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Effective use of fusion energy is one important way to maintain sustainable development
for human beings. The China fusion engineering test reactor (CFETR) is a nextgeneration fusion experimental device planned for construction in China, which will
establish a key engineering technology foundation for China’s independent development
and construction of a magnetic confinement fusion reactor. The double-wall vacuum
vessel (VV), as the core component of the magnetic confinement fusion reactor, provides
a stable operation environment and neutron shielding for plasma. Owing to the large scale
and tight manufacturing tolerances of VV, the Institute of Plasma Physics Chinese
Academy of Science (ASIPP) has carried out research on a full-size, 45° VV (1/8 sector)
to develop and demonstrate the fabrication technologies of a double-wall VV.
The purpose of this doctoral thesis is to resolve the difficulties of measurement,
machining, assembly, welding deformation and so forth in the manufacturing process of
VV by completing the manufacture of PSs (poloidal segments), 1/32VV and 1/16 VV,
and to provide strong technical support for the construction of the1/8 sector and the
CFETR VV.
This study takes PSs, 1/32 VV and 1/16 VV as the research object. High-precision
machining of PSs and 1/32 VV is completed using the technologies of reverse engineering
and laser tracker measurement. Based on inherent strain theory, the welding deformation
analysis of PS2, 1/32 VV and 1/16 VV can be accomplished using ABAQUS software,
and the welding deformation is reduced by using welding fixtures and reserving welding
shrinkage allowance. A modular flexible assembly tooling system is designed here as
well. Laser tracker is used to complete the high-precision assembly positioning and
welding deformation measurement of VV.
At present, the manufacturing of PSs, 1/32 VV and 1/16 VV has been completed and the
dimensional accuracy meets the design requirements, which provides technical reserve
and engineering experience for the follow-up manufacturing of the 1/8 VV mockup and
the CFETR VV.
Keywords: vacuum vessel, reverse engineering, welding deformation, laser tracker
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1 Introduction
Controlled nuclear fusion energy is highly valued and supported by scientists because of
the abundance of raw materials, its high energy density and the low amount of
environmental pollution. At present, there are two main ways to achieve controllable
nuclear fusion energy: magnetic confinement nuclear fusion and inertial confinement
nuclear fusion. Magnetic confinement nuclear fusion uses a strong magnetic field to
confine deuterium and tritium gas in a special magnetic container and can be heated to
hundreds of millions of degrees Celsius to achieve fusion reaction. Inertial confinement
nuclear fusion uses ultra-high intensity laser to irradiate the deuterium and tritium target
in a very short time to achieve fusion reaction [1]. The tokamak device is an effective
way to explore and resolve the engineering and physical problems of a future fusion
reactor and is a very promising method for achieving a magnetic confinement nuclear
fusion reaction. Despite the significant progress in research on tokamak devices in recent
years, there are still no practical devices in operation. Many key issues still need to be
explored and resolved with respect to Japan’s JT-60SA, Europe’s JET and ITER, and
China’s EAST and CFETR.
This chapter first briefly introduces the current issues of global energy and the
development process of fusion research. Secondly, it outlines the key technologies for the
manufacture and assembly of fusion reactor vacuum vessels (VV) worldwide and briefly
introduces the fusion reactor VV in China. Finally, the significance and main contents of
this study are discussed.

1.1 World energy problems and development trend
In recent years, all countries in the world have stepped into the fast development channel,
and energy demand is also growing tremendously with the acceleration of
industrialisation. According to Statistical Review of World Energy published by BP in
June 2019, global primary energy increased by 2.9% in 2018, which was almost twice the
average growth rate (1.5%) of the past decade and was also the highest growth rate since
2010 [2]. The consumption of fossil fuels (coal, gas and oil) accounts for up to 85% of
the energy consumption structure. According to the World Energy Outlook 2019 released
by BP, fossil fuels will be the primary source of energy used by human beings in the
coming decades (see Figure 1.1) [3]. However, the storage capacity for fossil fuels
discovered in the world is only sufficient for human use for less than one hundred years.
In the future, human beings will face serious energy depletion problems. At the same time,
the massive use of fossil fuels will produce a large amount of carbon oxides, sulphur
oxides and nitrogen oxides, causing serious pollution to the ecological environment and
seriously worsening the living conditions of human beings. Therefore, each country
emphasises the need to accelerate transition to clean energy. By the end of May 2017,
most countries (195) and regions of the world had signed the Pair Agreement. The
Agreement established the goal of restricting the increase in global average temperature
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to within 2 ℃ in this century, requiring countries to formulate energy policies and
accelerate the transition to clean energy.

Figure 1.1: Consumption of various fuels [3].

At present, in addition to fossil fuels, nuclear energy and renewable energy are also used
by human beings. The nuclear energy currently used by humans is mainly fission nuclear
energy, which is relatively clean energy. Fission nuclear power generation does not emit
a large amount of pollutants into the atmosphere. At present, the proven reserves of fission
nuclear fuel (uranium and thorium) are abundant. However, any accident that occurs
when using fission nuclear energy has widespread ramifications and the effects will last
for a long time. The radioactive pollution caused by the Chernobyl nuclear accident and
the Fukushima nuclear power plant accident resulted in devastating trauma for the
ecological environment and human beings alike. In addition, the problems of postprocessing and storing nuclear waste with high radioactivity still need to be further
studied and resolved. Therefore, for now fission nuclear energy can only be used as a
transitional energy source. Renewable energy mainly includes wind energy, water energy,
solar energy and tidal energy. These energy sources have the advantages of cleanliness,
abundant reserves and reusability. However, the use of such energy sources is greatly
restricted by region, and they can only be adapted to local conditions as auxiliary
supplementary energy.
With the reduction of proven fossil fuel reserves and the enhancement of human
environmental protection awareness in recent years, fusion energy has attracted

1.2 Development status of controllable nuclear fusion

15

widespread attention from countries around world. The huge amount of energy released
by the fusion reaction of two lighter atoms (such as hydrogen isotopes deuterium and
tritium) is called fusion energy. The energy released by fusion reaction per milligram of
deuterium and tritium is equivalent to the energy generated by more than ten litres of
gasoline. The amount of deuterium that naturally exists in seawater around the world is
approximately 3 10 tonnes. According to current world energy consumption levels,
it can meet the energy consumption requirements of human beings for the next billion
years. Fusion energy will not cause pollution to the natural environment and will not
produce radioactive nuclear energy, making it an ideal clean energy source.

1.2 Development status of controllable nuclear fusion
As early as 1952, researchers achieved deuterium-tritium nuclear fusion reaction
(Equation 1.1) through the exploding of the hydrogen bomb, but the huge amount of
energy released by the hydrogen bomb explosion proved uncontrollable. If human beings
want to use nuclear fusion energy responsibly, the scale and speed of the fusion reaction
need to be controlled so that fusion energy can be output in a stable manner.
𝐻 𝐷

𝐻 𝑇

𝐻𝑒

𝑛

17.6𝑀𝑒𝑉

(1.1)

where 𝐻 𝐷 is deuterium, 𝐻 𝑇 is tritium, 𝐻𝑒 is helium, 𝑛 is neutron, and 17.6MeV
is the energy produced by fusion reaction.
Controllable nuclear fusion places many demands on the reaction conditions, such as
temperature and pressure. The most promising way to realise controllable nuclear fusion
is magnetic confinement fusion. The main devices for magnetic confinement fusion are
as follows: reversed field pinch (RFP), stellarator and tokamak. The design of an RFP
device is similar to that for a tokamak device. RFP devices that have so far been built
include the RFX in Italy, the MST in the United States, the Extrap T2 in Sweden and the
KTX in China. RFX devices have made important contributions to achieving highperformance plasma operations and control modes. The stellarator device is a fusion
device designed to imitate the continuous fusion reaction inside a star. Stellarator devices
that have thus far been built include the Wendelstein 7-X (W7-X) in Germany and the
LHD in Japan. With the improvement of supercomputing and manufacturing capacity,
research on stellarator devices is also progressing [4]. Figure 1.2 shows some of the
completed RFP and stellarator devices.
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(a)

(b)

(c)

(d)

Figure 1.2: RFP and stellarator devices: (a) Extrap T2R (image courtesy of Sweden), (b) KTX
(image courtesy of USTC), (c) LHD (image courtesy of Japan), (d) W7-X [4].

The tokamak device is currently the most basic, most common and considered to be the
most promising magnetic confinement fusion device. It is a ring-shaped plasma magnetic
confinement device, invented by M.A. Leontovich from the Massachusetts Institute of
Technology, and the principle is shown in Figure 1.3 [5]. The plasma is confined by the
spiral magnetic field, which is composed of the ohmic magnetic field and poloidal
magnetic field. The plasma can be heated to hundreds of millions of degrees to achieve a
fusion reaction by means of ion cyclotron resonance, electron cyclotron resonance, lower
hybrid waves and other heating method.
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Figure 1.3: The schematic diagram of a tokamak device [5].

So far, more than 200 tokamak devices have been built, are planned to be built or have
been retired in the world, and the research on magnetic confinement fusion has also
achieved a series of significant achievements. In the 1990s, researchers made great
breakthroughs in magnetic confinement fusion with the TFTR in the United States, JET
in Europe and JT-60 in Japan: fusion power > 16MW, equivalent power gain factor Q >
1. In the 21st century, France’s Tore-Supra carried out a discharge process of up to 6
minutes, outputting 1000MJ of thermal energy [6]. Korea’s KSTAR achieved three
seconds of H-mode continuous discharge [7]. In 2017, China’s superconducting tokamak
device (EAST) achieved 101.2 seconds of steady-state, long pulse, H-mode discharge,
creating a milestone and important breakthrough [8]. Table 1.1 lists the performance
parameters of superconducting tokamak devices currently in operation in the world.
Table 1.1: Main parameters of superconducting tokamak devices (data courtesy of ITER,
KSTAR, Tore-Supra, T-15, and TRIAM-1M).
Device name

EAST

KSTAR

Tore– Supra

T– 15

TRIAM– 1M

/Country

/China

/Korea

/France

/Russia

/Japan

Plasma major radius R(m)

1.7

1.8

2.25

2.43

0.8

Plasma minor radius a(m)

0.4

0.5

0.7

0.7

0.12
0.5

Plasma current Ip(MA)

1

2

1.7

1.4~2.3

Plasma elongation K

1.6~2.0

1.7~2.0

1

1

1.5

Aspect ratio

4.25

3.6

3.2

3.5

6.7

Section of VV

D-shape

D-shape

Circular

Circular

Circular

Magnet material

NbTi

Nb3Sn/NbTi

Nb3Sn

Cooling method

Forced-flow

Forced-flow

Work temperature (K)

4.5

4.5

NbTi

Nb3Sn

Immerged

Forced-

(He-II)

flow

1.8

4.5

Immerged
4.5
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Although the research on magnetic confinement fusion has made great progress, no
experimental device currently exists that can be used to study the physical and
engineering problems of the deuterium-tritium, self-sustained combustion process due to
limitations of structure and size. In 2006, China, the United States, Russia, Japan, Korea,
India and Europe signed an agreement to jointly build the International Thermonuclear
Experimental Reactor (ITER). The agreement aims to draw on the fruitful achievements
recently made in the field of fusion, verify the scientific feasibility of deuterium-tritium,
self-sustained combustion and the engineering feasibility of fusion reactor construction
and ram foundation for the next step in building a fusion demonstration reactor (DEMO),
and eventually to realize fusion energy power generation. Figure 1.4 and Figure 1.5 show
a schematic diagram of the ITER device and its construction site. Table 1.2 is the main
physical parameters of the ITER device.

Figure 1.4: Schematic diagram of an ITER
[24].

Figure 1.5: ITER construction site [24].

Table 1.2: The main physical parameters of ITER (data courtesy of ITER).
Fusion power (MW)
Q (𝑃
/𝑃 )
Neutron power at blanket (MW/m2)
Repeated continuous combustion time (s)
Plasma major radius (m)
Plasma minor radius (m)
Plasma current (MA)
Magnetic field intensity of plasma centre (T)
Plasma volume (m3)
Plasma surface area (m2)
Total power of heating and driving current (MW)

500（700）
>10
0.57（0.8）
>500
6.2
2.0
15（17）
5.3
837
678
73

Research on controlled magnetic confinement fusion in China began in the mid-1950s,
focusing mostly on tokamak devices, and a series of important results were obtained in
KT-5 (University of Science and Technology of China, USTC), HL-1 (Southwestern
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Institute of Physics, SWIP), HT-7 (Institute of Plasma Physics Chinese Academy of
Sciences, ASIPP), EAST (ASIPP) and so forth. Based on the existing national conditions
and status of fusion research in China, the country has determined an appropriate
development path for magnetic confinement fusion energy, as shown in Figure 1.6. The
China Fusion Engineering Test Reactor (CFETR) is a large-scale test platform that
bridges DEMO after ITER. The scientific goal of CFETR is primarily to resolve the
contents revealed via ITER, such as controlling steady-state combustion plasma, tritium
self-sustaining and cycling, and fusion energy output. In terms of engineering technology,
it focuses on the limited work of ITER, such as the materials needed for the fusion reactor,
blanket, and fusion power generation [9]. As the next-generation fusion device in China,
CFETR is currently undergoing physical and engineering design, and a series of key
technology R&D projects are gradually being implemented.

Figure 1.6: The development path of magnetic confinement fusion energy in China [9].

1.3 Research progress on magnetic confinement fusion VV
The tokamak device includes the magnet system, VV and vacuum system, blanket system,
divertor system, power supply system, refrigeration system and diagnostic system. The
VV is one of the core safety components. Its design, materials, manufacturing, assembly,
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ultra-vacuum environment and sealing performance directly affect the discharge quality
of plasma. Its main functions are as follows [10-13]:
1) Provide necessary port channels for heating, diagnosis and remote handling;
2) Provide an ultra-vacuum environment for high-temperature plasma;
3) Provide a continuous conductor shell for plasma magnetohydrodynamic (MHD);
4) Provide supports for the components inside the VV;
5) Provide neutron channels to transfer heat outside to remove nuclear fusion heat;
6) When the plasma is extinguished due to a rupture or vertical displacement event,
provide a circuit for its energy storage and withstand the impact of electric power;
7) Provide the initial shield for residual radiation emitted during nuclear fusion and
other reactions.
The VV of the tokamak device has two kinds of structures: single-shell VV and doublewall VV. Most of the VV uses a double-wall structure, and the VV for the CFETR also
uses the double-wall structure. This structure has the following advantages:
1) If there is leakage in the inner shell, the interlayer between the double shells can be
vacuumised to ensure the continuous experiment.
2) When tritium is used for operation, the interlayer is vacuumised, so the pressure of
tritium on the bellows is reduced, and the penetration of tritium is minimised.
3) In order to achieve the required vacuum degree, the VV must be baked to a certain
temperature. The interlayer between the double shells can be used to bake the VV
using hot air.
4) During the plasma discharge operation, the VV can be cooled by cooling gas or water
in the interlayer.

