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Editorials

This issue of the Transactions on Intelligent Welding Manufacturing (TIWM) is a
collection of high-quality contributions recommended by “2018 International
Conference on Robotic Welding, Intelligence and Automation (RWIA’2018)”. It
includes one feature article, six research papers and two short papers.

The featured article in this issue is the first paper “Hybrid Intelligence Problems
in Intelligentized Welding Manufacturing Systems” contributed by Prof. Shanben
Chen, Cheung Kong Scholar, from Shanghai Jiao Tong University. This paper
discusses artificial intelligence-based scientific methods for complex systems and
their applications in intelligentized welding manufacturing technology/systems/
workshop/factory (IWMT/S/W/F).

The first research paper “Double Electrode Micro-plasma Arc Welding Curved
Surface Part Additive Manufacturing Control System” is contributed by Ding Fan,
Nan Li, Jiankang Huang, Shurong Yu, Wen Yuan from the Lanzhou University of
Technology. Aiming at key problems in wire and arc additive manufacturing, this
paper uses the principle of bypass coupled arc welding and the method of the
micro-plasma arc welding to build a DE-MPAW additive manufacturing control
system. This system takes the UG/NX as the supporting platform and creates the
DE-MPAW additive manufacturing rapid prototyping system arc tool library,
which helps realize the integration and automation of curved parts from 3D models.

The second research paper “Arc Contraction Behavior of GMA Welding Process
Based on Change of Arc Length at Hyperbaric Air Condition” contributed by a
research team from Beijing Institute of Petrochemical Technology studies the
underwater hyperbaric dry GMA welding that is considered one of the best
emergency maintenance methods for underwater structures. In order to find the
main factors that affect the GMA welding quality, theoretical analysis, numerical
simulation and experimental verification are conducted to study the contraction
behavior of GMAW arc under high pressure. The results show that the axial and
radial dimensions of hyperbaric GMA welding arc decrease with the increase of
ambient pressure, showing the phenomenon that the arc contraction increases the
frequency of short-circuit drop transfer and affects the stability of the welding
process.

v



The third research paper titled “Online Defect Detection of Laser-Arc Hybrid
Welding Based on Spectral Information and MSPC” is contributed by researchers
from Harbin Institute of Technology and Harbin Institute of Technology at Weihai.
This paper studies online monitoring of welding quality. In this paper, a quality
detection system for laser arc hybrid welding process has been established by using
a spectrometer. Principal component analysis (PCA) and multivariate statistical
process control (MSPC) were used to analyze the collected spectral information.
The results showed that the welding defects could be effectively detected by
selecting the specific elements.

The fourth research paper, “Research on Laser DP-TIG Hybrid Thin Plate High-
Speed Welding Process”, is from Zhu Jialei, Feng Cong, Jiao Xiangdong, Li Zhibo,
Li Wei, affiliated with Beijing Institute of Petrochemical Technology, China.
Compared with traditional TIG welding, deep penetration TIG welding can effec-
tively increase weld penetration and improve welding efficiency. This paper
explores the maximum welding speed that can be achieved by laser DP-TIG hybrid
welding. The results show that the laser DP-TIG hybrid welding can significantly
improve the welding speed and has good adaptability to the gap and misalignment.

The fifth research paper, “Influence of Welding Sequence on Welding
Deformation of T-Joint”, is from Guilin University of Electronic Technology and
Beibu Gulf University. This paper simulates three practical welding processes and
studies the effect of welding sequence on distortion. The results show that the final
distortion by cross-back welding and simultaneous back welding is smaller, while
the requirements of cross-back welding on the process are lower.

The last research paper in this issue, “Research on Machine Vision Image
Mosaic Algorithm for Multi-workpiece Cutting Platform”, is a contribution from
Beijing Institute of Petrochemical Technology. To reduce the complexity of the
algorithm on the basis of ensuring the stitching precision, this paper studies an
image stitching algorithm, which uses ROI to limit the image-matching feature
points in the region of interest. The algorithm uses ORB algorithm to extract feature
points, determine the main direction of feature points and describe the detected
feature points.

