJ/cm
Allowable gap and linear 0.2mm 0.5mm
misalignment 0.7mm 1mm
Tool lifetime and Small power drop from 2.82kW to Electrode damage after 10 times welding
maintenance 2.77kW after 50 times welding
Necessity of rescue for tool | no Electrode-sticking was avoided by employing
head DC power, touch start with arc voltage control
Shielding gas N2 for inside Ar and He for inside, N2 for outside
Production of welding large amount of fumes, post cleaningto | Almost no, no post cleaning is needed
fumes and spatter be considered
Cable handling and Relative cables/fibres to be separated Tool cables to be developed in addition to the
transmission from In-vessel In-vessel

Transporter cabling system Transporter cabling system

Welding trials also proved that TIG welding could offer greater fit-up tolerance in practice. The allowable linear
misalignment of 0.7mm for laser welding was larger than the required linear misalignment of 0.2mm that is defined
in the 1SO and the internal standard. To ensure weldability and avoid handling filler material during remote
welding, special fitting configuration of the groove was designed to expand allowable gap [104]. Welding trials
were carried out on flat plate and pipes to identify the maximum achievable gap. In butt welding trials, a partially
thickened groove design on one side was adopted to obviate the filler wire (Figure 8). By adjusting the welding
parameters developed for pipe welding, an allowable initial gap was increased from 0.2mm to 0.7mm when the
laser beam impingement point was 1.5mm from the groove edge. The additional metal in the groove was 0.5mm
in height and in 2.5mm wide. Similar concept was also adopted in later study on JT-60SA (JT-60 Super Advanced)
tokamak pipes to assess the robustness of the in-bore laser tooling for groove gaps, axial and angular misalignment
[105], [106].

An in-bore laser welding tool (Figure 9) has been developed for JT-60SA cooling water pipes which connect
between the divertor cassette and the vacuum vessel with bellow in the outboard side [105], [106]. During the
deployment, the welding head is to be inserted vertically in the SS316L cooling pipes, in 59.8mm diameter and
2.8mm wall thickness, to access the depth of 500mm from the mounting surface on the cassette frame followed by
performing circumferential welding. After butt welding of the pipes, an upper plug then to be lap welded to seal
the access hole. The original laser welding tool is equipped with a linear motion mechanism and a rotation
mechanism. The tool head is approximately 1 meter in length. Three feeding lines of nitrogen gas, two cross jet
line and one central shielding line, were designed in order to extend the life spans of mirror and lenses as well as
prevent the weld from oxidation [105].
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Figure 8 Partially thickened groove design for laser in bore welding with increase allowable gap, (a) plate trials and (b)
validation test result on pipes [104]
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Figure 9 The original design of the laser welding bore tool head and its gas line system for JT-60 SA [106]

However, lifespan of the laser reflecting mirror was short due to the adhesion of fumes and spatters which also
blocked the consistent laser energy transmission to the material. This was caused by the interference between the
upward-following cross jet and the downward-flowing coaxial laser beam shielding gas. An upgraded tooling
design was carried and reported in 2022 [106]. The new tool (Figure 10) is approximately the same dimensions as
the original design, but with an added air-driven shutter to protect the two LEDs from the spatters generated by the
laser welding process. In addition, size reduction in the laser injection port and the width of the cross-jet gas
resulted in significant increase in the gas flow velocity, providing tighter protection for the mirror from spatter and
fumes. Furthermore, by changing the direction the cross-jet gas downwards, it stopped colliding with the central
shielding gas, leaving a smoother gas flow.
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Figure 10 New design of the laser welding bore tool with added shutter and updated cross-jet gas line for JT-60 SA [106]

In DEMO there are 752 remote pipe cuts and reconnections required for the replacement of the blankets and



divertors [107]. In the DEMO Pre-Concept Design Phase, the service joining strategy was focused on the
development of the remote in-bore deployment systems [8]. Two separated tool prototypes, a welding tool and a
cutting tool were designed to use laser for process operation. The tool consists of two radial clamping sections at
the tool ends, an articulation section that allows the tool to travel around a pipe bend of 1500mm, a pneumatic
actuator to assist pipe fit-ups and a central rotating section with a miniaturised laser package for process operations
[9]. Additional external pipe alignment features shown in Figure 11 will also provide the gross alignment of the
pipes to within millimetres to guarantee tight fit-up for welding. In-bore welding trials have been demonstrated on
successfully joining 3mm thick P91 and SS316 pipes within 25 seconds using 2.4kW laser power at 0.5m/min
travel speed [8], [108].
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Figure 11 DEMO welding tool design concept and the pipe aligmment features [8], [9]
Pipe cutting and tooling development

The development of remote handling tools for pipe joints cutting at Joint European Torus (JET) required the tools
to be compatible with the limited access to the JET machine. More importantly, tools were also required to produce
cuts ready for re-welding and effectively remove the swarf during the process. Prior to prototyping various cutting
processes using thermal, erosion and mechanical techniques were reviewed (Table 3). Two mechanical cutting
mechanisms, turning and sawing, were down selected for prototyping cutting tools and then validation tested on
pipe butt joints and sleeve joints [14].

Table 3 Comparison of the potential cutting processes for JET pipes [14]

Processes Technique principle Suitability Reasons
Thermal Laser no e  Oxidation if inert gas is not used
Plasma e lrregular cut needs further preparation
e Impracticability of laser delivery
e Generation of debris from process
Erosion EDM no e Involvement of using liquid
Water Jet cutting e  Production of fine debris particles
e Power transmission limitation
Grinding no e  Cutting wheel fragments
Mechanical e  Metal particle contaminations
e  High power input requirement
Turning yes e  Narrow cut from incremental radial feed
e  Flat surface suits re-welding
Milling (sawing) yes e  Several sawing options to choose from
e Suitable cut quality
Wheel cutters no e  High force required and poor cut finish

The first of these tools is a sleeve cutting tool, shown in Figure 12, which clamps and performs the cutting ex-bore
[14]. The tool employs turning mechanism uses two interchangeable lathe type tool bits that generate the cutting
action on the pipe. The hinged mechanism of the stator allows for the tool to be flexibly clamped and unclamped



on a continuous pipe run. These engage in a location groove on the sleeve and are locked by hydraulic clamps
which provides a rigid frame for two semi-circular rotor elements to rotate. The rotor elements contain a radial
feeding mechanism that is achieved by the leadscrews. Each leadscrew is indexed by a star wheel which is actuated
by a striker pin in the stator once per revolution. Any swarf produced was extracted via a duct in the stator. In
comparison, the sawing mechanism was adopted for both ex-bore and in-bore cutting. The slitting saw tool was to
use a 100mm diameter saw blade to slice the 50 mm pipe, guided by a feed carriage, from ex-bore. A bore cutting
tool used a 40mm diameter by 1.6mm thick saw to cut a 45mm pipe section. Both tools were driven by a 24 V
D.C. motor and equipped with vacuum extraction ducts for the removal of the cutting debris. Selected cutting
techniques have successfully demonstrated the feasibility of remote cutting of JET pipes. Cutting of Inconel Alloy
and stainless-steel pipes was performed without using any cutting fluid; however, the feeds and the speeds must
be low. For ex-bore pipe cutting designs the lathe technique was preferable over the slitting saw as it offers faster
cutting rate and used cost-effective tool bits [14].
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Figure 12 Sleeve cutting tool in clamped and unclamped configurations [14]

Inspired by the JET remote handling operations, a lathe-based cutting tool was developed for ITER NB pipes to
prove the feasibility of using commercially available equipment [96]. A U-shaped rotor was selected considering
the limited deployment volume and a spring fed cutter was used due to its simplicity and reliability (Figure 13).
The rotor consists of a deployment ramp which interfaces with the swing arm pin, that allows for accurate positing
of the tool but holding off the pipe surface and preventing damage to cutting tip during installation. The tool
comprised a dual worm drive that driven through a series of bevel gearboxes, two recovery gears that work with a
worm gear disengagement mechanism to ensure the rotor can be recovered to its home position in the event of
drivetrain failure as well as safely release drivetrain components. The tool is also designed with a bellow restraint
and capitation system that can restrict the motion of the tensioned bellows, so that the realises on break through
towards the end of cutting can be controlled.
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Figure 13 A lathe-based cutting tool and its drive system for ITER pipes [96]



Cutting trials demonstrated feasibility of using the tool for operation. However, the challenges of remote cutting
are unique, requiring optimisation of the tool. Firstly, commercially available equipment is not necessarily suitable
for adaptation for remote deployment, such as recovery and rescue, positioning and swarf management. The lathe-
based spring fed mechanism was not successful, and swarf was trapped under the tip which slowed down the
process. Besides, the bit geometry greatly affects the cutting reliability and swarf formation. Well balancing the
two factors will in return affect the tool life. Dry cutting also must be performed extremely slow to control the heat
in order to avoid tool bits failure.