1.3.1

ITER VV

The ITER VV is a torus, double-wall, D-shaped, cross-section structure made of
316L(N)-IG (ITER grade). The outer diameter is 19.4 m and the height is 11.3 m. The
inner and outer shell are all 60 mm thick, and are connected by a 40 mm thick rib, with a
total weight of approximately 5200 t. Due to the limitations of transportation and in order
to achieve modular manufacturing, the ITER VV is divided into nine 40° sectors. After
each sector is manufactured, it is transported to the ITER assembly site and assembled
into a 360° ring. The tolerance of the overall height and width of each sector needs to be
controlled within 20 mm [14]. Due to its large size and strict tolerance, ITER launched
a pre-research project for a full-scale, 18° VV sector as early as 1995 to explore related
technologies for VV manufacturing. Figure 1.7 shows the 9° sector mockup that has been
manufactured, and its total height and total width manufacturing accuracy are with
5 mm and 6 mm, respectively. Because all welds in the VV require full penetration,
to reduce the welding deformation and improve the quality of the welds, Tungsten Inert
Gas (TIG) welding, Metal Active Gas Arc (MAG) welding, Electron Beam Welding
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(EBW) and other welding methods are applied in the manufacturing of the 9° sector, as
shown in Figure 1.8 [15–17].

Figure 1.7: 9° sector mockup

[14].

Figure 1.8: Different welded joints and methods [15].

At present, the manufacturing tasks for the ITER VV are respectively being undertaken
by the EU, Russia, Korea and India [18–22]. In the manufacturing process, the 40° sector
is divided into four segments in the poloidal direction, as shown in Figure 1.9 and Figure
1.10. In December 2017, Korea completed the manufacturing of the first poloidal segment
(PS) for the 6# sector with a manufacturing accuracy of 4 mm and completely within
the tolerance range of 10 mm required by the ITER [23–24].
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Figure 1.9: Manufacturing scheme for the
sector [18].

1.3.2

Figure 1.10: The first PS for the ITER 6#
sector (image courtesy of ITER).

JT60-SA VV

Through cooperation with the EU, Japan upgraded the JT60-SU to the JT60-SA, aiming
to provide technical research for the ITER operation [25]. The JT60-SA VV (Figure 1.11)
also has a torus, double-wall, D-shaped, cross-section structure. The material is AISI316L,
while the maximum outer diameter is 9.95 m, the height is 6.63 m, the thickness of the
inner and outer shell is 18 mm, the thickness of the rib connecting the inner and outer
shell is 22 mm, and the total weight is approximately 150 t [26–27]. The JT60-SA VV is
divided into 10 sectors. The overall tolerance of the inboard side (IB) must be controlled
within 10 mm, and the overall tolerance of the outboard side (OB) must be controlled
within 20 mm. Figure 1.12 shows the manufacturing process for the 40° sector. The
entire manufacturing process includes three types of welded joints, as shown in Figure
1.13, which are single-sided V-shaped butt joints between the shells, fillet welded joints
between ribs and inner shells, and plug welded joints between the ribs and outer shells.
In order to reduce the welding deformation, the automatic MAG double-sided
symmetrical welding technology with a large deposition rate is used to complete the
welding of fillet welded joints [28]. The critical dimensions of the sectors that have been
manufactured on site are within 5 mm [29].
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Figure 1.12: Manufacturing scheme for the
sector [26].

Figure 1.13: Three types of welded joints [28].

Figure 1.14: Double robot MAG
welding [28].

The JT60-SA VV is composed of seven 40° sectors, two 30° sectors and one 20° sector,
as shown in Figure 1.15. In order to complete the final 360° VV, high-precision assembly,
the following on-site assembly procedure has been developed:
1) The three 80° sectors are directly welded together using two 40° sectors (VV-D01
and VV-D07, VV-D04 and VV-D03, VV-D06 and VV-D05).
2) The pre-assembly of three 80° sectors, two 30° sectors (VV-D08 and VV-D09), one
40° sector (VV-D02) and one 20° sector (VV-D10) is completed.
3) Respectively, the welding of VV-D09 to VV-D01 (110° sector), VV-D02 to VV-D04
(120° sector) and VV-D05 to VV-D08 (110° sector) is completed, of which three
splice plates are made on-site (4#, 5#, 6# welds in Figure 1.15).
4) The assembly and welding of the 340° sector is completed and the two splice plates
are made on-site (7a# and 7b# welds are welded simultaneously in Figure 1.15 ).
5) After completion of the 340° sector, the surroundings, such as the VV thermal shield
(VVTS) and toroidal magnetic field coils (TFC), are assembled. Subsequently, the
final 20° sector is assembled with the VVTS and TFC.
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Figure 1.15: JT60-SA VV sectors [30].

The measurement results after on-site welding of the sectors show that the toroidal
welding shrinkage of the direct butt joint is approximately 4 mm, while the toroidal
welding shrinkage of butt joints with a splice plate is approximately 8 mm. Therefore,
before assembling the final 360° VV, and at the same time when the two splice plates are
made, an allowance of 16 mm is reserved to compensate for the toroidal welding
shrinkage [30].

1.3.3

EAST VV

Similar to the ITER, the EAST VV (Figure 1.16) also has a torus, double-wall, D-shaped,
cross-section structure. The material is 316L, while the maximum outer diameter is 6 m,
the thickness of the inner and outer shells is 8 mm, the thickness of the ribs connecting
the inner and outer shells is 15 mm, and the total weight is approximately 40 t (including
the inner components). The EAST VV is divided into sixteen 22.5° sectors, and the
connection between the sectors is done by welding the splice plates together. The
assembly procedure of each 22.5° sector is as follows [31]:
1) As the inner and outer shells are divided into four pieces to be formed, respectively,
along the poloidal direction, the four pieces of the inner shell after forming are
assembled into a D-shaped ring first.
2) The welding of the ribs and the inner shell is completed.
3) The outer shell pieces are welded to the ribs, then the four pieces of the outer shell
are welded together.
4) Holes are machined for the ports and the port connections are welded into the holes.
Before the EAST VV starts to be manufactured, SYSWELD software is used to simulate
various welding sequences and predict the optimal scheme to guide the actual welding
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operation (Figure 1.17). Figure 1.18 shows the on-site welding of 1/16 VV, while Figure
1.19 shows the VV without ports, with a dimensional deviation of 2 mm [32].

Figure 1.16: EAST VV [32].

Figure 1.17: Welding simulation of the 1/8
VV (image courtesy of ASIPP).

Figure 1.18: On-site welding of the 1/16 VV
(image courtesy of ASIPP).

Figure 1.19: VV without ports [32].

1.3.4

HL-2M VV

As a new medium-sized tokamak, HL-2M has been designed and is currently under
construction at SWIP. The HL-2M VV (Figure 1.20) is an all-welded torus with a Dshaped cross section and a double-thin shell structure, the material is mainly Inconel 625
alloy, the maximum outside diameter is 5.22 m, the height is 3 m, the thickness of the
inner and outer shells is 5 mm, the thickness of the ribs connecting the inner and outer
shells is 10 mm, and the total weight is approximately 16 t [33]. The entire torus is divided
into twenty 18° sectors for modular manufacturing. According to the requirements for
different ports and supports, each 18° sector is directly welded into 36° or 54° sectors,
then assembled into a 360° VV via the splice plates. Figure 1.21 shows the HL-2M VV
that have been manufactured.
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Figure 1.20: HL-2M VV [33].

1.3.5

Figure 1.21: The completed VV (image
courtesy of SWIP).

W7-X Plasma Vessel

Compared with the tokamak device, the stellarator device with equivalent scale has higher
construction costs and more difficulty in manufacturing components, which is also one
of the key factors restricting the development of stellarator devices. W7-X is the largest
superconducting stellarator device in the world. It was completed in 2014 and put into
operation in 2015. Figure 1.22 shows the W7-X device. The shape of the W7-X plasma
vessel is the same as that of the operation stellarator plasma. It has a single-wall, spiral
torus, full-penetrated structure. The material is 316LN, the maximum outer diameter is
12 m, the thickness of the shell is 17 mm, and the shell has complex curved surface
characteristics [34–37]. The plasma vessel is divided into five 72° modules, and each 72°
module is assembled and welded using four 18° sectors on site, while each 18° sector is
assembled and welded using ten 1.8° rings and each ring is assembled and welded using
four pieces of hot-formed shell. Figure 1.23 shows the 18° sector being assembled. After
each 18° sector is manufactured, it is measured using the laser tracker, and the profile is
evaluated via best-fit and the assembly reference points are determined. The profile
deviation of all manufactured 18° sectors is within the required tolerance [38]. At the
assembly site of the plasma vessel, the laser tracker is used to determine the position of
each sector. Combined with the photogrammetry system and the scanning arm (Figure
1.24), the technology of reverse engineering is used to obtain the actual three-dimensional
shape of the plasma vessel, which is used for the precise positioning and installation of
the in-vessel components [39].

1.4 CFETR VV mockup

Figure 1.22: W7-X device [4].
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Figure 1.23: W7-X plasma vessel [38].

Figure 1.24: The measurement and related measurement devices for the W7-X plasma vessel
[39].

1.4 CFETR VV mockup
At present, the CFETR device has entered the stage of integrated engineering design and
the research on nuclear fusion has enjoyed certain achievements and gained widespread
attention throughout the world. However, based on the progress made by the EU, Japan
and Korea in the development of a large-scale, thick-wall, hyperboloid VV, as well as the
actual situation with fusion research in China, in terms of the high-precision forming of
hyperbolic shell, the welding deformation control of a thick, full-penetrated structure, the
non-destructive testing of the complex welds by full volume covering, the establishment
of a high-precision, three-dimensional measurement fiducial network and the highprecision assembly involved in the manufacturing of the VV, China’s research and
development level is far from the world’s most advanced level. Therefore, it is of great
significance and urgency to study the key technical difficulties involved in the
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manufacturing process of the VV before determining the design scheme of the CFETR
VV, which also offers the necessary technical support for the CFETR engineering design.
Based on the current design, the CFETR VV (Figure 1.25) has a torus, double-wall, Dshaped, fully-penetrated structure. The material is 316L (316L is the material used for 1/8
VV mockup. Because the main purpose of this project is to explore the manufacturing
process, 316L is selected to reduce costs. According to the latest design, the final material
of CFETR VV will be 316LN), while the maximum outer diameter is 19.5 m, the total
height is 17.4 m, the thickness of the inner and outer shells is 50 mm, the thickness of the
ribs connecting the outer and inner shells is 40 mm, and the total weight is approximately
2400 t. The CFETR VV is divided into eight 45° sectors, and each sector is divided into
four 11.25° sectors [40–44].

Figure 1.25: CFTER VV (image courtesy of ASIPP).

In order to study and resolve the key technical problems encountered in the design and
manufacturing process for the CFETR VV, ASIPP has carried out a project on key
technology and research needed for the fabrication process, e.g., forming, welding and
assembling, on a large heavy-duty double-wall VV with complex profile (supported by
the China National Magnetic Confinement Fusion Science Program under Grant
No.2015GB107000) in 2015. The goal of the project was to resolve the problems arising
during forming, welding, non-destructive testing (NDT), measurement and assembly by
completing the manufacturing of a 1/8 full-scaled VV (45° sector) so as to make a
substantial breakthrough in the manufacturing of a large-scale, double-wall VV with a
complex contour in China that ranks in the forefront of existing global technology [45–
50].
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The 1/8 VV mockup is composed of four 11.25° sectors, splice plates and port extensions,
as shown in Figure 1.26. In reference to RCC-MR 2007, the Design description document
(DDD) for the ITER VV, and ASME, and in combination with the ISO standard, the main
technical requirements for a 1/8 VV are as follows [51]:
1) All welds must be full-penetrated, and the weld defect level must meet the
requirement of ISO 5817:2003B (arc welding) or GB/T 22085.2-2008 (EBW).
2) All welds must pass 100% NDT.
3) The overall dimensional tolerance should be controlled within 8 mm, and the
surface roughness of the inner and outer shells should be better than Ra3.2.
4) The allowable leakage should be less than 1.0 10 Pa ∙ m ∙ s .
The above technical requirements face huge technical challenges in various aspects, such
as the shell forming, sub-component manufacturing, welding deformation control and
assembly.

Figure 1.26: 1/8 VV mockup [46].

1.5 Motivation
In the field of fusion reactor in China, only small and medium-sized VVs have been
manufactured, but the large, heavy-duty, complex-profile and double-wall VV has not
been manufactured. The aim is to build a 1/8 VV mockup to prove the technology to
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manufacture large-scale fusion reactor VV and lay the foundation for the construction of
future CFETR device. The key point is to control and reduce the welding deformation in
the manufacturing process of the VV sub-components, to ensure the manufacturing
accuracy. Aimed at the control of welding deformation, the method based on inherent
strain theory is used to analyze the welding sequence, tooling design, and clamping
position of the workpiece. In addition, the on-site welding deformation of VV subcomponents is measured and compared with the welding deformation analysis to provide
support for the future VV manufacturing.

1.6 Contribution and structure of the thesis
The 1/8 VV mockup is a large-scale, double-wall VV with a complex contour that is
currently being manufactured. It will accumulate relevant engineering experience for the
development of a fusion reactor device in China. The manufacturing accuracy of its subcomponents, such as 1/16 VV, 1/32 VV and each PS, is directly related to the final
accuracy of the 1/8 VV. Therefore, the research for this thesis has focused on the key
technologies of measurement, machining, welding and assembly involved in the abovementioned sub-components, while providing relevant technical reserves for the
subsequent manufacturing of a 1/8 VV and the future construction of a fusion reactor
device.
The contribution of the thesis is that the manufacturing of PSs, the 1/32 VV and 1/16 VV
has been successfully completed, and the accuracy of each sub-component falls within
the tolerance requirements. Based on reverse engineering, and through the combined
measurement system and reverse modelling, the judgment and distribution of the real
margin of each PS have been completed. For a workpiece similar to PSs and sectors, the
method of establishing an auxiliary reference outside the workpiece to determine its
position in the coordinate system of machine tools via a laser tracker is proposed. The
welding deformation prediction for PSs, 1/32 VV and 1/16 VV has been completed using
inherent strain theory. Based on the analysis results, the corresponding welding fixture
has been designed to reduce welding deformation, and the allowance has been reserved
to compensate for welding shrinkage. The on-site welding deformation of 1/32 VV and
1/16 VV was obtained by arranging fixed reference points around the sector, which will
provide reference and manufacturing experiences for the welding deformation control of
the1/8 VV in the future [52–55].
This thesis is organized as follows. Chapter 2 describes the theories regarding inherent
strain, the combined measurement system, how the machining benchmark of the
workpiece was determined, and on-site measurements of welding deformation. Chapter
3 describes the measurement results and analysis results after applying the above theories.
Chapter 4 compares the on-site welding deformation with the analysis results, and it
proves the reliability of the analysis results and the success of the sub-component
development efforts. Chapter 5 summarises the whole thesis and proposes more work for
future research.
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2 Theory involved in the R&D of VV
The 1/8 VV mockup is divided into four 1/32 VVs that can use the same assembly tooling
and welding tooling, and the 1/32 VV sector is divided into four segments along the
poloidal direction (Figure 2.1): PS1 (Inboard segment), PS2 (Upper segment), PS3
(Equatorial segment) and PS4 (Lower segment). PS2 and PS4 are symmetrical along the
equatorial plane, and they require the same tooling for assembly and welding.

Figure 2.1: Four segments.

The general assembly procedure for the 1/8 VV is shown in Figure 2.2. This thesis mainly
addresses the manufacturing process from PSs to the 1/16 VV.