Short paper “Intelligent Welding Technology for Large Deep and Narrow
Shaped Box with Robot” is from Zhejiang Normal University and Shanghai
Zhenhua Heavy Industries Co., Ltd. In this paper, a fast parameter programming
system suitable for robot welding of shaped box is developed. A composite sensing
method-based arc tracking is proposed, which overcomes the difficulty of positional
accessibility of deep and narrow lattice space and the longtime and single contact of
traditional online/offline task programming.

The second short paper “Optimization of Laser Deep Penetration TIG Hybrid
Welding Technology for Stainless Steel” is from Beijing University of Chemical
Technology and Beijing Institute of Petrochemical Technology. A laser deep
penetration TIG welding machine is used in hybrid welding. This paper analyzes
the influence of the main process parameters on weld forming. High-quality weld is
obtained.

vi Editorials



This issue of TIWM demonstrates new perspectives and developments in the
field of intelligent welding research, as well as the topics related to the RWIA’2018
conference. All contributions from this issue are expected to provide new inspi-
rations to our loyal readers, either researchers or practitioners in the field of
intelligent welding manufacturing.

Yuming Zhang Ph.D.
TIWM Editor-in-Chief

yuming.zhang@uky.edu

James R. Boyd
Professor of Electrical Engineering, University of Kentucky

Fellow, American Welding Society (AWS)

Fellow, American Society of Mechanical Engineers (ASME)

Fellow, Society of Manufacturing Engineers (SME)
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Hybrid Intelligence Problems
in Intelligentized Welding
Manufacturing Systems

Shanben Chen

Abstract This paper discusses the intelligent scientific methods in the complex
system produced by the compound application ofAI technology in the intelligentized
welding manufacturing technology/systems/workshop/factory (IWMT/S/W/F),
which are being researched and developed in the hot spot at present, i.e., the hybrid
intelligence problems in the IWMT/S. Based on the technological constitution of the
IWMT/S, the paper investigates the hybrid or compound, multiple and mixed effects
of different intelligent methods and technologies applied in IWMT/S, which includes
the hybrid intelligence problems existing in multi-information sensing, knowledge
modeling of arc welding process and intelligent control methodology for welding
dynamic process, and the hybrid intelligence problems existing in intelligentized
technologies for robotic welding process and systems. A IWMW for piles and legs
of the offshore platformwith the pentabasic structure function of the IWMT is shown,
and the HI features of the intelligent pentabasic technology, systems and method-
ology of the IWMWfor the platform and the hybrid intelligent function of the IWMW
are analyzed in this paper.

Keywords Hybrid intelligence problems · Intelligentized welding manufacturing ·
IWMT/S/W/F · Artificial intelligence (AI) · Robotic welding ·Multi-information
sensing · Knowledge modeling · Intelligent control · Arc welding process

1 Introduction

It is well known that welding technology has experienced the development course
of semi-mechanization, automatic welding and robot welding from the traditional
handicraft operation [1–5]. It has become an inevitable trend to adopt the machine
instead of the manual welding, i.e., the modern welding from handcraft to scientific
manufacturing, intelligentized welding manufacturing (IWM) [1, 6, 7].

S. Chen (B)
Intelligentized Robotic Welding Technology Laboratory (IRWTL), School of Materials Science
and Engineering, Shanghai Jiao Tong University (SJTU), Shanghai 200240, China
e-mail: sbchen@sjtu.edu.cn
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The intelligentizedweldingmanufacturing (IWM) is to simulate intelligent behav-
iors and functions of the human’s sense, brain and body activity in welding process of
various manufacturing products by the artificial intelligence (AI) technology about
in recent two decades [8–10]. And the IWM undoubtedly is the most representative
in the smart/intelligent manufacturing techniques of all modern industries.