Swarf management is critical in remote mechanical cutting [97], [98]. Testing of BTS on ITER 160mm straight
divertor pipes, cutting was firstly performed 80% of the required work using a milling tool. Then a swage cutter
was used to carried out the final cut to prevent chips from falling off the pipe and remove the debris from the
cutting tool head [97]. After the reduction of the divertor pipe size, an orbital lathe-based cutting tool was developed
(Figure 14). The tool is able to provide torque, speed and inertia comparable to a remote tool, along with the
capability of measuring surface and feed speed, radial and tangential force, and temperature during the cutting
processes. Tool bit wear was assessed using various tool materials and swarf generated from the cut trials were
also characterised. Tests proved swarf of a manageable size for extraction, with average size of 10mm, could be
achieved reliably and repeatably using a dry, lathe-based parting off process at low speed with a HSS cutting tip
and an incremental feed mechanism. After a single cut, HSS tips showed little to no wear, compared to P30 carbide
tips which was severely worn and damaged. Further work was recommended to determine the tool life with respect
to the number of successful cuts possible using a single cut.
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Figure 14 Cutting rig for ITER Divertor cooling pipe, (a) cutting tool head for 160mm straight pipe BTS and (b) orbital
lathe-based cutting test bed [98]

Japan Domestic Agency (JADA) have developed a compact swage-cutting tool, to perform cutting from inside of
the ITER blanket cooling pipe [101]. The cutting force transmission system and the cutting tool components are
shown in Figure 15. A disc cutter, sat inside a 40.4mm tool head and contacted with pipe inner surface, was
pushed outward while tool head was rotating. This enabled pipe cut and left a cut surface with roughness less than
6.3um which was the target arithmetical mean roughness for subsequent laser welding. And the whole process did
not generate swarf during cutting.
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Figure 15 design of the swage cutter and experiment setups [101]

A similar disc cutting tool (Figure16) was developed for JT-60SA cooling pipes which connecting between the
divestor cassettes and vacuum vessel [109]. The tool outer diameter is 44mm and is able to cut a pipe with an inner
diameter up to 65mm. The length of the cutting tool head is approximately 1m so that the deepest cutting point of
480mm could be reached. The cutting system is also equipped with two cutting heads which means the target inner



plate unit that supported by two cooling pipes in the cassette frame could be cut simultaneously. Prior to cutting
the cooling pipe, a plug (double-layered pipe) that located on the top must be removed. Cutting trials was carried
out using the same cutting tool. Although some swarf was deposited on the bottom of the plug which would not be
used for re-welding, by pulling out the plug all the swarf could be collected successfully.
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Figure 16 Overall view of the cutting tool head with the power transmission system [109]

A face mill tool with swarf collection mechanism was developed for pipe end cutting [101]. The face mill has six
sintered tungsten blades. Each blade shares the function of reducing the cutting load and producing narrow swarf.
The design of the blades allowed swarf flow to be controlled during cutting, where the swarf was collected from
the inside the face mill along the blade surface by vacuuming (Figure 17). With the optimal cutting parameters, the
tool demonstrated high stability in a lifetime test, which the swarf collection and cut quality maintained high after
cutting 200 holes.
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Figure 17 Design of the face mill and swarf collection mechanism [101]

Thermal cutting processes have been investigated using laser as power source because of high cutting rate and non-
contact nature. An in-bore remote laser cutting tool has been developed for DEMO service pipe disconnections
[8], [110]. The prototype is similar to the remote laser cutting head, except for that the processing head has a
focused nozzle to create a parallel cutting gas jet at the laser spot (Figure18). In-bore cutting trials were performed
on 5mm wall thickness SS316 and P91 pipes. The whole process requested laser power of 1.9kW and it took only
34 seconds, at cutting speed of 0.5m/min, to successfully cut through the pipe wall [111]. The cut samples achieved
rough surface finishing and significant dross retained on the kerf. The P91 alloy steel pipe also had severe
discolouration in the cut surface. However, this cut quality could be accepted under operational regimes not
requiring rewelding to be conducted on the same pipe, but with a new pipework [108].

Conventionally, gas-assisted laser cutting performs with single stoke by focusing the beam on the surface of the
workpiece and the molten metal is removed out of the kerf with a jet of gas close to the cut. Drawback of single
pass cutting is the dispersion of the dross outside the nozzle which affects the cleanness of the component [112].
Laser ablation cutting was investigated for the hydraulic connections in the ITER diagnostic port plug [113]. In the
cutting trials, a short-pulsed fibre laser was used to remove the joint between two concentrically overlapped pipes.
Material in the ablation process is directly vapourised by the high peak-powered laser beam, instead of melting the
metal, and blown off by the gas jet, leaving a dross free surface finish (Figure19). Since a limit amount of the



material can be removed by ablation, a multi-pass process was employed to cut through a 2.1mm-deep weld in a
$48.6mm inserted pipe and the process took approximately three hours. The cutting trials achieved surface
roughness less than 200 um. Higher cutting rates may be achieved by using higher laser power density per pulse,
under which, however, excessive heat introduction leads to metal melting. And ejecting the metal off by gas jet
leaves the kerf with burr or dross on the cutting surface which affects subsequent rewelding activity.

(b)

Figure 18 Remote in-bore laser cutting tool: (a) Miniaturized laser cutting head and cutting test rig [8], [110], and cut
quality of the 5mm SS316 and P91 pipes [111]

Pipe cutting sample

Figure 19 Ablation cutting results in the two concentrically overlapped pipes using short pulse laser at 20kW peak power,
25ns pulse duration and 60kHz frequency [113]

Other pipe tooling and joining methods

Removable Bellow Assembly (RBA) allows for the flexibility to join the rigid cooling water system pipe to the
rigid component [94], [96]. The design was introduced to ITER neutral beam remote maintenance, with which the
cut end would be made prior to installation of the RBA to determine the misalignment between the pipe studs.
Then a replacement bellows is prepared to ensure an optimal fit. A datum flange located on either side of each cut
location also allows for accurate position of the tools and manipulation of the bellows (Figure 20). A pipe alignment



tool is then to bring and hold the joints into alignment to satisfy the fit-up tolerance for subsequent welding, and
also support and position the weld tool as well as tension the bellows. The prototype alignment tool, with the
function of providing polar alignment, angular alignment, axial alignment and join close-up, was designed and
tested on ND200 pipe. Since the bellows were designed very stiff to resist internal water pressure, the tool was
required to have very tight tolerance and provide high forces for the alignment. As a consequence, the resulting
tool had a weight of over 100kg in order to provide sufficient stiffness, which increased the complexity during the
deployment demonstration [96].
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Figure 20 The concept of using a removable bellow compression assembly with the pipe alignment tool for ITER water pipe
maintenance activities [94], [96]

Unlike ITER NB and divertor maintenance, blanket module cooling pipes can only be accessed from in-bore and
the concept of using bellows is not applicable due to limited space. The requirement of allowable gap and step for
joining of blanket module pipes are less than 0.2 and 0.3mm, respectively. It was essential to correct the
misalignment to guarantee the welding activities. A prototype of the pipe alignment tool (Figure 21) was designed
and fabricated based on FEA analysis followed by mock-ups testing. The tool has an outer diameter of 39mm at
the head with pads closed and it can be expanded so that it pushed against the pipe inner wall. The weld grooves
are then aligned by expanding pads that are driven by a rotating hexagonal bit via a wedge mechanism. This allows
for a correction of maximum 1.5mm axial displacement and 0.5° angular displacement [114].
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Figure 21 Alignment tool for ITER first wall cooling pipes [114]

In the scenario where permanent joints are not required, welding and cutting may be avoided and replaced by
mechanical joining solutions such as bolted or mechanically clamped flange type joints. This allows for easier
disassembly and higher reusability of the pipe components. In the ITER vacuum vessel pressure suppression
systems, pipes are to be maintained using a remote flange bolting tool (FBT) to bolt and unbolt the flanges (Figure
22). The strategy is to engage the tool on the pipe with a permanently positioned rail system which provide a datum



position and guidance for the tooling to rotate in relation to. The lower arms actuate, closing the arms around the
pipe and the nut runners to engage with the bolts and provide the bolting/unbolting torque. The prototype was
developed and tested on a mock-up rig to represent the functionality of the device [115]. The mock-up environment
has 18 pop-up bolts in a flange for the DN300 pipeline. Testing was only performed in a semi-automated fashion,
which supervision and in-situ adjustment of the tool was made by the remote handling operators. It was also
identified that cable management of the tooling during rotation was very challenging.