Figure 2.2: The assembly procedure for the 1/8 VV.

According to the assembly procedure of 1/8 VV mockup, the CETOL tolerance analysis
software is applied to analyze the tolerances of PSs, 1/32 VV, 1/16VV and 1/8 VV, and
the results are shown in Table 2.1 [59].
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Table 2.1: The tolerances of 1/8 VV sub-components.

Name
PS
1/32 VV 1/16 VV 1/8 VV
Tolerance ±3 mm ±4 mm
±6 mm ±8 mm

2.1 Inherent strain theory
The total weld length of the 1/8 VV mockup is approximately 1000–1100 m. Each weld
must be fully penetrated. Because welding is a local heating process, the temperature field
generated by the heat source on and near the weld is extremely uneven, in addition, the
different heat dissipation conditions and the phase transformations cause the volume
change. This will lead to large difference in expansion and contraction of the weld. Finally,
the mutual restraint between materials will cause welding stress and deformation. Such a
long weld seam will inevitably encounter issues related to welding deformation due to
local concentrated heating. In order to ensure that the 1/8 VV meets the final tolerance
requirements, welding deformation control is of critical importance. In the manufacturing
stage, the factors affecting the welding deformation include the welding sequence, the
welding tooling and the clamping positions. Determining the optimal welding sequence,
the welding fixtures and the clamping positions based on the experiments has the
disadvantages of high cost, low efficiency and long cycle time, especially for the large,
thick-walled components, such as the sub-components of the VV. An alternative
approach is to use the finite element method (FEM) for welding deformation analysis to
resolve the above problems.
Generally, the theories on welding analysis are thermo-elastic-plastic theory and inherent
strain theory. For the welding analysis of large and complex workpieces, inherent strain
theory is faster and more efficient, so inherent strain theory is mainly used in the welding
analysis of the VV sub-components.
Based on inherent strain theory, the longitudinal inherent strain 𝑊 and the transverse
inherent strain 𝑊 are the main factors affecting the welding deformation in workpieces
with a complex structure, such as PS2 [56–57]. 𝑊 and 𝑊 have a linear relationship with
the welding line energy, Q, wherein Q is calculated by:
𝑄

𝜂𝑈𝐼 ⁄𝑣

(2.1)

where 𝜂 is the thermal efficiency, U is the welding voltage, I is the welding current and v
is the welding speed. 𝑊 and 𝑊 can be calculated by:
𝑊

𝐾𝑄

(2.2)

𝑊

𝜉𝑄

(2.3)

where K and 𝜉 are the coefficients of the longitudinal and transverse inherent strain,
respectively. The simplified formulas for K and 𝜉 are as follows:
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𝐾
𝜉

0.255~0.335 𝛼/𝑐𝜌

(2.4)

0.255~1.0 𝛼/𝑐𝜌

(2.5)

where 𝛼 is the thermal expansion coefficient, 𝑐 is the specific heat and 𝜌 is the density.
For multi-pass welding, the sum of the longitudinal inherent strains can be expressed as
follows:
𝐾 𝑊

𝑊

(2.6)

where 𝐾 is the influencing coefficient of the multi-pass and 𝑊 is the sum of the
longitudinal inherent strains with maximum welding line energy layers. 𝐾 can be
calculated by:
𝐾

1
∆𝑊

∆𝑊/𝑊

(2.7)

2𝐹 𝜀

(2.8)

where 𝐹 is the cross-sectional area of the groove and 𝜀 is the yield strain. The sum of
the transverse inherent strain can be expressed as follows:
𝑊

∑𝑊

∑𝜉 𝑄

(2.9)

where 𝜉 and 𝑄 are the coefficients of the transverse inherent strain and the welding line
energy corresponding to the 𝑖 welding layer, respectively.
In the ABAQUS software, the sum of the inherent strains, calculated using the above
equations (6) and (9), cannot be applied directly as a load. Therefore, the inherent strains
of the weld in the longitudinal and transverse directions are expressed in the form of a
thermal expansion coefficient through the orthotropic function of material:
𝜀

𝑊 /𝐴

𝛼 ∙ ∆𝑇

(2.10)

𝜀

𝑊 /𝐴

𝛼 ∙ ∆𝑇

(2.11)

where A is the cross-sectional area affected by the inherent strains, 𝜀 and 𝜀 are the
values of the inherent strains imposed on A, 𝛼 is the thermal expansion coefficient in
the longitudinal direction, 𝛼 is the thermal expansion coefficient in the transverse
direction and ∆𝑇 is the unit temperature load. ∆𝑇 is generally taken to be 1, so the values
of 𝛼 and 𝛼 are equal to the values of 𝜀 and 𝜀 . Finally, the thermal expansion
coefficients 𝛼 and 𝛼 are loaded on A, and the welding deformation of the workpiece
can be solved via elastic finite element analysis. As shown in Figure 2.3(a), the black
region represents the inherent strain loading region, h is the thickness of welded joint,
2a the width of the inherent strain loading region, h′ the height of the inherent strain
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loading region, e the eccentricity. The parameter a is a half of the actual weld width.The
parameter e can be obtained from Figure 2.3(b).
h′=h-2e

(2.12)

A=2a×h′

(2.13)

(a)

(b)

Figure 2.3: (a) the cross-sectional area affected by the inherent strains of the butt joint; (b)
relationship curve of e/h versus Q/h2 [60].

2.2 The combined measurement system
The combined measurement system refers to the combination of two measuring
instruments: the Leica laser tracker AT960 and the FARO laser scanarm, as shown in
Figure 2.4 and Figure 2.5. In the measurement process for PSs, the purpose of combining
the two instruments is as follows: to take advantage of the wide measurement range of
the laser tracker to evenly measure the surface of each PS and determine the design
coordinate system through the function of best-fit [58]; to use the function of point-cloud
collection of the laser scanarm to obtain the point cloud data for the ends of each PS in
the design coordinate system, which can be used for reverse modelling. The accuracy of
the combined measurement system is not less than 0.091mm, and meets the requirement
of measurement accuracy. Through the combined measurement system, the following
tasks can be accomplished:
1) The profile evaluation of the sub-components can be completed.
2) The fiducial nests distributed on the inner and outer shells of the sub-components
can be determined in the design coordinate system, which can be used with the
reflector as the assembly reference points, as shown in Figure 2.6.
3) To obtain the points-cloud data in the design coordinate system, the reverse model
can be directly compared with the design model and then the machining allowance
allocated.

2.2 The combined measurement system

Figure 2.4: The laser tracker.
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Figure 2.5: The laser scanarm.

Figure 2.6: The fiducial points distributed on each inner shell of the PS.

The basic requirement for the combined measurement system is to unify the data
measured by the laser tracker and laser scanarm into the same coordinate system. A group
of common reference points are measured using the laser tracker and laser scanarm,
respectively, as shown in Figure 2.7. The three-dimensional coordinates of the common
points’ data measured with the laser tracker and the laser scanarm satisfy the formula for
spatial similarity transformation:
𝑥
𝑦
𝑧

𝜆𝑅 ∅ 𝑅 𝜔 𝑅 𝜅

𝑥
𝑦
𝑧

∆𝑥
∆𝑦
∆𝑧

(2.14)

The seven parameters ( λ, Δx, Δy, Δz, 𝑅 ∅ , 𝑅 𝜔 , 𝑅 𝜅 ) in Formula (2.14) are the
parameters of the positional relationship of the coordinates of the first set of data in the
coordinate systems for the second set of data. Generally, three common points can
complete the spatial similarity transformation, but in order to ensure sufficient accuracy,
the common points range from eight to ten.
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Figure 2.7: The combined measurement system.

2.3 Determining the machining benchmark of the sub-components
After the PSs, 1/32 VV and 1/16 VV are assembled and welded, there is no corresponding
locating datum for machining. Therefore, the laser tracker is used in conjunction with the
machine tool to determine the position of the workpiece in the machine coordinate system.
Three auxiliary datum blocks are machined via an onside machine tool spindle, which
can be used to build the machine coordinate datum. Three auxiliary datum blocks and
fiducial points on the workpiece are measured simultaneously using a laser tracker, and
the unification of the design coordinate system and machine coordinate system can be
completed by datum transformation. Then, the machine tool can use the auxiliary datum
block shown in Figure 2.8 as the locating datum to determine the position of the
workpiece in the machine tool coordinate system.

Figure 2.8: Machining for PS4.
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2.4 On-site measurement of welding deformation
Since the PS is involved in the disassembly of the toolings and the overall heat treatment
many times during the manufacturing process, the on-site measurement of welding
deformation for the PS is achieved by measuring its overall profile. For the 1/32 VV and
1/16 VV, the on-site measurement of welding deformation is completed by monitoring
the fiducial points with the laser tracker. The method is to establish a global coordinate
system of measurement by arranging fixed fiducial points outside the VV. In the global
coordinate system, the coordinates of the fiducial points located on the VV before welding
are measured and recorded as (𝑥 , 𝑦 , 𝑧 ), and the coordinates for the same points after
welding are measured and recorded as (𝑥 , 𝑦 , 𝑧 ). Then, the welding deformation of the
1/16 VV can be solved as follows:
∆𝑥
∆𝑦
∆𝑧

𝑥
𝑦
𝑧

𝑥
𝑦
𝑧

(2.15)

where ∆𝑥 , ∆𝑦 , ∆𝑧 is the positional change of the fiducial points during the welding
process for the VV, which represents the welding deformation of the VV.
Figure 2.9 and Figure 2.10 show the measurement scheme for the 1/32 VV and 1/16 VV
described above. The fixed fiducials outside the VV cannot be fixed on the assembly
platform or the toolings, and the positions cannot be changed during the welding process
for the VV.

Figure 2.9: Welding deformation measurement of the 1/32 VV.
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Figure 2.10: Welding deformation measurement of the 1/16 VV.
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3 Results
3.1 Analysis of welding deformation
As a class-2 nuclear component, the quality and the magnetic permeability of the VV
welds must be strictly controlled. The TIG welding is applied in the assembly of VV,
because in the TIG welding, there are no spatter and slag in the welding process, and the
content of ferrite is relatively lower compared with the shielded metal arc welding
(SMAW) and submerged arc welding (SAW). Compared with the melt inert-gas (MIG)
welding, the TIG welding can achieve all-position welding. For the PS, 1/16 VV and ports,
the manual TIG welding is used due to the interference of welding tooling, while for 1/32
VV and 1/8 VV, the automatic narrow gap TIG (NG-TIG) welding is adopted. In the
calculation of inherent strain, the automatic NG-TIG welding and manual TIG welding
have different thermal efficiencies.
The welding process experiments have been performed with the manual TIG welding and
the automatic NG-TIG welding [41]. All welded joints are in compliance with the
requirements of the standard certification. The standards of TIG welding are ISO
5817:2014 level B and ISO 15614-1:2012. The welding parameters determined by the
welding experiments are used as input conditions in the welding deformation analysis. At
the same time, the transverse shrinkage of the NG-TIG welding test plate was measured,
and the welding deformation analysis was carried out. Figure 3.1 shows the measuring
points of shrinkage value. The analysis results are basically consistent with the welding
shrinkage of actual measurement, as shown in Table 3.1. The error at position e’-e is
larger than the errors at the remaining positions, the reason for the larger difference in
errors is that during the experiments there has been extra support at this position compared
to the simulation model, which this support can restrain the welding deformation. The
same analysis was carried out when using the manual TIG welding. All results together
have proved that the welding deformation analysis is valid.

Figure 3.1: The measuring points of shrinkage value.
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Table 3.1: Comparison of welding deformation analysis and the actual welding test plate.
Positions

a-a’

b-b’

c-c’

d-d’

e-e’

Welding deformation analysis (mm) 4.65 4.72 4.75 4.73 4.68
Actual measurement results (mm)

4.23 4.54 4.55 4.36 3.70

Error (%)

9.9

4.0

4.4

8.5

26.5

To sum up, the welding deformation showed identical variation trends and magnitudes
between the simulated results and experiment. The simulation methodology was validated,
and the simulation parameters were finalized. Then, they can be could be applied to the
simulation for the VV sub-components.
Before starting the formal PS welding, smaller mockups (Figure 3.2) have been carried
out by research team. The design of subsequent jigs and tooling is determined by the
smaller mockups. In addition to controlling welding deformation, the following aspects
should be paid attention to in the subsequent design of the welding tooling and jigs: 1.
The layout of jigs needs to reserve space for welding; 2. The design of welding tooling
needs to be able to support the whole workpiece and reserve space for welding; 3. All
design of the welding tooling and jigs should be easy to disassemble; 4. The design of the
welding tooling should also consider the assembly requirements of the workpiece.

Figure 3.2: The smaller mockups.

3.1.1

Results for PS2

Figure 2.1 shows that the PS2 and the PS4 have a similar structure, with one end of the
segment being larger than the other. The asymmetric structure of the PS2 and the PS4 is
more complicated than the structure of the PS1 and PS3, which are symmetrical. Due to
the more complicated structure, the PS2 was selected as the research object in this thesis.
The PS2 includes nine full-penetration welds, as shown in Figure 3.3. Based on the
previous welding process experiments, there are three types of welded joints, as shown
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in Figure 3.4. Welded joints 1, 2, 3, 4 and 7 have K-shaped grooves; welded joints 5 and
6 have J-shaped grooves; and welded joints 8 and 9 have U-shaped grooves.

Figure 3.3: PS2: (a) the model of PS2, (b) the parts of PS2, (c) the number of welds.

Figure 3.4: Three types of welded joints in a PS2 (unit: mm): (a) K-shaped groove, (b) J-shaped
groove, (c) U-shaped groove.

Manual tungsten inert gas welding is used for welding the PS2. The welding wire is
ER316L, from Sandvik Co. Ltd. The welding parameters used are shown in Table 3.2.
All the welds required multi-pass welding and the welding interlayer temperature must
be below 100 °C.
Table 3.2: Welding parameters for manual TIG welding
Welding pass
K-shaped
groove
J-shaped
groove
U-shaped
groove

Welding voltage
(U/V)

Welding current
(I/A)

Welding speed
(V/mm ∙ min )

16~18

150~170

100~120

24~26
25~27
31~33

To investigate the effect of the welding sequence on welding deformation, five different
sequences were implemented together with the actual welding situations in the PS2
simulation (Table 3.3). The differences among the five welding sequences mainly had to
do with the different welding order of the transverse rib and the T-rib. To simulate the
actual welding conditions, the parts of the PS2 are activated procedurally in terms of
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welding sequence using the function of model change in the ABAQUS. Figure 3.5 shows
the adding order of the parts for welding sequence 2. The necessary constraints are added
at both ends of the inner shell in order to prevent space displacement.
Table 3.3: Welding sequences

Sequence
1
2
3
4
5

Welding sequence
1&2→3&4→5&6→7&8&9
1&2→3&4→7&8&9→5&6
3→1&2→4→5&6→7&8&9
3&7→1&2→4→5&6→8&9
3&7→1&2→4→8&9→5&6

Figure 3.5: Adding order of parts (unit: mm): (a) No.1 and No.2 welds, (b) No.3 and No.4
welds, (c) the assembly of outer shell, (d) No.7, No.8 and No.9 welds, (e) No.5 and No.6 welds.