Many scholars have explored the application of various AI methods and technolo-
gies to intelligentized welding manufacturing processes and systems [11–14], such
as that multi-source information sensing technologies such as computer vision, arc
sound, spectrum and so on are used to obtain welding process information [8]; the
AI algorithms and techniques, such as machine learning and data mining, are used
to extracting and modeling of the knowledge in welding process [9]; and various
intelligent control methods, such as fuzzy logic, neural network, self-learning and
adaptive control, are used to realize intelligent control of welding dynamic process
and its complex system [10].

And the combination of various intelligent sensing, information processing,
knowledge modeling and control algorithms and methods is integrated into highly
complex and intelligent welding systems, such as robotic welding workstations,
automatic welding production line and intelligent welding workshop/factory.

In the previous published literature, the intelligent welding technology, the system
and the intelligent structure of the intelligentized welding manufacturing work-
shop are put forward in [6, 7]. References [8, 15–40] show the research of multi-
information sensing and fusion algorithm for visual image of welding zone, arc
sound, arc spectrum, current and voltage, position track deviation and so on in the
welding dynamic process. Many intelligent methods such as data-driven, system
identification, fuzzy identification, artificial neural network, support vector machine,
rough set, Petri net and multi-agent are presented for welding process and intelli-
gent modeling method of robot welding system and complex welding manufacturing
system in [9, 15, 16, 41–53]. References [10, 15, 16, 54–61] show various intelligent
control methods, such as classical PID, adaptive, self-learning, neural network, fuzzy
control, neural network control, hybrid logic dynamic (MLD), expert control, and
their combined or composite control algorithms and methods, for realized intelli-
gent control of weld pool dynamics, weld seam tracking, welding seam forming and
complex intelligent welding system.

It is obvious, in the above-mentioneduseof variousweldingprocess sensing, infor-
mation processing, knowledge modeling and real-time intelligent control methods
and algorithms to achieve results, and the inevitable scientific and technological
implementation problems are the combination of these intelligent methods and
algorithms based on different theories, different description forms and different
implementation methods, i.e.,

How to evaluate the controlled processes and the effects of combination or mixing
with various intelligent algorithms and methods?
How to analyze and construct the most reasonable or optimal composite or
hybrid intelligent algorithms and methods in order to achieve the optimal control
objectives for the controlled object?
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The above-mentioned problems are not only the confusion of the hybrid intelligent
control method used in the complex intelligent welding system. At the same time, it
is also the most challenging problem to realize the disordered application of artificial
intelligence technology in a large number of intelligent manufacturing systems.

The second part of this paper will describe the existing general concepts and prob-
lems of hybrid intelligence in complex intelligent systems and related research work.
The third part of this paper will classify and analyze the intelligent methods and algo-
rithms existing in the intelligent control ofwelding process and robotwelding system.
Furthermore, the hybrid intelligence problem in intelligentized welding manufac-
turing process and system is put forward. In the fourth part of this paper, some
examples of hybrid intelligent sensing, modeling and control methods in intelligen-
tized welding manufacturing process and system are presented, and some prelim-
inary analysis results are given. In the last part of this paper, we will discuss the
future research direction of hybrid intelligence problem in intelligentized welding
manufacturing process and system.

2 Hybrid Intelligence Problems in General Intelligent
Systems

Since Minsky, McCarthy and other scholars put forward the concept of artificial
intelligence (AI) in the 1950s, theAI hasmade some epoch-making achievements, for
example, with the development and composite application of many AI technologies,
such as perceptron, fuzzy set theory, expert system, error backpropagation algorithm,
genetic algorithm, particle swarmoptimization and soon.Many scholars havenoticed
that with the combination of various AI methods and the complexity of composite
and integrated applications [62–64]. As early as 1991, Minsky, a famous expert in
the field of AI, recognized the necessity of studying artificial intelligence systems
composed of different intelligent technologies in [65]. Furthermore, in the 1990s, a
new research direction in the field of AI, hybrid intelligent system (HIS), has been
put forward in [66].