FBT Guidance
Rails

Lower Arms

Mechanical Pipe Connections (MPC) are also being developed to connect and disconnect multiple cooling and
purge pipes during blanket maintenance, as an alternative to the cut-and-weld concept, for DEMO [116].
Simultaneously connecting several pipes offers minimised downtime, however, the process needs to fulfil multiple
requirements. For instance, large tooling is needed to be able to provide extremely high sealing loads at the same
time maintaining an acceptable level of sealing between the high-pressure fluid and vacuum surroundings. Besides,
no seals have been qualified for a high pressure, high temperature, and extremely low leakage rate required
environment. Moreover, connecting pipes in multiple sizes and fluids will introduce additional forces and stress
due to the interaction between pipe flow through the manifold flange[107], [116]. Hub and clap connection (Figure
23), one of the two MPC concepts, was further studied as it showed robust nature of design from finite element
analysis. Modification of the design was made to improve stress and sealing force distribution, which included
increasing the flange diameter, thickness, clamp sizes, and distance between each pipe, etc. The amount of cooling
pipes per flange also has been reduced from two pairs to one pair according to the HCPB blanket design change.
As in the design stage major simplifications have been made for numerical modelling, a test bench is being
constructed for further validation.
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Figure 23 Hub and Clamp Connection concept for DEMO blanket cooling pipe mechanical connection [116]



A remote handling compatible pipe jointing system based on reversable brazing technique was studied, aiming to
provide improved jointing with the ease of disassembly and re-use [13], [117]. The addition a layer of Nickel which
prevented undesired fusing of joint cause by dissolution between parent materials and braze, this also allowed for
remelting and ultimately disassembly (Figure 24). The joint was designed in a butt configuration interface with
bolted flanges and structural reinforcement. The flange also incorporated a built-in inert atmosphere chamber and
integral induction coil. The joint is created by melting pre-placed foils through electromagnetic induction heating
under Argon mixed with 10% Hydrogen. Alignment and internal shielding were provided by a separate pipe bore
tool. Disassembly could simply unbolt flange and remelt the braze under the same heating and shielding system.
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Figure 24 Concept of remote handling compatible pipe reversable brazing technique [13]

Inspired by above concept, a self-brazing/de-brazing connector was designed to be used with helium, lead-lithium
and water pipes in DEMO [118], [119]. The internal body of the component is made of Ni-200 and the concentric
external body is made of SS316. They are permanently joined by brazing in an external furnace with vacuum
conditions. When bringing in situ, the Ni-200 bodies are brazed and de-brazed cyclically under helium and
hydrogen atmosphere using induction heating. The design of the external mechanical connections, for
strengthening the stiffness of the brazed connector assembly, came with two concepts (Figure 25). One was to use
Hanford Purex clamp with separated remote handling equipment, which the tightening mechanism was simplified
by using a central ring with gear profile, three jaws placed at 120e, and a spring that provides the force to ensure
the strength of the assembly. The spring could also guarantee the hooks synchronized and closed at rest position.
Considering spring might be degraded under high temperature and neutron irradiation, an alternative spring-free
concept was proposed, where the relative movement between the mechanical part of the connector and the pipe
was achieved through a geared component in the pipe and gears in the head of the hooks that transfer the movement
Although such complex design could avoid the risk of mechanical degradation, jamming issue might be increased
from the large number of geared components.
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Figure 25 Brazed pipe connector and design of the clamping systems [119]



6.2

Candidate NDE technologies
Welding leak testing

Leak testing is a non-destructive test method. It is an essential procedure to be conducted for inspecting the
tightness of the pipe welds. The principle of leak testing is to examine the pressure difference between the inner
and outer side of the object using liquid or gas as search medium. Helium is an ideal search gas to detect defect
cracks in the weld as it is a safe inert gas. Helium atoms and small and low viscosity so that they can travel quickly
in the materials. Helium mass spectrometer is often used to detect the leaks. Diluted hydrogen, a mixture of 5%
hydrogen in nitrogen, can also be used as search gas. Such mixture is neither inflammable nor explosive. Mass
spectrometer leak detectors can be calibrated for hydrogen, but a simpler solution is to use the semiconductor
sensor that no vacuum is required for hydrogen detection.

There are mainly two methods used for leak localisation and detection: vacuum method and sniffer method. In the
vacuum method, the object is evacuated and sprayed from the outside with small amount search gas around the
weld [120]. The gas enters through any leak present in the object is detected by a sensor connected to the leak test
instrument. In the sniffer method, by contrast, the object is filled with search gas and under slight overpressure.
The search gas escapes though the leaks present to the outside and is then detected by a sniffer probe that connected
to the mass spectrometer leak detector. Both methods were tested on ITER cooling branch pipe welds [121]. In
both methods, the ionization gauge and sniffer tube were moved inside the pipe along the cooling manifold to
access to the branch pipe connection to detect a standard leak. The preliminary experiment showed better
detectability when the probe head was inserted into the branch pipe compared to the sniffer method.

Remote visual inspection

Visual inspection is a procedure to examine the surface flaws or defects of the weld after welding process using
naked eyes, with or without optical aids. Optical aids such as low-power magnifier, microscopes, telescopes and
specialised devices such as borescope, endoscopes and other fibre-optic devices are often employed to enhance
operators’ capability. These devices can also be integrated with cameras, computer systems, digital image
analysers, robotic crawlers or other specialised tools to form advanced Remote Visual Inspection (RVI) system.
RVI can reduce the risks associated with confine space entry and to be deployed to the locations not accessible in-
situ to the naked eyes.

Optical profilometer employs a laser emitter and a conical mirror to generate a conical light that projected onto the
pipe inner surface. Camera-based inspections allow for visual images of the pipeline to be stored for further
analysis. This method is often used for examining weld dimensions as well as mismatch between the two parts. In
theory if everything is well aligned after the tool deployment and the pipe section is circular, the resulting image
viewed by the camera would be a circle. Endeavours have been made to reduce the errors related to localisation
inside the pipe from autonomous motion, for the generation of a 3D reconstruction of the pipe interior [122]-[125].
Vision sensors such as fisheye cameras and omni-directional cameras that with a wide field of views showed great
potential in mobile robot navigation (Figure 26) and environmental measurement and recognition [125]-[128]. In
addition, utilising a combination of visual odometry, encoders and inertial measurement unit obtains higher
accuracy of locational information compared to measuring the insertion distance with encoders as the errors build
up from slippage.
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Figure 26 Prototype examples of laser profiler RVI tool used for inspecting (a)2-6 inch pipes [125] and (b) 3.5-5.2 inch pipes

[123]

In the real world, the relationship between the radius in pixel of the laser line images and the actual radius of the
pipe in real work coordinates is nonlinear due to wide lens distortion plus the refraction of the supporting glass or
plastic window built in the tool. Besides, the misalignment and imperfection of the components results in an uneven
behaviour of different angles [123]. Therefore, optical calibration of laser alignment as well as correction of angular
misalignment during assembly is crucial for the subsequent defect sizing [125]. In the case of limitation of



mechanical centralisation, post-inspection centralisation method which comprising active pose estimation and an
unwrapping algorithm was also introduced undistorted view of the pipe interior [129].

Fiberscopes, or fibre optical scopes, use coherent fibre-optic bundles to transfer images from the object site that
difficult-to-reach to the display panel. Fibre-optical cables are made of optically pure glass and are as thin as
human’s hair. They are fragile but flexible. Fiberscope tubes can be threaded and snaked into tight and small spaces
making it well suited for RV1 of narrow assays in industrial equipment and system. In a fiberscope, there are often
two types of fibre-optic bundles. The illumination bundle is designed to carry light to the area in front of the lens
which located at one end of the device to capture image. The imaging bundle is designed to transfer the image to
the eyepiece for live viewing of the object.

An advanced prototype probing system was developed by JAEA for nuclear powerplant maintenance [130]-[134].
The system was designed to inspect the inner wall of a 1-inch diameter tube of the heat exchanger units as well as
perform microcrack repair. The tool comprised a multi-coil ETC section for crack inspection, a laser processing
head to perform repair and a composite-type optical fiberscope (Figure 27). The total length of the composite-type
optical fibre was 10m. the fibre was made of synthetic quartz with three cylindrical structures: a centre optical fibre
with 0.2 diameter transmits high energy laser beam, surrounded by 20,000 image fibres to deliver high resolution
image to the CCD camera, and light guide fibres to supply illumination which located on the outer side of the
image fibres. This fiberscope was further developed with an advanced optical fibre coupling device which allowed
for transmission of pulsed laser for material cleaning process, albeit the fiberscope was originally developed for
inspecting and repairing the robot system for tritium breeding blanket in ITER project [135]. In nuclear
environments, radiation at the major inspection areas can impact the illumination system and imaging device.
Radiation resistance of fused silica core optical fibres has been studied and especially fluorine doped and heat-
treated optical fibres showed substantial potential in radiation environments in fission reactor [136], [137].Visible
observation could be realized up to a fast neutron fluence of 1x10% n/m?, indicating that it had potential to be used
as in-vessel plasma diagnostics and remote sensing in nuclear fusion devices.
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Figure 27 Composite-type fiberscope probing system [130], [133]

Images taken using a fiberscope are indirect, in that they are projection of light transferred by the fibre optical
cable. Captured image quality may not be as good as by borescopes with high-definition camera captured in detail.
Besides, fiberscope devices are prone to broken pixels and black dots due to damages fibre optical cables which
the issues are not present in borescope devices. Borescope can be flexible or rigid. A video borescope or inspection
camera is similar to fiberscope but uses a miniature video camera at the end of the flex tube. Usually, a light at the
end of the insertion tube makes it possible to capture video or still images deep within equipment, engines and
other dark spaces. Instead of using fibre waveguide as that in fiberscope, video borescope uses inexpensive
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electrical cable, which is much less costly and better resolution. Rigid borescope, in contrast, though have the
limitation that access to what is to be viewed must be in a straight line, it generally provides superior image with
even less cost.

Ultrasonic testing

In the field of non-destructive testing, ultrasonic probes or ultrasonic transducers are most used to excite and detect
ultrasonic waves, for volumetric flaw examination and material characterisation. When short electric pulses are
applied to a piezoelectric crystal, it vibrates at very high frequency, thus ultrasonic waves are generated as a
response to the applied alternating current and transmitted into the test material mostly via a suitable couplant.
There are two fundamental methods receiving ultrasound waveform, reflection and attenuation. In reflection (or
pulse-echo) mode, a single transducer acts as both the signal generator and receiver. In attenuation (or through-
transmission) mode, a transmitter sends ultrasound through one surface, and a separate receiver detects the amount
that has reached it on another surface after traveling through the medium.