Table 3.4 shows the final deformation of the PS2’s parts with respect to the different
welding sequences. The deformation of PS2 varies with the welding sequences because
the assembly order of the welding sequences differs, which led to different structural
rigidity for the PS2 during the simulation welding. Table 3.4 shows that the deformation
of the parts was smallest in sequence 2.
Table 3.4: Welding deformation with the necessary constraints (unit: mm)

Sequence Inner shell Vertical ribs Transverse rib T-rib Outer shell
1
9.43
9.77
9.77
12.10
12.10
2
9.21
9.67
9.63
7.07
10.36
3
9.83
10.93
10.93
7.62
14.51
4
10.14
10.93
10.93
12.13
12.13
5
9.83
10.93
10.93
7.50
14.56

3.1 Analysis of welding deformation

43

To control the welding deformation, the welding tooling and the clamping positions were
designed as shown in Figure 3.6.

Figure 3.6: The welding tooling and clamping positions: (a) the welding tooling, (b) the welding
tooling connecting outer shell and inner shell, (c) the clamping positions.

Figure 3.7 shows the adding order of the parts in welding sequence 2 together with the
welding tooling and constraints.

Figure 3.7: Adding order of the parts with the welding toolings (unit: mm): (a) No.1 and No.2
welds, (b) No.3 and No.4 welds, (c) the assembly of outer shell, (d) No.7, No.8 and No.9 welds,
(e) No.5 and No.6 welds.

Table 3.5 shows the final deformation of the PS2’s parts in different welding sequences.
The deformation in welding sequence 2 is also the smallest, and the welding deformation
is greatly reduced compared to the corresponding item in Table 3.4. The sequence 2 is
the optimal sequence, because this sequence ensures the best structural rigidity of PS2 in
the welding process.
Table 3.5: Welding deformation with the welding tooling (unit: mm)

Sequence Inner shell Vertical ribs Transverse rib T-rib Outer shell
1
4.76
4.12
3.63
5.48
4.49
2
1.84
4.11
3.63
4.45
4.11
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3
4
5

3.1.2

1.82
4.79
1.83

4.44
4.14
4.43

4.01
3.61
4.01

5.13
5.50
5.14

5.13
4.50
5.14

Results for 1/32 VV

The 1/32 VV is assembled using a set of assembly tools, as shown in Figure 3.8. After
completing the assembly of each PS, the assembly tools in the blue colour will be
removed so as not to affect the welding operation and the assembly tools in the red colour
will be retained until the end of the welding operation. The location of the red tools will
also be used as the positions to impose constraints on subsequent welding analysis.

Figure 3.8: The assembly tool used for the 1/32 VV.

Full-penetration welding for the 1/32 VV includes eight welded joints, and all of the joints
have one-sided grooves, as shown in Figure 3.9. Automatic narrow gap tungsten inert gas
(NG-TIG) welding was applied during the welding of the 1/32 VV. Compared to
conventional TIG welding, NG-TIG welding greatly reduces the cross-sectional area of
the groove, improves the efficiency of the welding, reduces the range of the heat-affected
zone, reduces the welding residual stress and deformation of the welded joint, and
significantly improves the comprehensive mechanical properties of the welded joint.
Table 3.6 shows the main parameters of NG-TIG welding, which will be used in inherent
strain theory.
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Figure 3.9: Eight welded joints of 1/32 VV.
Table 3.6: Welding parameters used for NG-TIG welding
NG-TIG welding
Welding pass
Welding voltage (U/V)
Peak current (Ip/A)
Peak time (tp/s)
Base current (Ib/A)
Base time (tb/s)
Welding speed Vw/(mm/min)

Backing weld
1
10
90
0.1
50
0.2
100

Filling welding 1
27
12
235
0.2
100
0.3
80

Filling welding 2
10
12
275
0.2
150
0.3
80

Cover welding
1
12
200
0.05
100
0.05
50

Figure 3.10(a) shows that the positions of the symmetry plane are restrained, while the
simulation results show that the maximum deformation of welding is 9.08 mm and the
deformation in the Z direction is 6.28 to 6.24 mm. In Figure 3.10(b), the ends of the
1/32 VV are restrained and the simulation results show that the maximum welding
deformation is 11.30 mm, while the deformation in the X direction is 4.21 to
10.35 mm.
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Figure 3.10: Welding deformation with two kinds of constrains (unit: mm): (a) constraints of the
symmetry planes, (b) constraints of the ends.

Two kinds of analysis results show that a large deformation exists near the weld seams
and that each PS has a certain global displacement. Therefore, it is necessary to design
welding jigs and fixtures for the 1/32 VV to reduce the welding deformation. In Figure
3.11, the restraint plates in the green colour are fixed onto both sides of the weld seams
to reduce the welding deformation near the weld seams, while the welding fixtures in the
purple colour are installed inside the 1/32 VV to reduce the global displacement of each
PS.

Figure 3.11: Welding jigs and fixtures for the 1/32 VV.

Figure 3.12 shows the results of welding deformation analysis on the 1/32 VV with
welding jigs and fixtures under the above two same constraints. In Figure 3.12(a), the
maximum welding deformation is 3.08 mm and the deformation in the Z direction
is 2.55 to 2.64 mm . In Figure 3.12(b), the maximum welding deformation is
3.74 mm and the deformation in the X direction is 1.38 to 3.57 mm. In comparison
with the deformation results without welding jigs or fixtures, the welding deformation
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was greatly reduced, e.g., the maximum deformation is reduced by 6.0 mm and 7.56 mm
respectively.

Figure 3.12: Welding deformation with welding jigs and fixtures (unit: mm): (a) the results of
restraining the symmetry planes, (b) the analysis results of restraining the ends.

3.1.3

Results for 1/16 VV

Two 1/32 VVs were assembled in the 1/16 VV via direct butt welding, with the length of
the welds being 56.9 m and all of them requiring full penetration. As shown in Figure
3.13, in order to facilitate the welding process, the position of the weld was adjusted in
the horizontal condition by the supporting tooling during on-site assembly. Due to the
interference of the welding toolings inside the 1/16 VV, manual TIG Welding was used
to weld the 1/16 VV. In the welding simulation for the 1/16 VV, fixed constraints were
imposed on the bottom of the supporting toolings, and binding contacts were established
between the supporting toolings and the 1/16 VV. Because the weight of the 1/16 VV is
too large and the direction of gravity is consistent with the transverse shrinkage direction
of the welds, gravity was also taken into account during the welding simulation.
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Figure 3.13: Assembly model of the 1/16 VV.

Figure 3.14 shows the welding deformation of the 1/16 VV under the above constraints.
The maximum deformation was 5.14 mm, and the welding deformation was mainly
concentrated on the 2#1/32 VV. Two paths were extracted for analysing the welding
deformation in each direction of the 1/16 VV, as shown in Figure 3.14(b). Path-1 mainly
illustrates the shrinkage of the 2#1/32 VV in the Y direction, and the shrinkage value was
approximately 2.4~3.6 mm, as shown in Figure 3.14 (c). The deformation of Path-2 in the
X direction illustrated the angular (or twist) deformation of the welds, as shown in Figure
3.14(d). The nodes on the two paths did not deform in the Z direction.
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(a)

(b)

(c)

(d)

Figure 3.14: Welding deformation of the 1/16 VV without the anti-deformation plates (unit: mm):
(a) deformation cloud diagram, (b) schematic diagram of the paths, (c) deformation curves of
Path-1, (d) deformation curves of Path-2.

The method of reserving allowance was adopted to compensate for the welding shrinkage
of the 1/16 VV in the Y direction. Angular deformation caused by welding shrinkage in
the X direction can be controlled by increasing the restraints on both sides of the welds,
i.e. assembling the welding anti-deformation plates. Figure 3.15(a) shows the welding
deformation of the 1/16 VV with the anti-deformation plates (the welding restraining
toolings inside the VV are not shown); the maximum deformation was 4.50 mm. From
Figure 3.15(b), it can be seen that the welding deformation of the 2#1/32 VV in the Y
direction changed little, while the shrinkage value was approximately 2.4~2.8 mm and
the deformation in the X direction was also reduced. When comparing Figure 3.15(c) with
Figure 3.14(d), it can be concluded that the angular (or twist) deformation of the 1/16 VV
was also somewhat reduced.
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(a)
(b)
(c)
Figure 3.15: Welding deformation of the 1/16 VV with the anti-deformation plates (unit: mm):
(a) deformation cloud diagram, (b) deformation curves of Path-1, (c) deformation curves of Path2.

3.2 Results of the combined measurement
Figure 3.16 shows the measuring results for the PSs when using the combined
measurement system to obtain the point cloud data for the PS’s ends in the design
coordinate system.

Figure 3.16: Results of the combined measurement.

The reverse model established according to the point cloud data can be used to directly
compare the design model in order to distribute the machining allowance equally. Figure
3.17 shows the results of the comparison. The distribution of the machining allowance
was quite uneven, and some PSs had no allowance relative to the boundary of the design
segment. Therefore, in order to ensure the machining tolerance of each PS, the boundaries
of the design segment (the inner shell of PS2-PS3 and PS4-PS3) were adjusted. For the
case where the PS2-PS1 cross-machinable area was too small, the entire PS1 was shifted
toward the PS2 in a straight line on the premise of ensuring that the machining allowance
for PS2-PS1 and PS4-PS1 was well distributed.
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Figure 3.17: Comparison of local section between the reverse model and design model.

3.3 Results of machining benchmark measurement
Figure 3.18 shows the fitted triorthogonal plane and the evaluation of flatness. The
triorthogonal plane was used to establish the machine coordinate system.

Figure 3.18: The measuring data of three planes (unit: mm).

3 Results

52

Figure 3.19: On-site machining of PSs.

After the groove machining step was completed (Figure 3.19), the laser tracker was used
to inspect the machining accuracy, with all the dimensional accuracy falling within the
tolerance requirements, as shown in Figure 3.20.

Figure 3.20: Inspection report for the groove.

Using the same method (Figure 3.21 and Figure 3.22), the machining of four 1/32 VVs
was completed: for the two 1/32 VVs that needed to machine two sides of the D shape,
the angle between the two sides was 11.245° and 11.247°, respectively, which is within
the tolerance requirements; for the two 1/32 VVs that only needed to machine one side of
the D shape, the deviation of the groove plane detected using the laser tracker was -0.6 to
+0.5 mm, and this machining accuracy also met the tolerance requirements.
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Figure 3.21: Machining layout of the 1/32 VV.

Figure 3.22: On-sit machining of the 1/32 VV.

3.4 Results of on-site welding deformation
3.4.1

On-site welding deformation of 1/32 VV

Figure 3.23 shows the deviation of targets between the pre-weld and post-weld operations.
The overall Y direction deformation of the 1/32 VV was less than 0.5 mm, which was
consistent with the transverse shrinkage and longitudinal shrinkage in the theory of
inherent strain. The deformation of PS2 and PS4 in the Z direction was 3.58 to
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4.39 mm, while the deformation of PS1 and PS3 in the X direction was
3.34 mm.

1.97 to

(a)

(b)

(c)

(d)

Figure 3.23: Welding deformation of the 1/32 VV (unit: mm): (a) spatial distance, (b) X direction,
(c) Y direction, (d) Z direction.

3.4.2

On-site welding deformation of the 1/16 VV

Figure 3.24 shows the displacement of each point located on the 1/16 VV after welding
relative to the pre-weld operation. Figure 3.24(a) shows that the maximum deformation
was 9.34 mm, wherein the displacement of each point located on the 1#1/32 VV was
relatively small and the welding deformation mainly occurred on the 2#1/32 VV. This
result is consistent with the above simulation results, and the local deviation is because
the on-site welding conditions are difficult to be consistent with the finite element analysis.
The main reason for the finding is that the 1#1/32 VV is bound to the supporting toolings,
which limits its deformation. Figure 3.24(c) shows the displacement of each point in the
Y direction, wherein the shrinkage value of the 2#1/32 VV was 6.03~8.79 mm.
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(a)

(b)

(c)

(d)

Figure 3.24: Welding deformation of the 1/16 VV (unit: mm): (a) spatial distance, (b) X direction,
(c) Y direction, (d) Z direction.
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4 Discussion
In the assembly procedure of 1/8 VV mockup, there is a large amount of welding starting
from the period of PS, therefore the deformation mainly starts from the period of PS. For
the final assembly of 1/8 VV mockup, the tolerance requirements for the PS, 1/32 VV
and 1/16 VV are different. In this chapter, three sub-components of 1/8 VV mockup are
used for discussion. All welds of the sub-components discussed in this chapter have been
non-destructively tested, and all welds are qualified.

4.1 Discussion of PS
Table 3.5 shows that the maximum deformation was located at the T-rib for all welding
sequences, because the T-rib contains three welds and has the highest heat input.
Therefore, in the on-site welding process, the structural rigidity at the T-rib was
additionally increased by jigs to reduce the welding deformation.
Figure 4.1 shows a comparison of the small end between the original model and the model
with the welding deformation. Gap reduction due to welding shrinkage is always present,
except when the outer shell is completely constrained, but no fully constrained situation
exists during an actual welding process. Therefore, on the basis of the corresponding
welding experiments, an allowance for welding shrinkage must be reserved before
assembly to ensure the gap between the double shells.

Figure 4.1: Comparison of the small end between the original model and the model with the
welding deformation (deformation scale factor: 50 times, with the wireframe model representing
the original model and the model with colour representing the model with the welding
deformation.).

At present, and on the basis of the above analysis results, four PS2s have been
manufactured (Figure 4.2). The welding deformation has been effectively controlled, and
the dimensional accuracy of each PS2 is within the tolerance requirements of 3 mm
(Figure 4.3).
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Figure 4.2: The workpiece of PS2.

Figure 4.3: The profile tolerance of the PS2.

Based on the analysis and manufacturing method for PS2, PS1, PS3 and PS4 were also
manufactured, and the profile deviation was within the tolerance requirements of 3 mm.

Figure 4.4: PS1, PS3 and PS4 with welding toolings.
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4.2 Discussion of 1/32 VV
According to the above welding simulation analysis and the related welding tests, in the
process of on-site assembly 8 mm (-4 mm~4 mm) is reserved to compensate for welding
shrinkage in the Z direction, while 2 mm is reserved to compensate for welding shrinkage
in the X direction. Compared with the results of the welding analysis, the allowance for
welding shrinkage in the Z direction increased because the gaps in each PS were set at
zero in the welding simulation since a certain gap would emerge during actual assembly.
The allowance for welding shrinkage in the X direction decreased because the overly
large misalignment of weld seams would cause the seams to be unqualified.
Compared with the on-site welding deformation of the 1/32 VV, the welding deformation
of PS2 and PS4 in the Z direction was consistent with the reserved allowance for welding
shrinkage. The welding deformation of PS1 and PS3 in the X direction was 3.31 mm
larger than the reserved allowance for welding shrinkage. But the welding deformation
was still consistent with the results from the welding simulation. The reason for this is
because the reserved allowance for welding shrinkage was reduced to ensure the quality
of the weld seams during the process of assembly. For the 1/32 VV that was completed,
the inner welding fixtures can be removed and the hydraulic jack can be used for
mechanical correction to repair the deformation in the X direction caused by welding
shrinkage. For the future manufacturing of a 1/32 VV, the reserved allowance for welding
shrinkage can be increased to compensate for welding deformation in the X direction
under the condition of guaranteeing the quality of the weld seams, improving the welding
fixtures and increasing their rigidity in the X direction on the basis of the original welding
fixtures.
Figure 4.5 shows the profile deviation of the 1/32 VV. Compared with the tolerance
requirement of 4 mm , the overall profile deviation of the 1/32 VV is within the
tolerance requirements, with only local areas falling outside the tolerance limits, which
can be corrected mechanically. The reason for the out-of-tolerance include manufacturing
deviation of the PSs, an error in the 1/32 VV assembly and the welding deformation of
the 1/32 VV.
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(a)

(b)

(c)

(d)

Figure 4.5: The profile deviation of the 1/32 VV (unit: mm): (a) three-dimensional direction, (b)
area of out-of-tolerance, (c) X direction, (d) Z direction.