The HIS is an updated research direction with the development of AI, the purpose
of which is to make the complicated intelligent system more effective in knowledge
representation, reasoning, management and so on [64–80].

2.1 The Preliminary Concept of Hybrid Intelligent Systems

At present, there is no uniform definition on the concept of hybrid intelligent system
(HIS) in AI academia [62, 64]. The early definition simply considered the HIS as an
integrated system composed of expert system and artificial neural network, or consid-
ered that any system with two or more intelligent technologies is a HIS. Later, with
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the addition of genetic algorithm, evolutionary computation, fuzzy logic, immune
algorithm and traditional hard computing technology, the HIS has been developed
into a special research direction of AI.

From now on, there are two academic concepts leading the research of hybrid
intelligent system. One is “computational intelligence,” which focuses on hybrid
intelligent systems as a combination of new computational intelligence and tradi-
tional artificial intelligence “symbolism” [67]. The other is “intelligent application,”
which mainly investigates the HIS with integration of “soft computing” and “hard
computing” in various AI technologies, that is, so that the problems in reality can be
solved better [68].

Therefore, the HIS can be summed up as an intelligent system with integrating
at least one intelligent technology and non-intelligent technology for complex prac-
tical problems in order to obtain a better knowledge representation, reasoning and
problem-solving capabilities, and run robust and more efficient applications.

2.2 Research on Theory of Hybrid Intelligent System

The theoretical research of hybrid intelligent system mainly includes the research
motivation, the classification, the construction method, the evaluation criterion of
hybrid intelligent system and so on, as follows.

The motivation of hybrid intelligent system

• The idea of hybrid intelligent system is to overcome the deficiency of single
technology.

• The hybrid intelligent system is proposed because a single technology cannot
solve all the subproblems of practical application problems.

• The hybrid intelligent system uses a hybrid structure to realize the ability of multi-
information processing, which is better than the single intelligent technology
imitating human intelligence.

The classification of hybrid intelligent system

• According to the structure of the HIS, the HIS is divided into: stand-alone
models, transformation models, loose-coupling models, tight-coupling models,
fully integrated models [69].

• According to the motivation of the study, the HIS is divided into: function
replacing hybrids, intercommunicating hybrids and polymorphic hybrids [70].
This paper analyzes whether these hybrid intelligent systems, which are grouped
into one class because of “common reason,” have any common ground in the
choice of concrete construction methods.

• According to the different fusion formsof “soft computing” and “hard computing,”
HIS is divided into seven categories: There aremainly isolated, parallel, feedback,
cascaded, designed, augmented, assisted [71].
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The HIS is classified from the point of view of system theory, especially the input
and parameter value of the system are considered. In addition, some papers [72, 73]
have studied the classification of the HIS.

The construction method of hybrid intelligent system
The construction method of HIS is one of the most important research fields in HIS.
It is not only the most operational part of the methodology of HIS, but also the least
studied part of HIS [74]. The main research reports are as follows:

Goonatilake first put forward a six-stage development method of HIS [70]:
problem analysis, prototype matching, hybrid category selection, implementation,
validation andmaintenance. The problemanalysis ismainly to determine the sub-task
and its attributes, prototype matching is mainly to select the appropriate technology
for each sub-task, and the hybrid category selection is to select the type selection of
the HIS to be used. The six-stage development method proposed in reference [70]
is carried out according to the steps of information system development, which is of
great significance to the development of a new HIS.