Angled beam transducers are typically single element transducers used with a wedge to introduce a refracted shear
wave and longitudinal wave, in a pulse-echo scenario, into the test sample. It is the plastic wedge that serves to
transmit longitudinal waves to the test part surface where mode conversion occurs. Angled beam testing is most
commonly used in weld defects inspection using refracted shear wave where discontinuities are typically not
oriented parallel to the surface of the part, which in comparison straight beam techniques are highly effective to
reflect enough sound back to the transducer at finding laminar flaws. Materials having a large grain structure, such
as stainless steel may require refracted longitudinal waves for successful inspection.

Phased array ultrasonic testing (PAUT) is more advanced form of conventional pulse-echo ultrasonic testing. It
improves on simple, or monolithic ultrasonic scanning with the use of a series of piezoelectric elements, from 16
to as many as 256, within a single probe which allows for beam angling (linear scan), sweeping (steering), and
focusing through constructive and destructive wave interference, without physically scanning the beam through
the area of interest [138]. The piezoelectric elements are arranged in patterns, such as linear array, ring, and circular
matrix, and can be pulsed individually at a computer-calculated delay so that to achieve particular wavefront or
beam focusing on a specific depth and angle (dynamic depth focusing). Full Matrix Capture (FMC) enables the
collection of all the possible transmit/receive combinations. This has greatly improved efficiency to characterise
defects and reduce the number of false alarms. Combining FMC data with advanced imaging algorithms like Total
Focusing Method (TFM) allows for areas to be inspected with ideal wave focus at all points on the image.

A high-temperature, autonomous deployable, liquid filled, PAUT roller probe (Figure 28) was developed to
perform in-process inspection of multiphases welds [139]. This 5MHz, 64 element linear phased array roller probe
was configured to perform sectorial scans introducing transverse waves into the material. The soft conformable
silicone rubber tyre in thickness of 6mm, made of HT-Silicone S20A was able to withstand surface temperature
up to 350°C, which allowed for inspection performed alongside the weld with angled beam using 55° transverse
wave immediately after process. The probe successfully detected artificial defects embedded into a real weld at
approximate 230°C. Tailored designed was also made to inspect Wire Arc Additive Manufacturing (WAAM)
components in-process, which the roller probe is configured to perform both linear and sectorial scans creating
longitudinal waves into the material [140]. The performance of the roller probe was tested on Ti-6Al-4V WAAM
sample with artificial defects, 1mm diameter flat bottom holes, at various depths. The poorest signal associated
with the shallowest defects which was 6mm from the surface was only 6 dB lower than the calibration signal.

An in-bore PAUT tool has been developed for JT-60SA to inspect pipe welds in the inboard target in the first
actively cooled divertor cassette without fully filling the pipe with water, [141]. The UT probe is commercially
available and particularly used for thin-wall inspection. The probe and the wedge were bolted on the L-shape holder
and then mounted on the welding tool with elevation, rotation and tilt mechanisms (Figure 29). Localized couplant
supply pipes were integrated to the tool, supplying the couplant from just above the wedge on the probe, to avoid
conventional submerged method where the pipe would be required completely filled with water. The tool was
tested on a known internal defect in the weld, which the peak intensity of 80% indicated the axial length of the
defect. The circumferential length of the detect in 2.5mm was measure by moving the probe at Imm/s travel speed.
It was suggested the tool was efficient in the revealing and in the measurement of internal defects of 0.5mm or
larger, nevertheless, the tool detected an unknown circumferential defect shorter than 0.5mm in a lap welded pipe
joint.

Although PAUT is fast and effective, cracks and defects may be still difficult to fully image due to their orientation
compared to the path of the ultrasonic pulse. One possible solution is to scan the surface from multiple points such



as from above and from below the weld which, however, may have limited access to the other side of the weld in
practice. Time-of-Flight Diffraction (ToFD) technique uses two transducers - transmitter and receiver positioned
in a pitch-catch arrangement on the opposite side of a weld where the transducer produces pulsed ultrasonic waves
that diffracted to various degrees by irregularities in the scanned material, then collected by the receiver.

CAD illustration
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Figure 28 computer-aided design and physical assembly of the PAUT roller probe: (1)A 5MHz-64 element PAUT transducer,
(2) absorber (3) holding structure, (4) high temperature tire, (5) being and shaft seal and (6) cable gland [139]
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Figure 29 UT probe assembly with the local couplant supply [141]

Most of the ToFD inspection is conducted using high energy longitudinal waves which also travel two times faster
than shear wave. Signals received during ToFD inspection include lateral wave, back wall echo, mode converted
shear wave and defect signals as the result of longitudinal wave propagation. In a flawless sample, the signals
picked up by the receiver are the lateral wave that travels along the surface and back wall echo that corresponds to
the time of flight equal to material thickness. The location and the size of a discontinuity can be determined from
the time of the flight of the diffracted waves and the depth of the discontinuity can be calculated by trigonometry
[142].

Longitudinal wave ToFD has the limitations for near surface defects detection due to signal superposition, and thin
sections where spacing between back wall longitudinal reflected signal and lateral signal is small. Therefore,
diffracted shear wave ToFD has the advantages of having slower velocity that allowing discontinuities signals to
be repeated at longer times allowing near-surface responses to be recognized easily [143]. However, ToFD has
certain imaging weaknesses just as that with PAUT. If a single scan is made, technicians may encounter a lateral
flaw wave dead zone, off-axis errors, timing errors and resolution errors. It is recommended to combine both
techniques in order to achieve rapid, accurate scans of welds, pipes and other critical metallic components where



the use of couplant is allowed.

Electromagnetic acoustic transducer (EMAT) is a transducer for non-contact acoustic wave generation and
reception in conducting materials. The electromagnetic acoustic excitation of ultrasound is based on two
mechanisms: the Lorentz forces and the magnetostriction in ferromagnetic materials. The main components of a
EMAT transducer consist of an electric coil and a magnet which is to produce a bias magnetic field. When the coil
is placed near the surface of an electrically inducting object and is driven by a an alternative current (AC) at the
desired ultrasonic frequency, eddy currents is generated in a near surface region of the object. With the presence
of a bias magnetic field, the eddy currents will experience Lorentz force which triggers the motion of charged
particles in the object. These charged particles, which are in motion, collide with the crystal lattice and result in
ultrasound propagation [144]. For ferromagnetic material the AC current in the coil induced an AC magnetic field
and thus produces magnetostriction, which the material is under dimensional change when this magnetic field is
applied, at ultrasonic frequency. The disturbances caused by magnetostriction then propagate in the material as an
ultrasound wave.

Compared to piezoelectric based transducers, EMATS owe the advantages of being couplant free, suitable for high
temperature and moving components. They have shown to function up to 450°C for nuclear industry and used at
speeds of 15km/h? in railway industry [145]. Deployment of the sensors is easier as the angle of the sensors does
not affect the direction of propagation. The coil and magnet configuration can be designed to excite a variety of
wave types such as longitudinal and shear bulk waves that excited normal to a sample surface, angled shear waves
and guided mode, including a shear wave with polarization parallel to the boundary without mode conversion and
amplitude change [145]-[149]. This makes EMATSs well suited for surface-breaking defect inspection for pipelines
even through coatings. Applying horizontal shear wave that fills up the full volume of the material also allows for
inspecting the full cross section of the weld [149]. In addition, EMATS do not require surface preparation [150]
and are suitable for examining austenitic welds and/or materials with dendritic grain structures. [149]

EMAT was investigated for nuclear components inspection owing to its advantage of being radiation hardened
[121], [151], [152]. ITER project have tested EMAT under irradiation does rate about 10kGy/h and no significant
degradation was observed up to 10MGy. Therefore, an inspection bored tool accommodating with an EMAT was
designed and fabricated for ITER branch pipe welds. Test proved the tool was able to travel at 1m/min in bore and
detect the surface defect with 20% depth of the branch pipe thickness. EMAT also has been developed in a 12-
element phased array format just as PAUT but adapted to hot and opaque environment for in-service inspection of
Sodium Fast Reactors [153]. The sensors were able to steer and focus the ultrasonic beam to the desired focal sport
using electronic delay laws. Lab based test showed sufficient sensitivity to image side drilled holes 6mm in
diameter located at 180mm depth in an 250m-mm-thickn aluminium blocks.

EMATSs have low transduction efficiency because of electromagnetic transduction process where the input energy
is lost in the form of heat. As a result, the signal-to-noise ratio (SNR) is low. Therefore, high power input and
specific electronics are required to improve the SNR. For example, a compact ‘coil only EMATSs’ with effective
areas of 1-5cm? were driven to excessive power level at MHz frequencies, using pulsed power technologies. Even
at considerable lift-off distance the ultrasound can be readily detected in aluminium, ferromagnetic steel and
stainless steel [154].

Laser ultrasonic testing (LUT) is using material itself to transduce optical energy first to thermal and then ultimately
to elastic energy which propagate as ultrasound in the material. The generation of elastic ultrasonic waves within
a structure is achieved by high-energy laser pulse with pulse duration up to 100 nanoseconds. The laser light is
partially absorbed by the material within a small volume near the surface. Depending on the power density of the
laser pulse, two possible mechanisms, thermoelasticity and material ablation, may contribute to the transduction
of the ultrasonic energy.