In general, four 1/32 VVs were successfully manufactured using the research of
measurements, assembly, machining and welding, and they satisfied the design indicators
and expected results.

4.3 Discussion of 1/16 VV
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Figure 4.6: Four 1/32 VVs.

4.3 Discussion of 1/16 VV
According to the above-mentioned results and the welding shrinkage data acquired during
the manufacturing process of the PS, in addition to a gap of 2.5 mm a welding shrinkage
allowance of 4 mm was left for the 1/16 VV assembly in the Y direction and no shrinkage
allowance was left in the X and Z directions.
Compared the welding shrinkage allowance of 4 mm, plus a gap of 2.5 mm, the on-site
welding shrinkage of the 1/16 VV can be compensated for in the Y direction. At the same
time, Figure 3.24(b) and Figure 3.24(d) show that the 2#1/32 VV still had a certain
displacement in the X and Z directions with respect to the 1#1/32 VV. The main reason
for this is that in the process of on-site assembly, the assembly gap on the left side of the
1/16 VV was too large, and hence a certain misalignment occurred. As a result, the actual
filling and heat input of the welds were higher than those of the other positions, which
resulted in larger welding deformation. Specifically, it showed a certain displacement in
the X and Z directions, and the deformation in the Y direction became large. Therefore,
in order to further reduce the welding deformation of the 1/16 VV in the future, it is
necessary to further improve the assembly accuracy of the 1/16 VV.
Figure 4.7 shows the profile deviation of the 1/16 VV (Figure 4.8). Compared with the
tolerance requirement of 6 mm, the overall profile deviation of the 1/16 VV was within
the tolerance requirements, with only local areas falling outside the tolerance, which can
be corrected mechanically or can increase the reinforcement of welds. The source of the
1/16 VV’s out-of-tolerance mainly had to do with manufacturing error with respect to the
1/32 VV.
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(a)

(b)

(c)

(d)

Figure 4.7: The profile deviation of a 1/16 VV (unit: mm): (a) three-dimensional direction, (b)
area of out-of-tolerance, (c) X direction, (d) Z direction.
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Figure 4.8: Two 1/16 VVs.

Table 4.1 shows the manufacturing accuracy of VV for different fusion devices.
Compared with the ITER VV sector, although the thickness of CFTER VV shell is a bit
thinner, the accuracy of the completed 1/16 VV sector has reached the accuracy of its
1/40 VV sector. Compared with JT60-SA VV sector, the size of the CFETR VV is twice
larger, and the shell thickness is much bigger as well, but the manufacturing accuracy of
the CFETR VV sector is only 1 mm smaller than it. By comparison, it can be seen that
the CFETR VV sector mockup has reached the manufacturing accuracy better than other
VV sectors from the PS to the subsequent sectors. The achievement is inseparable from
the manufacturing of smaller mockups, welding deformation analysis, welding tooling
design and on-site measurement. The manufacturing of smaller mockups provides a
reference for the design of the tooling and clamping position of the VV sub-components;
By the welding deformation analysis, it guides the design of welding tooling and welding
sequence; By using laser measurement, the machining of the VV sub-components before
welding was completed. At the same time, the reliability of the simulation results is
verified by the measurement of actual welding deformation.
Table 4.1: Comparison of manufacturing accuracy.
Structure

Thickness
of the shell

Outer
diameter

Height

Material

Manufacturing accuracy
PS: 4 mm

ITER VV
sector
[14,23,24]

Doublewall

60 mm

19.4 m

11.3 m

316LN

9° sector mockup:
5 mm of the total height and
6 mm of the total width

JT60-SA
VV sector
[29]

Doublewall

18 mm

9.95 m

6.63 m

316L

5 mm

CFETR
VV sector

Doublewall

50 mm

19.5 m

10.7 m

316L

PS: 3 mm
11.25° sector mockup: 4 mm
22.5° sector mockup: 6 mm
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5 Conclusion
On the basis of the welding experiments and finite element analysis, this thesis has studied
the welding deformation, machining, on-site assembly and other aspects involved in the
manufacturing of VV sub-components. Conclusions of this thesis are as follows:
1) Based on the characteristics of the PS, such as contour deviation, lack of positioning
datum and uneven distribution of machining allowance, the methods of combined
measurement and reverse modelling were adopted to distribute the machining
allowance reasonably.
2) By establishing an auxiliary reference outside the VV sub-components and using a
laser tracker to measure, the position of the workpiece in the machine tool coordinate
system was determined by coordinate system conversion.
3) Based on the on-site welding conditions of the VV sub-components, the inherent
strain theory was used to complete the welding deformation analysis of the PS2, 1/32
VV and 1/16 VV, and the corresponding welding fixture was designed, and the
allowance was reserved for compensating welding shrinkage.
4) By arranging fixed points around the 1/32 VV and 1/16 VV, a laser tracker was used
to monitor their welding deformation, and the on-site welding deformation was
obtained. The theoretical analysis results were verified, and provide reference and
manufacturing experiences for the welding deformation control of the CFETR VV.
Compared with the manufacturing accuracy of the ITER 9° sector mockup, the ITER PS
and JT60-SA VV sector, the manufacturing accuracy of CFETR VV mockup not only
meets the design requirements, but also reaches the international advanced manufacturing
technology level. The original objectives of CFETR VV mockup have been successfully
achieved. The achievements not only verify the feasibility of current CFETR VV design,
but also provide technology accumulation for the fabrication of fusion reactor’s other
components.
The novelties of this thesis are as follows:
1) The methods of combined measurement and reverse engineering are applied to the
machining of the workpiece without the positioning datum.
2) Based on the inherent strain theory, the welding deformation is analyzed, and the
welding deformation of double-wall components is controlled from the aspects of the
welding tooling, the welding sequence and the allowance of welding shrinkage.
3) The laser tracker is applied to complete the welding deformation measurement of
large components through the design of fixed points.
At present, in order to provide a full-scale space simulation environment for blanket,
divertor, remote handling, heating, other components and system, the 1/8 VV mockup is
upgrading to the VV installation testing facility based on the current condition. Therefore,
the research that can be carried out in the future mainly includes the following contents:
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5 Conclusion

The large-view-field datum network will be built for ensuring the positioning
accuracy of the VV and the in-vessel components.
2) The welding deformation analysis, the design of welding fixture and the optimization
of welding sequence will be carried out for the manufacturing of the 1/8 VV.
3) The reverse and high-precision machining of splice plates will be studied to ensure
the assembly accuracy of two 1/16 VVs and the splice plates.
1)
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Reverse Engineering of CFETR
Vacuum Vessel Mockup
Haibiao Ji , Yongqi Gu, Jiefeng Wu, Zhihong Liu , Xiaosong Fan, Jianguo Ma, and Xiaowei Xia

Abstract— The 1/32 subsector of China Fusion Engineering
Test Reactor vacuum vessel mockup is fully penetration welded
together with four poloidal segments (PSs) which are made by
forming and welding, so that each PS needs to machine the
welding grooves. However, the measurement results show that
there are dimensional errors between the design model and
each PS which has been made. This means that the welding
grooves cannot be machined directly according to the design
model. So, the method of reverse engineering is used to achieve
the 3-D model of each PS which has been made. Based on this
3-D model, the model for CNC machining can be designed. At the
same time, the machining equipment for PS is a three-coordinate
CNC floor-type milling and boring machine which needs a datum
plane when it is milling. Considering each PS has a complex
surface profile, 3-D datum transformation is used for solving the
problem of lacking the machining benchmark. At present, based
on these two methods, the machining work of welding grooves for
eight PSs has been completed which has met the requirements
of assembly and welding.

Fig. 1.

VV of CFETR.

Fig. 2.

Four PSs.

Fig. 3.

Detailed dimensions of welding groove (unit: millimeter).

Index Terms— Machining benchmark, poloidal segments (PSs),
reverse engineering (RE), vacuum vessel (VV).

I. I NTRODUCTION
HE vacuum vessel (VV) is one of the key parts of the
China Fusion Engineering Test Reactor (CFETR) [1].
The VV is designed as a torus-shaped double-walled structure
to meet the requirement of baking, cooling, and neutron
shielding; both the VV shells are 50-mm thick. Fig. 1 shows
the overall structure of the VV. To reduce the difficulty of
manufacturing, the cross section of VV is D-shaped making up
of five arcs and one straight line which are tangential to each
other. To realize modular manufacturing, the VV is separated
into eight 45° sectors, each of which contains four 11.25°
subsectors [2], [3].
Now in order to solve many challenging issues, such as
forming, welding, nondestructive testing, and assembly, a full
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scale 1/8 VV mockup is under development. The 1/8 VV
mockup contains four 1/32 subsectors which arefully penetration welded together with four poloidal segments (PSs). The
four PSs of the 1/32 VV shown in Fig. 2 have been made
by forming and welding, and each PS needs to machine the
welding grooves before assembling into 1/32 VV. Because
of the forming deviation and welding deformation, each PS
inevitably produces dimensional errors relative to the design
model which will result in low-machining accuracy of welding
grooves. Fig. 3 shows the detailed dimensions of welding
groove. And due to the limitation of machining equipment and
each PS with complex profile, each PS lacks the machining
benchmark in the process of welding grooves machining. For

0093-3813 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Combined measurement system.

similar parts with dimensional errors, large size, and complex
profile, the traditional-machining methods are often powerless
or difficult to machine the parts.
In this paper, based on these characteristics, the methods of
reverse engineering (RE) and 3-D datum transformation were
explored to solve the problems encountered in the process of
each PS’s welding grooves machining.
II. R EVERSE E NGINEERING
RE is also known as back engineering, which is mainly used
in product imitation, new product design and manufacture,
and product transformation [4]. It is mainly for existing
products or parts with complex surface features, measures
point cloud data of the workpiece contour accurately and
quickly through the 3-D digital measurement instruments, then
uses the software to reconstruct the model, and on this basis,
analyzes, and improves the existing products or parts. The
key technologies of RE mainly include measurement data
acquisition, point cloud processing, and model reconstruction.
They play a vital role in the whole design process, which
directly affect the quality of the reconstructed model and the
subsequent redesign [5].
A. 3-D Measurement
Considering each PS with large size and curved surface
profile, the combined measurement system which is composed
of Leica Absolute Tracker AT960 and FARO Laser ScanArm
was used to complete the measurement of each PS (Fig. 4).
The combined measurement system can make up for the
disadvantage of the low efficiency of laser tracker on point
cloud measurement, and solve the defect of small measurement
range of Laser ScanArm. The accuracy of the combined
measurement system is not less than 0.091 mm which has
met the requirement of measurement accuracy.
The laser tracker measured the surfaces of each PS in
a matrix sample manner. And the least-square (LS) method
was used to fit the measurement data with the theoretical
model [6]. In this way, on the one hand, the contour of each
PS could be measured, while on the other hand the design
coordinate system of each PS could be fit out. By analyzing
the measurement results of all PSs (Fig. 5), it is found that
the big end’s machining allowance of PS4’s outer shell was
sufficient, and the small end was insufficient, while the inner
shell was just the opposite. The measurement results of PS1

Fig. 5.

Measurement results of PS1, PS3, and PS4 (unit: millimeter).

and PS3 showed that the machining allowances of both ends
were sufficient. These mean the demarcation position of each
PS segment relative to the design model need to be fine-tuned
accordingly.
As the purpose of this processing was for the assembly
of 1/32 subsector, the Laser ScanArm was used for getting the
point clouds of the ends of PS4. And the method of common
point LS conversion was adopted to unify the measurement
data obtained by the laser tracker and the Laser ScanArm.
The 3-D coordinates of the common points’ data measured by
the laser tracker and the Laser ScanArm satisfy the formula
of spatial similarity transformation
⎡ ⎤ ⎡
⎤
⎡ ⎤
x2
x
x1
⎣ y1 ⎦ = λR(φ)R(ω)R(κ) ⎣ y2 ⎦ + ⎣ y ⎦ .
(1)
z1
z2
z
The seven parameters [λ, x, y, z, R(φ), R(ω), R(κ)]
in (1) are the parameters of the positional relationship of
the coordinates of the first set of data in the second set of
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Fig. 7.
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Unified data of PS1.
Fig. 8.

Cloud deviation check.

Fig. 9.

Local comparison of PS4’s big end (unit: millimeter).

General process of PS4’s model reconstruction.

data coordinate systems. In order to ensure sufficient accuracy,
the common points generally take eight to ten. After that,
the point clouds and the measurement data of the laser tracker
could be unified in the same coordinate system by using bestfit transformation (Fig. 6). In other words, the point clouds
were converted into the design coordinate system.
B. Model Reconstruction
Before reconstructing the model, the following are very
important.
1) The details of the design information and machining
requirements need to be known.
2) Choose the correct and effective modeling method.
3) Simplify the model without affecting the follow-up
machining.
4) Try to improve the efficiency of the surface reconstruction and ensure the accuracy of the model.
The grooves of ribs have been machined when assembling
each PS, here only need to reconstruct the ends of the inner
and outer shells.
The CATIA V5R20 software was used to deal with the point
cloud data obtained by the Laser ScanArm. In the process
of model reconstruction, digitized shape editor, quick surface
reconstruction, generative design, and freestyle were used
interactively to finish the point cloud processing and surface
reconstruction quickly [7]. Fig. 7 describes the specific steps
for the model reconstruction of PS4.

By using the function of cloud deviation check, it is found
that the deviation between the reconstructed 3-D model and the
point clouds is no more than ±0.5 mm which has confirmed
the availability of the reconstructed model (Fig. 8).
C. Deviation Analysis and Redesign
In the process of 3-D measurement, the point clouds have
been converted into the design coordinate system. Accordingly, the reconstructed model was also located in the design
coordinate system, so it was very easy to compare the design
model with the reconstructed model. By comparison, it is
found that the reconstructed model differs from the design
model by about 0.4–0.8 mm. Fig. 9 shows the cross section
of the PS4’s local comparison, if the grooves are machined
according to the design model, the machining accuracy of
welding grooves will be low.
At the same time, the reconstructed models of all PSs could
be put together to fine tune the boundary. Fig. 9 shows that
the machining allowance of PS4’s inner shell is −5.7 mm,
and the machining allowance of PS4’s outer shell is +14 mm.
So, take PS3 and PS4, for example, as the results of measurement show, the inner shell’s boundary between PS3 and
PS4 was shifted by about 6 mm to the PS4 side relative to the
design model which means PS4’s inner shell borrowed 6 mm
from PS3’s inner shell, and the outer shell’s boundary remains
the same (Fig. 10).
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Fig. 11.
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Reconstructed models of PS3 and PS4.

Over layout of PS4’s machining.