In thermoelastic regime, low power-density pulse, typically <10”W cm™2, results in a rapid local transient heating
giving rise to sharp thermal gradient within the material [155]. The heated region then expands producing a thermal
elastic strain and a corresponding stress that is the source of waves that propagating in the material and at its surface
[156]. Thermoelastic transduction mechanism is entirely non-destructive. The penetration depth of the laser light
and the amount of energy absorbed depend on the absorption characteristics of the material at the wavelength of
the laser. Pulse duration is also important in order to operate in a nondamaging regime. In metals where absorption
of visible or near infrared light takes place at or very near the surface of the material, the laser source gives rise in
the far-field to directivity patterns for both the longitudinal and the shear bulk wave trace out a hollow cone
radiating from the source point [156], [157]. In ablation regime, higher laser power density leads to the melting



and vaporization of a small amount of surface material. Material is ejected from the surface and results in recoil
effect produces principal stresses normal to the surface and strong longitudinal waves travelling perpendicular to
the surface. In this regime, a crater mark is left on the surface which although is not entirely non-destructive, the
usual surface damage of a few microns is often accepted or insignificant for course materials.

When a point of laser light focused on the surface the direction of sound propagation from that surface is
independent of the angle of incident for the laser beam. This allows for the flexibility of testing on material with
irregular surface geometry, small footprint on the material surface, and significantly relaxes the constraints on a
robotic scanning system which might be used to perform conventional UT. The transduction of the ultrasound does
not require mechanical coupling between the transducer and external material. The optical access which the
material absorbs light from the laser source is fully non-contact and remote. Therefore, laser ultrasonic inspection
can be performed for harsh environment at elevated temperature or hazardous conditions.

For detection of the ultrasound, material surface is illuminated by a second laser beam, continuous or of pulse
duration sufficiently long to capture all the ultrasonic signal of interest. The detection laser beam is scattered from
the specimen’s surface and directly detects the small fluctuation in surface produced by the ultrasonic
displacements, which the light is collected by an optical receiver such as interferometer, or a non-interferometric
device applying the schemes based on detection of the change of reflectivity produced by the ultrasound strain or
the knife-edge technique [158], [159]. Laboratory design of the optical interferometric detectors are based on
various sensing mechanisms [160]. The most basic principle is homodyne detection which uses two interfering
beams that act as the reference beam and the sample beam, respectively. When ultrasound wave introduces
displacement to the sample surface, modifies parameters of the sample beam, the evolution of the intensity of the
interference allows for calculation of the temporal dependence of vibrational surface displacement [159]. Laser
Doppler Vibrometers (LDV) are heterodyne interferometers, which measure the surface vibration using the
principle of light beam modulation due to the Doppler effect. The displacement signal is reconstructed from optical
phase modulation, and the surface velocity is obtained from the optical frequency shift.

To interpret the results, signals are processed to obtain high quality images using Synthetic Aperture Focusing
Technique (SAFT) [161], [162] or Full Matrix Capture combined (FMC) with the Total Focusing Method (TFM)
algorithm [163], [164] which have been initially developed for conventional PAUT. Two imaging algorithms were
compared using same data collected from Laser Induced Phase Array (LIPA) technique and both showed good
detectability outside the array aperture however the TFM had lower quality image which indicated lower defect
sizing and characterization capability [164], [165]. LIPAs also have the advantages of using one-dimensional (1D)
data to produce two-dimensional (2D) cross sectional image and 2D data to generate three-dimensional (3D)
volumetric images [166].

Implementing laser-ultrasonics in industry is complex compared to conventional piezoelectric-based ultrasonics.
So far, the applications have been explored, either lab-based or field-applicable, based on the distinguishing
features of laser-ultrasonics such as non-contact, complex shapes, vert broadband, efficiency for surface wave
generation and detection [156]. Laser ultrasonic technique has been successfully applied to image artificial defects
in additive manufactured components [167], even for highly scattering titanium alloy [168], to detect multiple
delamination defects in carbon fibre reinforced plastic (CFRP) composites [169], to monitor the process and
indicate the position of solidification crack and the lack of penetration in the joint during welding process (Figure
30) without considering the temperature influence [170].



6.4

Specimen <
(Miled steel)

bY

Detection

B porobe
1 I
1 ! = Pulsed laser :
| II Galvano mirror S@nning system ]I

|
|
|
I
|
-1 Visualization

[ Signal processing equipment }—‘ system

Galvano mirron

scanning'system

Figure 30 Schematic and experimental setup using laser ultrasonic technique for corner joints [170]

Electromagnetic testing

Eddy current testing (ECT) is an electromagnetic testing method used to inspect electrically conductive material.
When an alternating current is passed through the coil, an alternating primary magnetic field is developed. This
field expands and contracts as the alternating current rises and falls. When the coil is brought close to another
electrically conductive material, the fluctuating magnetic field surrounding the coil permeates the material and
induces an eddy current to flow in the material. These eddy currents induce a secondary magnetic field, which is
opposed to the primary field, thus weakening it. As the strength and form of the secondary field is highly dependent
on the magnetic properties and shape of the tested part, the resulting magnetic field can give insights about the
geometrical and material imperfections and the discontinuities in the tested part.

ECs are affected by magnetic permeability of the materials. The greater the permeability the smaller the depth of
penetration. For non-ferromagnetic materials, such as SS, Al and Cu with low permeability, ECT is used for surface
and subsurface inspection. For ferro magnetic materials, such as ferritic steels, ETC can detect surface defects. The
depth of penetration is varied by changing the frequency of the alternation current — the lower the frequency, the
greater depth of penetration. However, the intensity of eddy current decrease exponentially with depth. Then the
defect detection sensitivity is reduced, albeit the frequency is decreased to give greater penetration. As flow of EC
is always parallel to the surface, thus EC will not detect a planar defect does not cross or interfere with the current.
For all the reasons above, ETC is often used to inspect a relatively small area for surface and near surface defects
such as corrosion damage and other damage that causes a thinning in tubing walls.

Advanced eddy current inspection techniques include Pulsed Eddy Current (PEC) and Eddy Current Array (ECA).
PEC uses a stepped or pulsed input signal that consist of a spectrum of frequencies, which means each pulse signal
contains information from a range of depths within a given test specimen. ECA shares the same basic principle as
that of conventional ECT but reduces the additional movement such as surface probes or coaxial probes [171]. The
difference is it uses multiple coils, e.g., pan cake coils, to cover large area thus scaling up the coverage of the
probes while get effective reading of small defects in a single pass. Though rotating pancake probes have high
inspection sensitivity, by scanning the inner surface of the tube following a spiral path in order to obtain both axial
and circumferential information of the defect at the same time, the method has significant disadvantages of very
slow testing speed and short probe service life [172]. Bobbin probe, in comparison, has the advantage of high
testing speed but has limited detectability to outer defects especially circumferential cracks. To overcome the
shortcomings, X Probe (Figure 31), for example, was developed for small-diameter tube inspection using ECA and
bobbin coil in one tool for both axial and circumferential flaw detection without mechanical rotation or motors
[173].
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Figure 31: X-Probe: bobbin coil and high density, high speed ECA [173]

A novel array of ECT probes was proposed for small-diameter steam generator tubes for future Tokamak service
[174]. The excitation of unit of the probe contains several large spiral shaped coils and the pick-up unit consists of
four small pancake coils with rectangular arrangement (Figure 32). The detection signal is taken as the specific
difference of the outputs of the four pickup coils. The unique coil arrangement and signal mode significantly
reduces the wobbling noise due to both the probe lift-off change and inclination. Both numerical simulation and
simplified experiments suggested the proposed configuration of the array ECT has outstanding performance for
the inspection of both axial and circumferential crack in both inside and outside surface of the stainless-steel tubes.
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Figure 32 overall structure and arrangement of the array probe [174]

Multi-elements EC flexible probe was developed for inspecting of complex shaped surface [175], [176]. The probe
is made of a thin Kapton film with etched micro-coils on it. The Kapton film is then adapted on a silicone roll in
order to comply the specimen geometry, which could change according to the chose application (Figure 33). This
technology has been evaluated on 316L stainless steel pipe section, with inner diameter of 160mm, to replicate the
reactor residual heat removal pipes which have been subjected to heating cycles to create cracking and crazing
induced thermal fatigue [175]. The examination picked up all major cracks on the inner surface of the component,
even cracks as narrow as 20pum showed excellent signal to noise ratio. It is known EC performances are limited by
the fact that the coil sensitivity decreases with frequency and size, an EC probe based Giant Magneto Resistance
(GMR) sensor at low frequency was developed and successfully detected deeply embedded flaw located under a
ligament of 7mm from the pipe outer surface without disturbance from the inner surface cracking [177].