Then the welding grooves could be drawn based on the
reconstructed model. At last, the reconstructed model with
welding grooves could be provided for CNC machining.
III. 3-D DATUM T RANSFORMATION
After each PS was finished, each PS with complex profile
and large size was not provided with the reference surface
and technique datum hole which can be used as machining
benchmark. At the same time, the processing equipment for
PS was a three coordinate CNC floor type milling and boring
machine, and when machining PS, a good datum plane is
required to achieve precise positioning of the workpiece.
Therefore, it was necessary to solve the problem of the lack
of machining benchmark in the process of welding grooves
machining. For similar parts such as PS without machining
benchmark, the traditional processing methods are generally
using four axes, five axes, and other multicoordinate CNC
machine tools, or designing the special fixture for the workpiece. But the former processing method needs expensive

Fig. 12.

Measurement data of PS4’s machining.

multiaxis machine tools, and the latter one is expensive to
manufacture and has a long manufacturing cycle [8].
In fact, the purpose of determining the machining benchmark is to determine the position of the workpiece in the
machine tool coordinate system. An independent machining
reference outside the workpiece needs to be established via the
method of 3-D datum transformation. Then the position of the
workpiece can be determined by measuring the independent
machining reference and the workpiece. The following is a
detailed description of the application of 3-D datum transformation in the processing of PS4.
Before machining the welding grooves of PS4, the first thing
was to fix PS4 on the machine tool platform. The end of
PS4 which needs to be machined should be facing the machine
tool spindle. Then an additional part was fixed on the machine
tool platform, and machined three orthogonal planes as the
independent machining reference (Fig. 11).
The laser tracker was used to measure the three orthogonal
planes and PS4 at the same time. According to the measurement data of the three planes, a cuboid can be fit out
(Fig. 12). Meanwhile, this cuboid could be placed in the design
coordinate system of PS4 by the measurement data of the three
planes and PS4.
And because the three orthogonal planes were machined by
the machine tool, the position of the cuboid in the machine
tool coordinate system can be known. Based on these three
orthogonal planes, the position of PS4 in the machine tool
coordinate system can also be known. At last, the welding
grooves of PS4 could be machined according to the model for
CNC machining.
IV. C ONCLUSION
The combination of RE and 3-D datum transformation has
successfully solved the problems of each PS’s welding groove
machining. Conclusions of this paper are as follows.
1) The combined measurement system was effectively
applied to the measurement of PS segments, so the
design coordinate system could be fit out and the point
cloud data could be achieved.
2) Application of CATIA-based RE successfully obtained
the 3-D model of the actual PS segments; according
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to this model, the boundary between each PS segment
was fine-tuned and the model for CNC machining was
redesigned.
3) The method of 3-D datum transformation conveniently
solved the problem that each PS segment lacks the
machining benchmark in the process of machining welding grooves.
At present, the machining work of welding grooves for eight
PSs of two 1/32 VVs has been completed, and in the future
this method will be used in welding groove machining of
1/32 and 1/16 VV.
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The large scaled vacuum vessel (VV) of CFETR is designed as a water-cooled, double-walled structure with a Dshaped poloidal cross-section. One sub-sector of VV contains four poloidal segments (PS) assembled by welding.
Because of the large size of the VV, the distortion caused by welding will make the assembling diﬃcult.
Controlling the deformation during the welding process is a signiﬁcant technological challenge. This article gives
the analysis of the deformation of the component during the welding process, the optimization of the welding
process and the design of the welding tooling and clamping positions ﬁrstly. Based on the inherent strain theory,
the welding deformation analysis of the ﬁve diﬀerent welding sequences of PS2 is performed, and the corresponding welding tooling and clamping positions are designed in accordance with the deformation results. The
methods provide highly valuable information for the actual processing, and the welding deformation of PS2 in
the actual production has been well controlled, all of which are within the tolerance requirements.

1. Introduction

be manufacture to tight tolerances. Consequently, accurate analysis and
control of welding deformation are of critical importance.
Generally, welding deformation is mainly governed by three factors:
1) materials properties of both base metal and weld metal, 2) the design
of the welded joint, 3) the manufacturing process [6]. For the PSs, the
base metal and the ﬁller wire have been selected as 316 L stainless steel,
while the design of the welded joints has been determined based on the
welding experiments [7]. Thus, it is crucial to control the welding deformation in the fabrication stages [8]. In the manufacturing stage, the
factors aﬀecting the welding deformation include the welding sequence, the welding tooling, and the clamping positions. Determination
of the optimal welding sequence, the welding ﬁxtures and the clamping
positions based on the experiments has disadvantages of high cost, low
eﬃciency and long cycle time, especially for the large thick-walled
components such as the PSs. An alternative approach is to use of the
ﬁnite element method (FEM) for welding deformation analysis to solve
the above problems.
It can be seen from Fig. 1(b) that the PS2 and the PS4 have a similar
structure, with one end of the segment being larger than the other. The
asymmetric structure of the PS2 and the PS4 is more complicated than
the structure of the PS1 and PS3, which are symmetrical. Due to the
more complicated structure, the PS2 was selected as the research object. The welding deformation analysis of the PS2 in diﬀerent conditions is carried out based on the inherent strain theory. Based on the

As the next generation of magnetic conﬁnement fusion experimental
facility in China, the China Fusion Engineering Test Reactor (CFETR) is
currently undergoing physical and engineering design, and essential
technology research and development projects related to CFETR manufacture are in progress [1]. The vacuum vessel (VV) is a key part of
CFETR, and has the functions of providing a steady-state operation
environment and neutron shielding for the plasma [2]. The VV is a
double-walled hermetically stainless steel vessel that houses the fusion
reaction and acts as a ﬁrst safety containment barrier [3]. In order to
address fundamental technical problems encountered in the future
manufacturing process of the VV, the Institute of Plasma Physics Chinese Academy of Science (ASIPP) initiated a full-scaled mock-up (1/
8 V V) project in 2015 [4].
In the current design, the VV is divided toroidally into eight 45°
sectors, each of which consists of four 11.25° sub-sectors (1/32 V Vs), as
shown in Fig. 1(a). Each sub-sector is fully welded together from four
poloidal segments (PSs), as shown in Fig. 1(b) [5]. Each PS is welded by
inner and outer 50mm-thick-shells and 40mm-thick-ribs. The total weld
length of each PS is about 25 m. All welds basically need to be fully
penetrated. This long seam will inevitably encounter issues related to
welding deformation due to local concentrated heating. To ensure that
all four PSs can be accurately assembled into 1/32 V V, each PS has to
⁎
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of the vertical rib-1 and the vertical rib-2 are inconsistent. According to
the design requirements, all welds are required to be fully welded, with
the exception of the weld between the transverse rib and the outer shell.
And the proﬁle tolerance of PS2 is required to be ± 3mm .
There are nine full penetration welds in the PS2, as shown in
Fig. 2(c). Based on the previous welding process experiments, there are
three types of welded joints, as shown in Fig. 3 [9]. The welded joints 1,
2, 3, 4 and 7 are K-shaped grooves (Fig. 3(a)); the welded joints 5 and 6
are J-shaped grooves (Fig. 3(b)); and the welded joints 8 and 9 are Ushaped grooves (Fig. 3(c)).
The manual tungsten inert gas (TIG) welding is used for welding of
the PS2. The welding wire is ER316 L from Sandvik Co. Ltd. The
welding parameters used are shown in Table 1. All the welds use the
multi-pass welding and the welding interlayer temperature must be
below 100 °C.
3. Welding deformation analysis
3.1. Inherent strain theory
Based on the inherent strain theory, the longitudinal inherent strain
Wx and the transverse inherent strain Wy are the main factors aﬀecting
the welding deformation in the workpieces with a complex structure
such as PS2 [10]. Wx and Wy have a linear relationship with the welding
line energy Q, wherein the welding line energy Q is calculated by:

Q = ηUI / v

(1)

where η is the welding heat source, U is the welding voltage, I is the
welding current, and v is the welding speed. Wx and Wy can be calculated by:

Wx = KQ

(2)

Wy = ξQ

(3)

where K and ξ are the coeﬃcients of the longitudinal and transverse
inherent strain, respectively. The simpliﬁed formulas of K and ξ are:

K = (0.255 ∼ 0.335) α / cρ

(4)

ξ = (0.255 ∼ 1.0) α / cρ

(5)

where α is the thermal expansion coeﬃcient, c is the speciﬁc heat, and
ρ is the density.
For the multi-pass welding, the sum of the longitudinal inherent
strains can be expressed as:

Fig. 1. 1/8 V V and 1/32 V V.

welding deformation analysis, the optimal welding sequence, the
welding tooling and the clamping positions were determined for PS2.
This information can be used to guide production and manufacturing.

Wx = Km Wxm

(6)

where Km is the inﬂuencing coeﬃcient of the multi-pass, and Wxm is the
sum of the longitudinal inherent strains with maximum welding line
energy layers. Km can be calculated by:

2. Model of welding structure
The structure of the PS2 is shown in Fig. 2(a). The PS2 has a length
of 6.31 m, a width of 2.93 m and a height of 1.83 m, and consists of the
inner shell, the vertical ribs, the T-rib, the transverse rib and the outer
shell (Fig. 2(b)). Since the upper port is located at the PS2, the lengths

Km = 1 + ΔW / Wxm

(7)

ΔW = 2Fw εs

(8)

where Fw is the cross-sectional area of the groove, and εs is the yield
strain. The sum of the transverse inherent strain can be expressed as:

Fig. 2. PS2.
2
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Fig. 3. Three types of welded joints in PS2. (Unit: mm).
Table 1
Welding parameters of the manual TIG welding.

K-shaped groove
J-shaped groove
U-shaped groove

Welding pass

Welding voltage
(U/V)

Welding current
(I/A)

Welding speed
(V/mm min−1)

24–26
25–27
31–33

16–18

150–170

100–120

Table 2
Welding sequences.

Wy =

Table 3
Welding deformation with the necessary constraints (Unit: mm).

Sequence

Welding sequence

Sequence

Inner shell

Vertical ribs

Transverse rib

T-rib

Outer shell

1
2
3
4
5

1&2→3&4→5&6→7&8&9
1&2→3&4→7&8&9→5&6
3→1&2→4→5&6→7&8&9
3&7→1&2→4→5&6→8&9
3&7→1&2→4→8&9→5&6

1
2
3
4
5

9.43
9.21
9.83
10.14
9.83

9.77
9.67
10.93
10.93
10.93

9.77
9.63
10.93
10.93
10.93

12.10
7.07
7.62
12.13
7.50

12.10
10.36
14.51
12.13
14.56

∑ Wyi = ∑ ξi Qi

(9)

where ξi and Qi are the coeﬃcients of the transverse inherent strain and
the welding line energy corresponding to the ith welding layer, respectively [11].
In the ABAQUS software, the sum of the inherent strains, calculated
by the above Eqs. (6) and (9), cannot be applied directly as a load.
Therefore, the inherent strains of the weld in the longitudinal and
transverse directions are expressed in the form of a thermal expansion
coeﬃcient through the orthotropic function of material.

εx = Wx / A = α x ∙ΔT

(10)

εy = Wy / A = α y ∙ΔT

(11)

Fig. 5. Comparison between the original model and the model with welding
deformation (deformation scale factor: 25 times, the wireframe model represents the original model and the model with color represents the model with
welding deformation.).

Fig. 4. Adding order of the parts (Unit: mm).
3

Fusion Engineering and Design 154 (2020) 111521

H. Ji, et al.

Fig. 6. The welding tooling and clamping positions.

Fig. 7. Adding order of the parts with the welding toolings (Unit: mm).
Table 4
Welding deformation with the welding tooling (Unit: mm).
Sequence

Inner shell

Vertical ribs

Transverse rib

T-rib

Outer shell

1
2
3
4
5

4.76
1.84
1.82
4.79
1.83

4.12
4.11
4.44
4.14
4.43

3.63
3.63
4.01
3.61
4.01

5.48
4.45
5.13
5.50
5.14

4.49
4.11
5.13
4.50
5.14

Fig. 9. The workpiece of PS2.

and α y are equal to the values of εx and εy . Finally, the thermal expansion coeﬃcients α x and α y are loaded on A, and the welding deformation of the workpiece can be solved by an elastic ﬁnite element
analysis.

3.2. Simulation of PS2
3.2.1. Welding sequence
To investigate the eﬀect of welding sequence on the welding deformation, ﬁve diﬀerent sequences with the actual welding situations
were implemented in the simulation of the PS2 (Table 2). The diﬀerences among the ﬁve welding sequences is mainly due to the diﬀerent
welding order of the transverse rib and the T-rib. To simulate the actual
welding conditions, the parts of the PS2 are activated procedurally in
terms of welding sequence using the function of model change in the
ABAQUS. Fig. 4 shows the adding order of the parts of the welding
sequence 2. The necessary constraints are added at both ends of the
inner shell in order to prevent the space displacement.
Table 3 shows the ﬁnal deformation of PS2’s parts for diﬀerent

Fig. 8. Comparison on the small end between the original model and the model
with welding deformation (deformation scale factor: 50 times, the wireframe
model represents the original model and the model with color represents the
model with welding deformation.).

where A is the cross-sectional area aﬀected by the inherent strains, εx
and εy are the values of the inherent strains imposed on A, α x is the
thermal expansion coeﬃcient in the longitudinal direction, α y is the
thermal expansion coeﬃcient in the transverse direction, and ΔT is the
unit temperature load. ΔT is generally taken as 1, so the values of α x
4
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Fig. 10. The proﬁle tolerance of PS2.

the rigid ﬁx constraints are loaded on the bottom of the tooling in the
welding simulation. Table 4 shows the ﬁnal deformation of the PS2’s
parts for diﬀerent welding sequences. It can be seen that the deformation of the welding sequence 2 is also the smallest, and the
welding deformation is greatly reduced compared to corresponding
item in Table 3. The maximum deformation is located at the T-rib for all
welding sequences, because the T-rib contains three welds and has the
highest heat input. Therefore, in the actual welding process, the
structural rigidity at the T-rib is additionally increased by jigs to reduce
the welding deformation.
Fig. 8 shows a comparison on the small end between the originally
model and the model with welding deformation. It can be seen that the
gap reduction due to the welding shrinkage is always present, except
when the outer shell is completely constrained, but there is no fully
constrained situation in the actual welding process. Therefore, on the
basis of the corresponding welding experiments, an allowance for the
welding shrinkage must be reserved before assembly to ensure the gap
between the double shells.
At present, on the basis of the above analysis results, four PS2s have
been manufactured (Fig. 9). The welding deformation has been eﬀectively controlled, and the dimensional accuracy of each PS2 is basically
within the tolerance requirements (Fig. 10).
However, some areas are out of tolerance at the edge (Fig. 10), as
shown in red and blue, it is caused by shell forming error, assembly
error, welding deformation all together. Those big deformations at the
edge can be corrected by mechanical correction in the next steps.

welding sequences. The deformation of PS2 varies with the welding
sequences, because the assembly order of the welding sequences diﬀers,
which lead to diﬀerent structural rigidity of PS2 during the simulation
welding. It can be seen from Table 3 that the deformation of the parts is
smallest in the sequence 2. The sequence 2 is: a) welding the vertical
ribs to the inner shell; b) welding the transverse rib to the inner shell
and the vertical rib; c) assembling the outer shell and the T-rib; d)
welding the welds among T-rib, inner shell and outer shells; e). welding
the outer shell with the vertical ribs. Fig. 5 shows a comparison of the
original model and the model with welding deformation. It can be seen
from Table 3 and Fig. 5 that PS2 has large deformation except for the
positions where there are the necessary constraints, the gap between
the inner shell and outer shell becomes larger in the positions where
there are no vertical ribs, and the gap between the inner shell and outer
shell becomes smaller in the positions where there are vertical ribs.

3.2.2. Welding tooling and clamping positions
Comparing the original model and the model with welding deformation, it reveals that the reason of the large deformation is too few
restraints on the inner shell. Moreover, due to the uneven distribution
of the welds, the welding deformation of the inner shell is also irregular.
Therefore, on the basis of the above welding simulation and the previous welding experiments [9], the welding tooling was designed for
the PS2 as shown in Fig. 6(a). This tooling is not only used for the
welding of the PS2 but also for the assembly of the PS2. The welding
tooling is symmetrical about the yellow plane, which is the assembly
reference of the PS2. For the positions with a larger gap between the
inner shell and the outer shell, the auxiliary ribs (Fig. 6(b)) are used to
connect the inner shell and the outer shell to increase the structural
rigidity and to reduce the deformation caused by the welding shrinkage
on the other side. The assembly of the auxiliary ribs is performed after
the assembly of the outer shell. For the positions with smaller gap between the inner shell and the outer shell, the rigid ﬁxed constraints are
loaded by assembling jigs in the actual welding process. Due to the
concentration of the welds, the rigid ﬁxed constraints are also loaded in
the positions on the T-rib. As shown in Fig. 6(c), the positions, where
the rigid ﬁxed constraints are loaded, are the positions where the jigs
are required to be clamped during the actual welding process. Since all
the above toolings are connected with PS2 through the ﬁllet welds, all
the toolings are made of 304 stainless steel to prevent the contamination of PS2 by ferrite.
Fig. 7 shows the adding order of the parts in the welding sequence 2
with the welding tooling and constraints. In the welding process, the
welding tooling will be welded together with the assembly platform, so

4. Conclusions
(1) Based on the analysis of diﬀerent welding sequences, an optimal
welding sequence is determined for PS2 with the actual welding
situation.
(2) The welding deformation of PS2 is further reduced by the loading of
the welding tooling, the auxiliary ribs and the rigid ﬁxed constraints.
(3) Since the welding deformation is inevitable, it is proposed that the
allowance for welding shrinkage be made to compensate for the gap
reduction between the double shells.
The above conclusions provide data support and theoretical guidance for the actual welding process of the CFETR vacuum vessel.

5
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The sub-sector of China Fusion Engineering Test Reactor (CFETR) vacuum vessel is fully welded together with
four poloidal segments which will produce larger welding deformation in the progress of welding. So it is necessary to adopt some methods to control the welding deformation. In this paper, the simulation of welding
deformation on 1/32 vacuum vessel mockup was performed by using ﬁnite element method. And the methods of
welding ﬁxtures and reserved allowance for welding shrinkage were adopted to reduce the welding deformation.
Finally, through measuring the on-site welding deformation by laser tracker, the welding deformation direction
and size of 1/32 vacuum vessel were obtained, which will accumulate experience for the formal construction of
CFETR vacuum vessel.

1. Introduction

was completed by ABAQUS software based on the inherent strain
theory. Secondly, according to the analysis results, the welding ﬁxtures
and reserved allowance for welding shrinkage were used to reduce the
welding deformation. Finally, take the 1/32 VV which has completed
assembly as the research object, the deformation caused by welding
shrinkage was measured by the laser track, and combined with the
reserved allowance the deformation data were analyzed.

China Fusion Engineering Test Reactor (CFETR) is the next generation fusion experimental facility planned for construction in China,
and has an equivalent scale and function to the International
Thermonuclear Experimental Reactor (ITER). The vacuum vessel (VV)
serves as the key component of the fusion reactor, and has the functions
of providing steady-state operation environment and neutron shielding
for plasma [1,2]. The VV is a double wall torus structure made of low
carbon stainless steel 316 L [3], and consists of eight 45° D-shape sectors. Institute of Plasma Physics Chinese Academy of Science (ASIPP)
has carried out a research and development project for full scale 45° VV
(1/8 sector) to solve the problems of forming, welding, measuring,
assembly, etc. in the future manufacturing process of VV [4].
The 1/8 VV mockup contains four 11.25° sub-sectors and each subsector of 1/32 VV is fully welded together with four poloidal segments
(PSs). The 1/32 VV is symmetrical about XY plane, 10.97 m long and
6.88 m wide, as shown in Fig. 1. In order to guarantee the ﬁnal assembly accuracy with the other 1/32 VV, the over proﬁle of 1/32 VV
mockup must have tight tolerance [5]. However, it is diﬃcult to
achieve a tight tolerance due to the requirements for full penetration
welding and 50 mm welding thickness which will produce a great
welding deformation. Therefore, it is necessary to reduce the welding
deformation of 1/32 VV.
In this paper, ﬁrstly the welding deformation analysis of 1/32 VV

⁎

2. Welding analysis of 1/32 VV
The 1/32 VV is assembled by a set of assembly tools as shown in
Fig. 2. After completed the assembly of each PS, the assembly tools in
blue color will be removed in order not to aﬀect the operation of
welding and the assembly tools in red color will be retained until the
end of welding. The location of the red tools will also be used as the
positions to impose constraints on subsequent welding analysis.
There are eight welded joints for full penetration welding in a subsector and all joints have one-sided grooves as shown in Fig. 3. And the
automatic narrow gap tungsten inert gas (NG-TIG) welding is applied in
the welding of 1/32 VV. Compared to conventional TIG welding, NGTIG welding greatly reduces the cross-sectional area of the groove,
improves the eﬃciency of welding, reduces the range of the heat-affected zone, reduces the welding residual stress and deformation of the
welded joint, and signiﬁcantly improves the comprehensive mechanical
properties of the welded joint [6]. Table 1 shows the main parameters
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formula [8], then the inherent strain is loaded on the weld seam and the
surrounding region through the orthotropic function of the material,
and ﬁnally the structural welding deformation caused by the shrinkage
of weld seam is calculated by ﬁnite element method. According to the
inherent strain theory and related experience, the welding deformation
is mainly caused by the transverse and longitudinal inherent strains of
the weld seam and the surrounding region. And for 1/32 VV, the
structural deformation caused by transverse shrinkage and longitudinal
shrinkage mainly corresponds to X and Z directions.
If the constraints are imposed on the four positions as shown in
Fig. 2, the structural deformation caused by the shrinkage of weld
seams will be limited by the excessive constraints. Therefore, the two
positions in the X direction are constrained to analyze the deformation
in the Z direction, and the two positions in the Z direction are constrained to analyze the deformation in the X direction. Fig. 4 shows the
welding deformation under two diﬀerent constrains. In Fig. 4a, the
positions of the symmetry plane are retrained, and the simulation results show that the maximum deformation of welding is 9.08 mm and
the deformation of Z direction is − 6.28˜ + 6.24 mm . In Fig. 4b, the
ends of 1/32 VV are restrained, and the simulation results show that the
maximum deformation of welding is 11.30 mm, and the deformation of
X direction is − 4.21˜+ 10.35 mm .
Two kinds of analysis results show that there is a large deformation
near the weld seams and each PS has a certain global displacement.
Therefore, it’s necessary to design welding jigs and ﬁxtures for 1/32 VV
to reduce the welding deformation. In Fig. 5, the restraint plates in
green color are ﬁxed on both sides of the weld seams to reduce the
welding deformation near the weld seams and the welding ﬁxtures in
purple color are installed inside 1/32 VV to reduce the global displacement of each PS.
Fig. 6 shows the results of 1/32 V V welding deformation analysis
with welding jigs and ﬁxtures under the above two same constraints. In
Fig. 6a, the maximum deformation of welding is 3.08 mm and the deformation of Z direction is − 2.55˜ + 2.64mm . In Fig. 6b, the maximum
deformation of welding is 3.74 mm and the deformation of X direction
is − 1.38˜ + 3.57mm . Compared with the case of no welding jigs and
ﬁxtures, the welding deformation is greatly reduced.

Fig. 1. The model of 1/32 vacuum vessel.

Fig. 2. The assembly tools.

3. On-site assembly of 1/32 VV
According to the above welding simulation analysis and the related
welding tests, in the process of on-site assembly, 8 mm (−4 mm˜4 mm)
was reserved for compensating the welding shrinkage in Z direction,
and 2 mm was reserved for compensating the welding shrinkage in X
direction. Compared with the results of welding analysis, the allowance
for welding shrinkage in Z direction increased because the gaps of each
PS were set to zero in the welding simulation and in the actual assembly
there would be a certain gap. The allowance for welding shrinkage in X
direction decreased because the too large misalignment of weld seams
will cause the quality of weld seams to be unqualiﬁed. Before the 1/
32 VV is welded, 57 targets for measurement with laser tracker shown
in Fig. 7 are installed on the outer shell of 1/32 VV to monitor the
welding deformation. The method for monitoring the welding deformation is that the ﬁxed targets were installed outside 1/32 VV, and
the ﬁxed targets are used as the reference points to measure the positional change of 57 targets.
Since 1/32 VV is symmetrical about the XY plane, cross symmetric
welding sequence is also adopted to reduce the welding deformation. In
the process of actual welding, because there was only one NG-TIG
A1 →
machine,
the
welding
sequence
was
A3 → A5 → A7 → A2 → A4 → A6 → A8. Each weld seam was welded
to 2˜3 layers and replaced to the next weld seam until the welding work
was completed. Fig. 8 shows the on-site welding process of 1/32 VV by
using NG-TIG welding machine which is produced by Polysoude Co.
Ltd.
Fig. 9 shows the deviation of targets between pre-weld and post-

Fig. 3. Eight welded joints.
Table 1
Welding parameters of NG-TIG welding.
NG-TIG welding

Backing weld

Filling
welding 1

Filling
welding 2

Cover
welding

Welding pass
Welding voltage(U/
V)
Peak current(Ip/A)
Peak time(tp/s)
Base current(Ib/A)
Base time(tb/s)
Welding speed Vw/
(mm/min)

1
10

27
12

10
12

1
12

90
0.1
50
0.2
100

235
0.2
100
0.3
80

275
0.2
150
0.3
80

200
0.05
100
0.05
50

of NG-TIG welding, which will be used in the inherent strain theory.
The welding analysis usually can be realized by the thermo-elasticplastic theory and the inherent strain theory. Due to the inﬂuence of
calculation eﬃciency, the inherent strain theory is mainly used in
welding analysis of large and complex workpieces [7]. The procedure
for predicting welding deformation by using ABAQUS software is as
follows: ﬁrstly, the inherent strain of the weld seam is calculated by the
161
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Fig. 4. Welding deformation with two kinds of constrains. (Unit: mm).

Fig. 5. Welding jigs and ﬁxtures for 1/32 V V.

Fig. 7. The measurement of 1/32 V V welding deformation.

Fig. 6. Welding deformation with welding jigs and ﬁxtures. (Unit: mm).

weld. The overall Y direction deformation of 1/32 VV is less than
0.5 mm, which basically consistent with the transverse shrinkage and
longitudinal shrinkage in the theory of inherent strain. The deformation
of PS2 and PS4 in Z direction is − 3.58˜ + 4.39mm , and the deformation
of PS1 and PS3 in X direction is − 1.97˜3.34mm . The welding deformation of PS2 and PS4 in Z direction is basically consistent with the
reserved allowance for welding shrinkage. And the welding deformation of PS1 and PS3 in X direction is 3.31 mm larger than the reserved
allowance for welding shrinkage. But the welding deformation is basically consistent with the results of welding simulation. The reason is

Fig. 8. NG-TIG welding for 1/32 V V.

because the reserved allowance for welding shrinkage was reduced in
order to ensure the quality of weld seams during the process of assembly. For the 1/32 VV that has been completed, in order to repair the
deformation in X direction caused by welding shrinkage, the inner
welding ﬁxtures can be removed and the hydraulic jack can be used for
mechanical correction. For the 1/32 VV to be assembled, in order to
reduce the welding deformation in X direction, the reserved allowance
for welding shrinkage in X direction can be increased under the
162
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Fig. 9. The measurement data of welding deformation. (Unit: mm).

condition of guaranteeing the quality of weld seams and improve the
welding ﬁxtures to increase its rigidity in X direction on the basis of
original welding ﬁxtures.
4. Conclusion
(1) According to the results of welding simulation, the welding jigs and
ﬁxtures were designed to eﬀectively reduce the welding deformation of 1/32 VV.
(2) The method of reserved allowance for welding shrinkage was used
to compensate the welding shrinkage of 1/32 VV, and the method is
proved to be eﬀective in practice.
(3) By measuring the targets installed on the outer shell of 1/32 VV, the
actual deformation of 1/32 VV is obtained, which accumulates experience for the future assembly of 1/32 VV.
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The 1/16 prototype sector of China Fusion Engineering Test Reactor (CFETR) vacuum vessel is being manufactured by Institute of plasma physics, Chinese academy of sciences (ASIPP). Welding deformation assessment
and reduction are the major issues which need to be resolved since they will directly aﬀect the overall contour of
the vacuum vessel. In this paper, welding deformation ﬁnite element method (FEM) analysis of the 1/16 vacuum
vessel was performed with ABAQUS based on the inherent strain theory. The welding shrinkage was compensated by reserving welding allowance, while the angular deformation was decreased by adding the restraints
near the welds, as per analysis results. The welding deformation was ﬁnally measured by the laser tracker with
ﬁxed ﬁducial points distributed around the 1/16 vacuum vessel. The measurement results met the technical
requirements and validated the FEM analysis, which can provide useful engineering instructions and guidelines
for series production of vacuum vessel.

1. Introduction

In this paper, based on the theory of inherent strain, the welding
deformation of the 1/16 V V was predicted by using the state-of-the-art
ABAQUS approach. According to the analysis results, the methods of
reserving allowance and increasing the restraints were taken to reduce
and control the welding deformation. And by comparing the on-site
welding deformation data measured by the laser tracker with the predicted results, the reliability and validity of the analysis results and the
measures taken to reduce welding deformation are veriﬁed.

The CFETR vacuum vessel (VV) has the essential functions of providing an ultra-high vacuum for the high-temperature plasma and
constituting the ﬁrst conﬁnement barrier [1,2]. The VV is designed as a
D-shaped double-walled toroidal structure, which has the characteristics
of large size, complex shape and thick shell. Owing to its large scale and
tight manufacturing tolerances, the fabrication and testing of a VV
mockup are necessary to ensure the structural integrity of the CFETR
VV. Therefore, to solve the problems of welding, nondestructive testing
and assembling in the manufacturing process of VV, the project of a 1/8
full scale VV (45° VV) was initiated in 2015 by Institute of Plasma
Physics Chinese Academy of Science (ASIPP) [3].
The 1/8 V V mockup contains four 1/32 V Vs, all of which have
been manufactured in December 2018. The manufacturing tolerances of
all the 1/32 V Vs are within ± 4mm [4]. Two 1/32 V Vs are assembled
in the 1/16 V V by direct butt welding. And the length of the welds is
56.9 m, all of them require full penetration. Such a length of welding
will inevitably result in large welding deformation, and according to
the design requirements, the manufacturing tolerance of 1/16 V V must
be within ± 6mm [5]. Therefore, the welding deformation of the 1/16 V
V must be strictly controlled and reduced.