Figure 33 Flexible EC probe prototypes for complex shape inspection [175], [176]

EC probes with linear arrays of planar trapezoidal coils produced using Print Circuit Board (PCB) in a flexible



substrate, used alone or together with different winded drive coils, were developed for the inspection of the inner
surface of the round-in-square profile jacket, made of JK2LB stainless steel, for ITER central solenoid conductor
[178]. Five probes were proposed with different configuration in order to enhance the output signals and decrease
the detectability threshold, for any orientation on the inner surface of the tubular components and provide
information on the defect’s axial and tangential position. Schematic representation of Probe with absolute planar
trapezoidal spiral coils on a flexible substrate around a 3D printed cylindrical chassis as shown in Figure 34.
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Figure 34 Schematic representation of the probe with absolute planar trapezoidal spiral coils. Legend: 1) Cylindrical
chassis; 2) Trapezoidal spiral coils. [178]

a - angle between 2 consecutive coils, approx.45°
X\ /1] A D [m] - pipe perimeter
N\ \ A8 [m] - length of each trapezoidal coil
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Compared to the conventional EC probes that composed of planar circular spiral coils, a trapezoidal spiral coil
configuration can avoid the blind zone and cover the whole pipe perimeter. In addition, the spatial resolution of
the probe is superior with same number of coils in the array when circular or rectangular spiral coils are used.
Additional probes were also designed to operate on a reflection mode, where the array of trapezoidal coils was the
pickup coil, and the excitation windings were designed in circumferential, axial, helical, and twisted configuration,
respectively [178]. Tests were performed both numerically and experimentally. Reflection type probes presented
enhanced signals compared to the absolute type. Artificial defects were produced on a round-in-square jacket with
a pipe inner diameter of 35.5mm. Probe with twisted excitation windings and trapezoidal sensing coils (Figure 35),
evidenced a superior reliability to be able to detect all defects, with a depth of 0.5 mm, in any scanning position.
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Al — width of the trapezoidal coils, A6 [m] — length of each trapezoidal coil,
Al ext — width of the excitation coils, ABext [m] — length of the excitation coil.

Figure 35 Schematic representation and functional prototype of the probe with twisted excitation windings and trapezoidal
sensing coils. Legend: 1) Cylindrical chassis; 2) Trapezoidal spiral coils; 3) Twisted winding [178]

Applicability of ECT for ITER blanket module hydraulic pipes material was investigated numerically and
experimentally [179]. Laser welded 3mm-thick SS316 plates were artificially introduced with surface holes and
slits to represent weld detects. A ‘plus point’ probe from Zetec. Inc. was used to sweep along the weld line on the
same and opposite sides of the defects, applying frequencies at 50and 70 kHz. In addition, Frequencies below 30
kHz were investigated by numerical analysis. Results suggested ETC has great potential for surface defects
inspection for ITER pipe welds, which the slit-like detects on the opposite side of the test part can even be detected
using optimised measurement conditions. However, it was more challenging to detect the hole-like defects from
the back wall.

Though the term ‘electromagnetic testing’ is often to imply just ECT, with an expanding number of electromagnetic
and magnetic testing methods and this term now is more frequently used to define the whole class of
electromagnetic testing techniques. Magnetic flux leakage (MFL) is a magnetic testing technique which is often
involved in detecting corrosion and pitting in steel structures such as oil and gas pipelines and storage tanks. It is
also widely used to detect cracks in both the axial and circumferential directions in the pipes with a PIG (Pipeline
inspection gauge) tool [180], [181]. An example of a circumferential MFL PIG system is shown in Figure 36. The
tool consists of a magnetizer (back yoke) with circumferentially distributed hall sensors and permanent magnets.
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Brushes are typically act as a transmitter of magnetic flux from the tool into the material [182].
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Figure 36 Design of circumferential MFL PIG system [182]

When a steel pipe wall is magnetised, a magnetic circuit is created. Most of the magnetic flux is constrained in the
materials when no defects are presented until the high field MFL tools saturate the pipe wall then it no longer holds
any more flux at the defects site. Magnetic permeability at the defect site is much smaller and magnetic resistance
will increase so the magnetic field in the region is distorted and even leaking out of the pipe wall [180], [183]. The
magnetic sensors, such as induction coils, Hall components, magnetic flux gates, magnetic sensitive diodes and
transistors, and magnetic resistances, giant magnetoresistance (GMR) based sensors, etc. then transform the
magnetic signals into electrical signa [180], [184].

Magnetic particle inspection (MPI) is often used to defect near and sub surface defects in ferrimagnetic materials
and is primarily used for crack defection. Similar to the MFL, components to be inspected are magnetized and a
magnetic field is generated with field flux sustain within the workpiece and parallel to the surface. To identify a
leak, fine ferromagnetic particles, either dry or in a wet suspension, are applied to the surface which will be attracted
to the flux leakage and form what is known as an indication. MPI is a quick, portable, and fairly inexpensive
technique. It allows the results visible and indicates the defects immediately on the surface of the material. It also
can inspect parts with irregular shapes. However, this technique is only effective on ferromagnetic materials and
in most conditions the maximum depth sensitivity is approximate 0.1 inch. It is also not viable for remote
application in nuclear environment as demagnetization is required after inspection and potentially post cleaning to
be perform if the paint is thicker than 0.005 inch.

Alternating current field measurement (ACFM) is a non-contact electromagnetic inspection technique which
introduces a uniform alternating current into the surface of a component and measures the associated
electromagnetic fields close to the surface to defect and size the cracks [185]-[187]. The magnitude of any
disturbance in the magnetic field can then be relayed back to the size of defect causing them using mathematical
models. ACFM is a technique that performs immediate defect sizing and recording and often used for in-service
inspection as an alternative to MPI and penetrant testing (PT). It works on all metals, ferrous or non-ferrous at
elevated temperature in excess of 500°C. This technique has been widely used for weld and thread inspection and
for subsea inspection of offshore platforms. In addition, due to the non-contact nature, this technique can be used
to inspect through paint and coatings.

Remote field testing (RFT) is also referred as remote field eddy current testing, which uses low frequency
alternating current to introduce an electromagnetic field in the material to be inspected. It is often used to inspect
ferromagnetic tubular product which in comparison difficult to achieve using conventical ETC due to the strong
skin effect. This technique can be used to detect flaws on both inner and outer surfaces of the tube, but not
distinguished, and it is also used to discover all loss and changes in wall thickness.

Electromagnetic waves

X-rays and gamma rays, sitting at the end of the electromagnetic waves spectrum, span the range from low energy
(keV) to high energy (MeV) photons, respectively but not always. Radiographic Testing (RT) involves using of
either X-rays or gamma rays to view the internal structure of a component. It is often used in industry to locate and
quantify defect and degradation of weldments and cast parts, that would lead to structure failure. After crossing
the specimen, photons are captured by a detector, such as a silver halide film used in conventional radiography.

X-ray is generated by applying high voltage between the cathode and anode of the X-ray tube and in heating the



tube filament to start the electron emission. The electrons are then accelerated and then directed this stream of
high-speed electrons at a target material. When the electron slowed or stopped by the interaction with the atomic
particles of the target material, X-ray is produced. X-ray generators have been designed as stationary units for lab
use or portable systems suitable for onsite jobs. Most new systems use constant potential generators to produce a
constant stream of relatively consistent radiation. Flash X-ray generators are useful when examining objects in
rapid motion or when studying transient events as they produce microsecond, intense burst of radiation.

Digital radiography is the generic term for radiographic techniques that detect x-rays with digital sensors instead
of photoplates or photographic films. Compared to conventional film radiography, digitalization significantly
reduced the effort of generating and administrating X-ray images. Digital pictures archiving and distribution are
far easier than before, and subsequent image processing is made possible. Typical representatives of this
technology (Table 4) are Computed Radiography (CR), Direct Radiography (DR), real-time radiography (RTR)
and computed tomography (CT).

Table 4 Comparison of the digital radiography technologies and their image detectors

Digital Image readout Examples of the digital | Output | Advantages
radiography sensors image
CR Indirect phosphor plate 2D Imaging plate is reusable.

Information to be erased by
exposing it to the room-
intensity white light.

DR Direct digital detector or a linear 2D shorter exposure time and
diode array instantaneous image
interpretation

RTR Simultaneously while the special phosphor screen or flat | 2D Real time image viewing and
radiation passing through panel detector that containing analysing, industrial
the object micro-electronic sensors application ready

CT 3D virtual reconstruction digital flat panel detector or | 3D detailed morphologic virtual
and sectional images by charge-coupled device camera reproductions of parts of a
superimposing a set of 2D body or other specimens

projections

Compared to other NDT technigues, RT has the advantages of being highly reproducible. It can be used on a variety
of materials and data gathered can be stored for later analysis. It required little preparation of the material surface.
Moreover, many radiographic systems are portable and can be purchased off-the-shelf, plus robotic technology
services, allows for their use in the field and at elevated positions. Portable X-ray generators from Golden
Engineering, Inc. have been widely used in industrial inspections. They are battery-powered, light-weighted,
pulsed X-ray technology that compatible with most digital imaging system such as inspection acquisition and
control software developed by OR Technology. OR systems are designed either in a compact suitcase or backpack
size with all components fit in, providing direct digital X-ray solutions (Figure 37).

Figure 37 Leonado DR systems developed by OR Technology, connecting to X-ray generator from Golden Engineering, Inc.
(Image courtesy of OR Technology website)

Test of the efficiency of digital radiography was conducted both in the lab and in the field [188]. Lab trials (Figure
38) were carried out on carbon steel 5355 pipe structure with a few internal known defects, such as slag, undercut,
corrosion, porosity, and cracks, in various joint configurations. A Vidisco Ltd. foXRayzor portable X-ray
inspection system which contains the flat amorphous Silicon panel with Golden XRS-3, a 270kV pulsed X-ray
source was used. The results captured all the defects successfully and the digital images were of higher quality
than conventional film method. In addition, data archiving in a digital data base improved analysis and



documentation.

Figure 38 Setups and digital images from portable X-ray equipment in the pipe structure [188]

Gamma-rays are generated from the radioactive decay of atomic nuclei. They consist of the shortest wavelength
electromagnetic waves, typically shorter than those of the X-rays. Two common industrial gamma-ray sources for
industrial radiography are Iridium-192 and Cobalt-60. They produce higher energy compared to X-ray which make
it possible to penetrate thick materials with a relatively short exposure time. Therefore, these manmade sources are
made to be portable and used for field radiography. The disadvantage of a radioactive sources is that it can never
be turned off and safely managing the source is a constant responsibility.

In field test was carried out in one of the TOTAL refineries in France, using an 1r192, 16Ci gamma ray source and
amorphous silicon flat panel [188]. The images appeared on the screen in real time with good quality, without the
need for development or scanning. The setup of the digital portable inspection system Vidisco foX-Rayzor in the
refinery site is shown in Figure 39. Advanced software tools were used for image process which makes the onsite
analysis quicker and accurate. Further study was made in the lab, using the same system, for a comparison between
Golden XRS-3 pulsed X-ray source and the gamma ray source, which suggested in laboratories and in field NDT
portable X-ray system made analysis easier due to sophisticated enhancement software. Results were immediate
and images were of the highest quality.

Figure 39 Setups of the portable digital radiography system in TOTAL refinery [188]

A recent publication reported an automatic inspection system (Figure 40) for multi-layered flexible riser for subsea
applications [189]. The prototype demonstrated the capability to deploy an in-situ radiography-based inspection
robot that could provide precise scanning motion of a gamma ray source and digital detector moving in alignment.
Test was carried out on a flexible riser during shallow water sea trials with the system placed around a riser by a
remote operated vehicle.

Inspecting the pipe from outside requires the source passing through double pipe wall before reaching the detector.
Defects showing on the images may be from either wall. An in-bore solution has been proposed that allows for



single wall to be inspected [190]. The concept is explained in Figure 41 in which an irradiation rod, with a low
energy isotope Ir192 gamma source guide tube, is adapted to the robotic system. The low energy isotope is
propelled, by a hand crank, from the source projector though the source guide tube to the exposure position. Films
are placed outside the pipe wall to collect photons.

Subsea
Actuator

(a)

Figure 40 Robotic scanner system prototype with gamma ray source for subsea riser inspection (a) 3-D model and (b) actual
mechanical assembly [189]
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Figure 41 Schematic radiographic exposure- single wall technique on girth well and the RT-module with irradiation rod
position at pip bend [190]

Infrared thermography (IRT), also known as thermal video or thermal imaging, is a process where a thermal camera
captures and creates an image of an object by using infrared radiation emitted from the object. The amount of
radiation emitted by an object increased with temperature, therefore, thermography allows one to see variation in
temperature. IRT is a non-destructive testing method which distinguishes between active and passive applications.
Passive thermography observes the heat emission of an object without influencing its temperature, while in active
thermography, an energy source is introduced to the specimen to produce a thermal contact between the feature of
interest and the background. Using either method, the presence of a defect causes an anomaly in the response of
the inspected specimen. Active IRT have been used as a non-contact NDT technique for metallic weld inspection
[191]-[194]. Once the material is excited and the heat distribution during heating and cooling is recorded. If the
material is uniform and no presence of surface breaking or subsurface defects the thermal wave will dissipate
rapidly through the material, whereas a defect will retain the heat for longer in response to the surface temperature
distribution [195]. The thermal camera will monitor the evolution of infrared radiation from the surface of the
object.

There are three main excitation mechanisms for crack detection in metal: electromagnetic, optical or mechanical,
of which the first two are non-contact [196]-[200]. Induction thermography has demonstrated crack detectability
using induction coil, which the crack disturbs the distribution of the locally induced eddy currents around it thus
causes a local inhomogeneous heating around the crack [199], [200]. The optical methods employ light excitation
using laser, high energy lamp or UV lamp, illuminate the test piece[197], [198]. Normally metals reflect a large
amount of the light due to low emissivity and absorptivity. The absorbed light heats the surface slightly. If the light
enters a crack, it will reflect multiple times before it can leave therefore deposit a large amount of energy in the
crack. Therefore, the crack will be heated up more than the surrounding that illuminated with high intensity light
[197]. Scanning laser source has also demonstrated suitability to detect surface breaking defects. Any lateral flow
of heat is disturbed by such a defect with a change in thermal spot shape or by an apparent increase in temperature
and then was detected by an infrared camera [201]. However, the major disadvantage of using thermography on



metal structure is reflections of infrared radiation from hot objects from surroundings, such as the excitation site
and metal surface, which will decrease the signal to noise ratio[198].

Heat excitation in optical techniques can be either pulsed or lock-in. Pulsed thermography testing has been well-
developed and widely used in high-speed inspection, coverage of large area and online inspection convenience.
However, it is limited by structural geometry, object thickness and high requirement for the uniformity of the
pulsed heat source. In term of excitation source, pulse laser has shown better crack detectability and easier control
of heated area and pulse length, compared to flash lamp, on both artificial notches and real cracks in metallic welds
[197]. Infrared lock-in thermography uses periodic modulated heat waves to heat the specimen and the data is
recorded in stationary domain [194], [195]. The presence of a defect leaves a periodical effect on the surface
distribution, also showing up as a phase difference between the defective and non-defective area. This technique
is not affected by uneven heating compared to pulsed method; however, multiple trials may be needed to confirm
the optimal modulation frequencies. In addition, when it comes to automation, it is more time consuming than
pulsed thermography [192].

In addition to the heat sources excitation parameters, other factors affecting the detection accuracy include thermal
imaging system, heat flow injection direction, environmental factors, and material and defect parameters [195].
Once performed the inspection, collected IR data by the camera may be processed with noise reduction, image
enhancement and reconstruction, special processing and patterns recognition and temporal analysis of the selected
area [193]. Because the original image may gain high noise from the interference of various aforementioned factors
such as material surface optical conditions, which influence the emissivity, could directly cause results
misinterpretation and noise, image processing is an indispensable step to eliminate the interference of adverse
factors, increase the signal-to noise ratio and enhance the displace of defects.

Microwave and millimetre waves occupy the frequency spectrum ranging from approximate 300 MHz to 30 GHz
and 30 to 300 GHz, corresponding to wavelengths of 1000 to 1 mm, respectively [202], [203]. Figure 42 shows
where these considered methods lie on the electromagnetic spectrum with respect to other common NDT&E
methods. Materials interact with these waves in ways that make them extremely useful for certain NDT
applications. Waves at these frequencies generally do not penetrate highly conductive materials such as metals or
carbon-based composites due to the limited skin depth which describes the extent to which waves penetrate and
decay in conductors or lossy dielectrics [204]. Despite this, microwaves still interact with the surface of the
conductive materials and these techniques have been studied for detecting tight surface-breaking cracks in metals
[205]-[207]. Terahertz radiation, also known as submillimetre radiation, sits between the infrared and microwave
region with frequency between 300GHz and 3000GHz (3THz) and corresponding wavelength from 1mm to
0.1mm. Similar to microwaves, Terahertz radiation can penetrate a wide variety of non-conducting materials but
not metals. Ground Penetrating Radar (GPR) transmit electromagnetic waves (in the range of 10-1000MHz) in to
probed material and receive the reflected pulses as they encounter discontinuities. This method is often used to
locate cracks, objects and other hazards in concrete structures such as bridges, walls and dams, etc. Although Radar
is the only remote sensing technology that can detect both conductive and non-conductive material, it cannot
penetrate metal for detailed inspection.

X-ray computed

G“’””ﬁ’ tomography
Magnetic penetrating
flux leakage radar

f Thermography Gamma
Terahertz * radiography
Eddy current methods

Frequency (Hz) 10° 10? 10* 10° 10% 10% 10" 10 10% 10 10% 102 10%
1 L | I 1 1 1 1 1 I 1 1 1 1 | 1 1

Long Radio Waves Short Radio | Microwaves Infrared uv X Rays Gamma Rays
Waves

T T

T T T T 7 T T T T T T
Wavelength (m) 10 10° 10* 10? 10° 107 10*  10° 10 10" 102 10% 107

mm-wave

Magnetic particle | methods
Ultrasound -

Microwave

methods

Figure 42 Inspection frequency ranges of varies NDT&E techniques against electromagnetic spectrum [203]
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In-pipe robotic NDE

In-pipe inspection robot that move inside pipelines are widely used to perform inspection operations. In-pipe robots
can be categorised, according to moving patterns, as PIG type robot, wheel type robots, caterpillar type robots,
wall-press type robots, walking type robots, inchworm type robots and screw type robots [208]-[212]. PIG type
robots, for example, are most well-known commercially available for oil and gas industry. The movement of the
PIG is passively driven by the fluid pressure. It is widely used for leak detection, corrosion-erosion inspection and
thickness measurement [213]-[216].

Wheel-driven inspection robots are most researched types [211], [217]-[223]. Wheels that powered by actuator
are in contact with the surface while moving. Simple structured wheel drive robots are mostly used for horizontal
pipe inspection. The screw type robots are also a type of wheeled robot but with better steering characteristics.
Forward movement of the robot in a pipeline is achieved by the helical motion of the wheels, such locomotion is
unlikely to damage pipe inner wall as the robot does not drag its body [224]-[228].