⁎

2. Model and welding
The structure of the 1/16 V V is shown in Fig. 1 (a). It has a length of
10.97 m (Z direction), a width of 6.88 m (X direction) and a height of
3.7 m (Y direction), and is symmetrical about XY plane. It consists of
two 1/32 V Vs with the welding toolings inside [6]. The inner and outer
shells are connected by the ribs, as shown in Fig.1 (b).
The material of the VV is 316 L [7]. Due to the interference of the
welding toolings inside 1/16 V V, the manual Tungsten Inert Gas (TIG)
Welding is used for the welding of the 1/16 V V, and the welding
parameters are shown in Table 1. The groove size of welding is shown
in Fig. 2.
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Fig. 3. On-site assembly model of the 1/16 V V.

supporting toolings and 1/16 V V. Because the weight of the 1/16 V V is
too large and the direction of gravity is consistent with the transverse
shrinkage direction of the welds, the gravity was also taken into account during the welding simulation.
Fig. 4(a) shows the welding deformation of 1/16 V V under the
above constrains. It can be seen that the maximum deformation is 5.14
mm, and the welding deformation is mainly concentrated on 2#1/32 V
V. Two paths were extracted for analysis of the welding deformation in
each direction of the 1/16 V V, as shown in Fig. 4(b). Path-1 mainly
illustrates the shrinkage of 2#1/32 V V in the Y direction, and the
shrinkage value is about 2.4∼3.6 mm, as shown in Fig. 4(c). The deformation of Path-2 in the X direction illustrated the angular (or twist)
deformation of the welds, as shown in Fig. 4(d). The nodes on the two
paths basically do not deform in the Z direction.
The method of reserving allowance was adopted to compensated the
welding shrinkage of the 1/16 V V in the Y direction. For the angular
deformation caused by welding shrinkage in the X direction, it can be
controlled by increasing the restraints on both sides of the welds, i.e.
assembling the welding anti-deformation plates. Fig. 5(a) shows the
welding deformation of the 1/16 V V with the anti-deformation plates
(the welding restraining toolings inside the VV are not shown), and the
maximum deformation is 4.50 mm. From Fig. 5(b), it can be seen that
the welding deformation of 2#1/32 V V in the Y direction has little
change, the shrinkage value is about 2.4∼2.8 mm, and the deformation
in the X direction is also reduced. Compared Fig. 5(c) with Fig. 4(d), it
can be concluded that the angular (or twist) deformation of 1/16 V V is
also somewhat reduced.
According to the above predicted results and the welding shrinkage
data during manufacturing process of poloidal segments (PS), in addition to the gap of 2.5 mm, the welding shrinkage allowance of 4 mm
was left for the 1/16 V V assembly in the Y direction, and no shrinkage
allowance was left in the X and Z directions. Fig. 6 shows the on-site
assembly and measurement of the 1/16 V V.

Fig. 1. 1/16 V V. (a) 3D model, (b) local sectional view (Unit: mm).
Table 1
Welding parameters of the manual TIG welding.
Welding pass

32–33

Welding voltage
(U/V)

Welding current
(I/A)

mm∙min−1)

Welding speed (V/

16–18

150–170

100–120

Fig. 2. Schematic diagram of the groove (Unit: mm).

4. On-site measurement of welding deformation
3. Prediction of welding deformation
4.1. Measuring method of welding deformation
The welding deformation of the 1/16 V V was predicted based on
the theory of inherent strain. Firstly, the inherent strain of welds could
be calculated based on the formulas and welding parameters.
Thereafter, the inherent strain could be expressed in the form of
thermal expansion coeﬃcient by using the orthotropic function of the
material. Finally, the thermal expansion coeﬃcients in diﬀerent directions are loaded on the welds and around, and the welding deformation
can be solved by an elastic ﬁnite element analysis [8].
As shown in Fig. 3, in order to facilitate welding, the welds position
was adjusted to the horizontal condition by the supporting toolings
during on-site assembly. Therefore, in the welding simulation of the 1/
16 V V, the ﬁxed constraints were imposed on the bottom of the supporting toolings, and the binding contacts were established between the

The measurement of welding deformation was mainly accomplished
by the laser tracker. The method is to establish the global coordinate
system of measurement by arranging ﬁxed ﬁducial points outside the 1/
16 V V. In the global coordinate system, the coordinates of the points
located on 1/16 V V before welding are measured and recorded as
( x i , yi , z i ), and the coordinates of the same points after welding are
measured and recorded as ( x i' , yi' , z i' ). Then, the welding deformation of
1/16 V V can be solved as follows:
′

⎡x ⎤
⎡ Δx i ⎤ ⎢ i ⎥ ⎡ x i ⎤
⎢ Δyi ⎥ = ⎢ yi′ ⎥ − ⎢ yi ⎥
⎢ Δz ⎥ ⎢ ′ ⎥ ⎣ z i ⎦
⎣ i⎦
⎣ zi ⎦
2

(1)
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Fig. 4. Welding deformation of the 1/16 V V without the anti-deformation plates (Unit: mm) (a) deformation cloud diagram, (b) schematic diagram of the Paths, (c)
deformation curves of Path-1, (d) deformation curves of Path-2.

consistent with the above simulation results. The main reason is that
1#1/32 V V is bound to the supporting toolings, which limits its deformation. Fig. 8(b) shows the displacement of each point in the Y direction, wherein the shrinkage value of 2#1/32 V V is 6.03∼8.79 mm.
Compared the welding shrinkage allowance of 4 mm, plus the gap of
2.5 mm, the on-site welding shrinkage of 1/16 V V can be basically
compensated.
At the same time, it can be seen from Fig. 8(a) that 2#1/32 V V still
has a certain displacement in the X and Z directions with respect to
1#1/32 V V. The main reason is that in the process of on-site assembly,
the assembly gap on the left side of the 1/16 V V was too large, and
there was a certain misalignment. As a result, the actual ﬁlling and heat
input of the welds were higher than those of the other positions, which
resulted in larger welding deformation. Speciﬁcally, it showed a certain
displacement in the X and Z directions, and the deformation in the Y

Where (Δx i, Δyi, Δz i ) is the positional change of points during the
welding process of the 1/16 V V, which represents the welding deformation of the 1/16 V V.
Fig. 7 shows the measurement scheme of 1/16 V V described above.
For the ﬁxed ﬁducials outside 1/16 V V, it cannot be ﬁxed on the assembly platform and the toolings, and the positions cannot be changed
during the welding process of the 1/16 V V.
4.2. On-site welding deformation
Fig. 8 shows the displacement of each point located on the 1/16 V V
after welding relative to the pre-weld. It can be seen from Fig. 8(a) that
the maximum deformation is 9.34 mm, wherein the displacement of
each point located on 1#1/32 V V is relatively small, and the welding
deformation mainly occurs on 2#1/32 V V. This result is basically

Fig. 5. Welding deformation of the 1/16 V V with the anti-deformation plates (Unit: mm) (a) deformation cloud diagram, (b) deformation curves of Path-1, (c)
deformation curves of Path-2.
3
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Fig. 6. On-site assembly and measurement.

direction became large. Therefore, in order to further reduce the
welding deformation of the 1/16 V V in the future, it is necessary to
further improve the assembly accuracy of the 1/16 V V.
5. Conclusions
By reserving the welding shrinkage allowance in the Y direction of
the 1/16 V V and increasing the restraints on both sides of the welds,
the welding deformation of the 1/16 V V can be eﬀectively controlled
and reduced. At the same time, the on-site welding shrinkage data of
the 1/16 V V was measured by the laser tracker with ﬁxed ﬁducial
points arranged outside the 1/16 V V, which accumulated experience
for welding the 1/16 V V and ports together, welding two 1/16 V Vs
into the 1/8 V V, and manufacturing of the CFTER VV.

Fig. 7. Welding deformation measurement of the 1/16 V V.

Declaration of Competing Interest
The authors declare that they have no known competing ﬁnancial
interests or personal relationships that could have appeared to inﬂuence the work reported in this paper.
Acknowledgements
This work is carried out by Institute of Plasma Physics China
Academy of Sciences. It’s supported by the China National Magnetic
Conﬁnement Fusion Science Program under Grant (NOs.
2015GB107003 and 2015GB107006). The authors deeply appreciate
the support.
References
[1] Yuntao song, Songtao Wu, Jiangang Li, et al., Concept design of CFETR tokamak
machine, IEEE Trans. Plasma Sci. 42 (2014) 503–509.
[2] Wan Yuanxi, Mission of CFETR. ITER Training Forum & Second Workshop on MFE
Development Strategy Hefei, (2012), p. 6.
[3] Xiang Gao, Baonian Wan, Yuntao Song, et al., Progress on CFETR physics and engineering, SCIENTIA SINICA Phys. Mech. Astronomica 49 (2019) 1–8 045202.
[4] Zhihong Liu, Jiefeng Wu, Xiaosong Fan, et al., A study on assembly technology of the
CFETR 1/32 vacuum vessel, Fusion Eng. Des. 128 (2018) 101–106.
[5] CFETR Design Group, Design Description Document of CFETR (Chinese), Inner
Report of ASIPP. Institute of Plasma Physics Chinese Academy of Science, Hefei,
China, 2014.
[6] Zhihong Liu, Jiefeng Wu, Jianguo Ma, et al., Study on the welding process of the
vacuum vessel mock-Up for CFETR, IEEE Trans. Plasma Sci. 46 (2018) 1608–1611.
[7] Lei Xiu, Jiefeng Wu, Zhihong Liu, et al., Welding distortion prediction of the CFETR
vacuum vessel by inherent strain theory, Fusion Eng. Des. 121 (2017) 43–49.
[8] Jianhua Wang, Lu. Hao, FEM on prediction of welding deformations based on residual plastic strains, J. Shanghai Jiaotong Univ. 31 (1997) 53–56.

Fig. 8. On-site welding deformation of the 1/16 V V (Unit: mm). (a) Threedimensional direction, (b) Y direction.

4

ACTA UNIVERSITATIS LAPPEENRANTAENSIS

902.

DI, CHONG. Modeling and analysis of a high-speed solid-rotor induction machine.
2020. Diss.

903.

AROLA, KIMMO. Enhanced micropollutant removal and nutrient recovery in municipal
wastewater treatment. 2020. Diss.

904.

RAHIMPOUR GOLROUDBARY, SAEED. Sustainable recycling of critical materials.
2020. Diss.

905.

BURGOS CASTILLO, RUTELY CONCEPCION. Fenton chemistry beyond remediating
wastewater and producing cleaner water. 2020. Diss.

906.

JOHN, MIIA. Separation efficiencies of freeze crystallization in wastewater purification.
2020. Diss.

907.

VUOJOLAINEN, JOUNI. Identification of magnetically levitated machines. 2020. Diss.

908.

KC, RAGHU. The role of efficient forest biomass logistics on optimisation of
environmental sustainability of bioenergy. 2020. Diss.

909.

NEISI, NEDA. Dynamic and thermal modeling of touch-down bearings considering
bearing non-idealities. 2020. Diss.

910.

YAN, FANGPING. The deposition and light absorption property of carbonaceous matter
in the Himalayas and Tibetan Plateau. 2020. Diss.

911.

NJOCK BAYOCK, FRANCOIS MITERAND. Thermal analysis of dissimilar weld joints of
high-strength and ultra-high-strength steels. 2020. Diss.

912.

KINNUNEN, SINI-KAISU. Modelling the value of fleet data in the ecosystems of asset
management. 2020. Diss.

913.

MUSIKKA, TATU. Usability and limitations of behavioural component models in IGBT
short-circuit modelling. 2020. Diss.

914.

SHNAI, IULIIA. The technology of flipped classroom: assessments, resources and
systematic design. 2020. Diss.

915.

SAFAEI, ZAHRA. Application of differential ion mobility spectrometry for detection of
water pollutants. 2020. Diss.

916.

FILIMONOV, ROMAN. Computational fluid dynamics as a tool for process engineering.
2020. Diss.

917.

VIRTANEN, TIINA. Real-time monitoring of membrane fouling caused by phenolic
compounds. 2020. Diss.

918.

AZZUNI, ABDELRAHMAN. Energy security evaluation for the present and the future on
a global level. 2020. Diss.

919.

NOKELAINEN, JOHANNES. Interplay of local moments and itinerant electrons. 2020.
Diss.

920.

HONKANEN, JARI. Control design issues in grid-connected single-phase converters,
with the focus on power factor correction. 2020. Diss.

921.

KEMPPINEN, JUHA. The development and implementation of the clinical decision
support system for integrated mental and addiction care. 2020. Diss.

922.

KORHONEN, SATU. The journeys of becoming ang being an international
entrepreneur: A narrative inquiry of the "I" in international entrepreneurship. 2020. Diss.

923.

SIRKIÄ, JUKKA. Leveraging digitalization opportunities to improve the business model.
2020. Diss.

924.

SHEMYAKIN, VLADIMIR. Parameter estimation of large-scale chaotic systems. 2020.
Diss.

925.

AALTONEN, PÄIVI. Exploring novelty in the internationalization process understanding disruptive events. 2020. Diss.

926.

VADANA, IUSTIN. Internationalization of born-digital companies. 2020. Diss.

927.

FARFAN OROZCO, FRANCISCO JAVIER. In-depth analysis of the global power
infrastructure - Opportunities for sustainable evolution of the power sector. 2020. Diss.

928.

KRAINOV, IGOR. Properties of exchange interactions in magnetic semiconductors.
2020. Diss.

929.

KARPPANEN, JANNE. Assessing the applicability of low voltage direct current in
electricity distribution - Key factors and design aspects. 2020. Diss.

930.

NIEMINEN, HARRI. Power-to-methanol via membrane contactor-based CO2 capture
and low-temperature chemical synthesis. 2020. Diss.

931.

CALDERA, UPEKSHA. The role of renewable energy based seawater reverse osmosis
(SWRO) in meeting the global water challenges in the decades to come. 2020. Diss.

932.

KIVISTÖ, TIMO. Processes and tools to promote community benefits in public
procurement. 2020. Diss.

933.

NAQVI, BILAL. Towards aligning security and usability during the system development
lifecycle. 2020. Diss.

934.

XIN, YAN. Knowledge sharing and reuse in product-service systems with a product
lifecycle perspective. 2020. Diss.

935.

PALACIN SILVA, VICTORIA. Participation in digital citizen science. 2020. Diss.

936.

PUOLAKKA, TIINA. Managing operations in professional organisations – interplay
between professionals and managers in court workflow control. 2020. Diss.

937.

AHOLA, ANTTI. Stress components and local effects in the fatigue strength assessment
of fillet weld joints made of ultra-high-strength steels. 2020. Diss.

938.

METSOLA, JAAKKO. Good for wealth or bad for health? Socioemotional wealth in the
internationalisation process of family SMEs from a network perspective. 2020. Diss.

939.

VELT, HANNES. Entrepreneurial ecosystems and born global start-ups. 2020. Diss.

ISBN 978-952-335-600-9
ISBN 978-952-335-601-6 (PDF)
ISSN-L 1456-4491
ISSN 1456-4491
Lappeenranta 2020