Instead of using wheels, caterpillar type robots move inside the pipes on tracks, which increase the surface contact
area therefore, traction and stability [229]-[233]. Wall-press type robots, using either wheel or caterpillar to realise
locomotion, have the advantage of climbing vertical or inclined pipelines with appropriate adhesion such as spring
tension to establish contact within the robot and the surface [232]-[237].

The waking robots and inchworm robots are non-wheeled types. The walking robots process articulated legs to
produce sophisticated motions inside the complicated pipe geometries and internal environments[238]-[241].
Inchworm type robot is one of the bio-inspired robots. Their movement is achieved by repetitive contraction and
expansion actions to propel the robot forward, which have slower driving speeds and generate a lot of friction
while moving[242]-[246]. They are well suited for pipeline with small diameters.

Continuum robots, characterized by infinite degrees of freedom and number of joints, have been studied
increasingly in recent years. Inspired by snhakes or trunks, continuum robots are jointless, compared to the
conventional robots, and with backbone structures that capable of continuous and actuatable bending [247]-[249].
A continuum robot can be made of many compliant elements or a single flexible body and actuated by transmitting
the motion along the backbone through tendons, concentric tubes, and rods, or local control over the backbone
shape through pneumatic, shape memory alloys, and magnetic methods (Figure 43).
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Figure 43 Continuum robots actuation principles: (a) tendon-driven [250], (b) Concentric tube [251], (c) Parallel continuum
Stewart-Gough platform [252], (d) Soft inflatable [253], (e) Festo’s Bionic Handling Assistant with pneumatically actuated
bellows [254], (f) Shape Memory Alloy [255], (g) Magnetically actuated by magnetic composite polymers [256]
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Owing to the low diameter to length ratio and flexibility, continuum robots are suitable to deploy tools though
tortuous paths and work in the in the hard-to-reach area, confined space, and highly unstructured environment for
non-destructive inspection, repair, and operation[249], [257]-[263]. Continuum robots have shown great potential
being used or developed for use in aerospace and nuclear industrials.
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Pipe inline inspection robotics may require the tool to be able to traverse the entire length of the pipe and reach a
specific location without getting stuck. Both tethered and un-tethered robots share similar challenges including:

e Ensuring the energy source efficiently feed all electrical and electromechanical components such as electronic
circuit, motors, etc., especially in tether-free operation, robot must totally rely on on-board resources.

e Carrying out inspection with expected accuracy and safely storing and transmitting the data to the outside world.
Robot may be programmed to handle all situations that arise during its traversal of the pipe.

e Miniaturizing the parts and components due to small pipe diameters and complicated pipe configurations.
Robots may also have to traverse sharp angle such as bends and elbows, imposed constrains on the shape and
dimensions of the mechanical parts as well as on the packaging of the electronics, and selection of locomotion
mechanism.

o Designing NDE sensors for pipe material and pipe defects [264]. For example, MFL and UT are popular for
ferromagnetic pipes. and EC and remote field Eddy Current are utilized for non-ferromagnetic metallic pipes.
Butt welds inside the pipe act as mechanical obstacles that would disturb the bond between the detector ad
reflector of a UT sensor. They would also damage the MFL sensor components that must operate very closed
to the pipe wall.

Discussion and needs for further research

The challenges and opportunities identified in this review suggest that the development of remote in-situ
maintenance technologies for fusion reactor pipework must focus on customizing and upgrading existing
technologies as well as testing out the emerging technologies under researching, taken into account other relevant
technological limitations. The design requirements of the fusion device, such as pipework structures and material
characteristics, primarily influence on the selection of the joining, cutting and inspection methods as well as tooling
development.

Discussion

In terms of welding solutions, both laser and TIG welding techniques, demonstrated in previous work have showed
their own advantages and disadvantages under different environmental constraints. TIG welding is very versatile
and can be used on various materials. The process does not produce fumes or smokes during welding and is a safe
process overall. It has great reliability in terms of power delivery, process control and in general achieving
consistent good weld quality if applying appropriate process procedures. In the case of welding thicker sections,
laser welding has the advantage of producing a weld with high precision, deep penetration, and potentially
achieving with single-pass process where the joint has narrower heat-affected zone therefore less distortion. The
process is much faster so that the downtime for the maintenance of the power plant can be significantly reduced.
In contract, TIG welding has to adopt multi-pass process with filler material. Although the gap tolerance between
the parts is higher than that of required in laser welding, mastering the stability of the arc while feeding the filler
to the molten pool requires special equipment and sophisticated mechanisms when welding remotely. Besides,
defects such as tungsten inclusions can be generated during the process which is not an issue in laser welding.
However, it has not been fully proved the viability of using laser as the power source for pipe welding and cutting
processes on nuclear fusion components. The generation of large amount of heat during welding and/or cutting
requires efficient heat dissipation to allow the equipment stay cool thus functioning. For most industrial or bench
top setups water is used for cooling which is not compatible to the stringent environment in fusion devices. Plus,
the requirements of size reduction of the laser equipment and robust optics for energy transmission makes it
extremely challenging using high-power laser in confined space.

The approval of the compliance of the welds by NDE procedures are critical to ensure the structural integrity of
the joint in the subsequence service life. In practice, in other industrial piping systems, NDEs are conducted for
leak tight proof as well as flaw quantification and qualification, which, however, standardised procedures cannot
be directly applied to assess the welds in fusion operating environment. Factors such as high temperature, high
radioactivity, mechanical vibration, coolant corrosion, etc. that contribute to defect coalescence and growth can
lead to the acceleration of structural failure. Although some of the off-the-shelf probes and sensors have showed
potential in previous feasibility studies, under complex environmental impact, one technique is limited to the
material type and material thickness, allowable defect detectability, sizing capability, and inspection sensitivity.
Development should be focused on exploring novel techniques published in the research domain and assessing
their viability for fusion applications. Customizing existing probes and sensors those already applied in similar
industries and develop tools using combines techniques that complement each other.

The ultimate goal of maintaining the pipes in the fusion device is to carry out the activities vie RH tools and robotic
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deployment strategies. Although pipes are in simple geometries, the entire cooling system is complicated, and the
material conditions are unknown after a period of operation. Autonomous robots need to be deployed with essential
sensors and tools, that can provide accurate localization, map internal environment, and conduct inspections and
maintenance tasks, at the locations of interest. Bench top equipment used for process development is often designed
to achieve maximum working envelope and with the flexibility to attach auxiliary tools or sub systems.
Transferring process developed in a lab-based environment is facing the challenge of tooling miniaturisation for
the activities performed in a confined space, which requires size reduction of the end effectors and robotic hardware
without compromising the performance. In fusion reactor especially in-vessel environment, deploying robotics
with added functionalities and high payload manipulation capability will also lead to the increase of size and weight
of the hardware, therefore more power consumption and complex actuation and control. Robot with extra-long but
rigid body that deployed inside the pipe has the risk of getting stuck at the pipe bends and unknown constrains,
which requires retrieve, recovery and rescue strategies. Depending on the location and necessary mission, deployed
systems may be subjected to high level of radiation, which vulnerable materials and components degrade quickly,
leaving the tasks uncompleted, affecting the quality and transmission of collected data, and overall maintenance
efficiency. Consequently radiation-hardened systems and components are also indispensable in nuclear fusion.

Areas requiring further attention

Future fusion devices may have their unique characters, the development of RH strategies and remote in-situ pipe
maintenance are driven by the design requirements. Areas to further research in the future are recommended in the
following aspects:

o Developing in-bore welding tools and process procedures for joining of thick materials using laser and
TIG techniques. Delivering high power laser beam through optical fibre and miniaturized equipment with
improved cooling and advanced optic design, aiming to achieving the joint in a single-pass process.
Investigating the feasibility of multi-pass TIG welding using filler material, though challenging in terms
of process control and complex setups, less stringent fit-up requirement brings benefit for remote process.

e Cutting strategies are dependent on the needs of the processes during maintenance. Laser beam cutting is
recommended for disassembling the pipe and plasma-facing interfaces owing to its fast process speed. In
the case of higher cut quality is required for subsequent re-welding, mechanical cutting and/or post
machining must be applied, with compromised operation efficiency.

e In existing industrial approved NDE technologies, ECT is the most promising solution for inspection of
thin-walled the structures and better detectability on stainless steels, such as ITER cooling pipes. For
thicker pipe walls, non-contact, couplant-free, laser ultrasonic inspection has great potential to fit for
fusion environment and must be further researched. Area worth of exploring include size reduction of
instrumentation, improvement of scan speed and data transmission, and investigation of fusion
environment compatibility such as high-temperate performance and radiation resistance, etc. Similarly,
efforts are to be made to improve the radiation resistance of RVI components such as cameras and optical
fibres.

e In addition to employing welding as the primary joining solution that considered in the current fusion
device design, mechanical connections in conjunction with fusion or non-fusion welding (sealing) can
provide high flexibility and reversibility for pipe structures at critical locations in the future fusion
reactors, assuming the engineering design comes with extremely thick-walled pipe to cope with even
higher temperature, radiation doses or if the material is non-weldable.

e With clearly addressed engineering and design and maintenance requirements, other tools may be required
for pipe alignment, pre- and post- weld heat treatment, inner wall coating, defective part repair,
contamination cleaning, etc. Among all the untacked challenges and emerging issues in fusion pipe
maintenance, research in the future should focus on exploring of the unknown and developing in-pipe
robotics and tools with RH compatibility and high tolerance to environmental constraints.
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