In recent years, some scholars have proposed a HIS construction method based on
agent. According to the dynamic interaction characteristics of agent, Zhang proposed
“agent-basedhybrid intelligent system framework” [75]. The framework is composed
of interactive agent, planning agent, problem-solving agent, synthetic agent, interme-
diate agent andvarious technology agents. Themost important part is the intermediate
agent, which mainly stores the capability of each technology and retrieves the ability
according to the demand. Li et al. also proposed a HIS framework based on agent
(MAHIS [76]), which consists of eight models: hybrid strategy identification model,
organization model, task model, agent model, specialist model, coordination model,
etc., reorganize model and design model. The “agent-based hybrid intelligent system
framework” can be built independently according to the needs of the task, but the
problem of this framework is that it must be described according to the problem to
be solved. They are stored in agent in the form of ontology, and problem-solving
agent must have knowledge in this field, which is difficult to achieve.

The evaluation criteria of hybrid intelligent system
It is of great significance to determine the evaluation criteria for hybrid intelligent
systems to guide the design and construction of hybrid intelligent systems.At present,
there is little systematic research in this area, which is basically the evaluation of the
results of hybrid intelligent system.

The evaluation criteria proposedbyHefny et al. in [77] include: error level, training
process, structural complexity, reasoning capability. Reference [77] also pointed out
thatwith the increase of various technologies used in themixing process, theremaybe
problems in coupling, structural complexity, learning algorithm and computational
complexity of the system.

In the process of studying the industrial data analysis, according to the developing
process of the hybrid intelligent system, Kordon put forward the evaluation criterion
of the HIS [78]: robustness, speed and cost of the development process; sensitivity
to change; self-evaluation of performance; and maintenance costs.
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Fig. 1 HIS problems for the
IWMS

To sum up, we summarize the research background, motivation content and key
problems of general HIS in the following diagram, Fig. 1, including the relationship
between the types, structures, criteria and application effects of HIS for the IWMS.

3 Hybrid Intelligence Problems in Intelligentized Welding
Manufacturing Systems

3.1 The Intelligent Functions and Structure of IWMT/S

In our previous published literature [1, 6, 7], we have put forward and expounded
the conceptual and technical framework of intelligentized welding manufacturing
(IWM), intelligentized welding manufacturing technology/system (IWMT/S), intel-
ligentized robotic welding technology/system (IRWT/S), intelligentized welding
manufacturing engineering (IWME) and so on. Of course, it is mainly aimed at
the most representative arc welding process without losing its generality.

In Ref. [1], the intelligentized welding manufacturing (IWM) is preliminarily
defined as for simulating intelligent behaviors and functions of welder’s sense, brain
and body activity in welding process by the artificial intelligence technology; see
Fig. 1 for composition parts of the IWM process. Furthermore, investigating the
constitution of general intelligentized manufacturing, functions and systems, we
present a pentabasic framework of intelligentized functions in the IWMS, as shown
in Fig. 2.

Replacing manual welding with machines, which is also a dream that has been
pursued by welding practitioners for thousands of years, Fig. 3, it also is the key
technology of the IWM, i.e., IRWT in Fig. 4.

Based on scientific and technical contents related to development of modern
welding manufacturing technology, the concept on intelligentized welding manu-
facturing technology (IWMT) is introduced [1, 6, 7], and it shows for the key
scientific and technical formwork of the IWMT, which contains three advanced
manufacturing fields: the virtual and digital welding manufacturing and technology
(V&DWMT) including the virtual manufacturing; intelligentized robotic welding
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Fig. 2 A pentabasic
framework of intelligentized
functions in the IWMS

Fig. 3 Welder’s dream for
generations: IWR to IWM

technology (IRWT) and the flexible and agile welding manufacturing and tech-
nology (F&AWMT); and key technical elements and system techniques of the IWMT
including the network manufacturing.

In the process and systems of the IWM for the large equipment, a composition of
the IWME/T/S is shown in Fig. 4.

For example, in an intelligentized welding manufacturing workshop/factory for
major equipment, corresponding to the pentabasic intelligence functions in Fig. 2,
it can be summarized as follows: a functional diagram of IWMW’s pentabasic
framework of the IWMS, as shown in Fig. 5.

The Fig. 5 shows an IWMW construction, its core technology is the IWT and its
IWMS, which can be divided into five types of technologies, such as the WT, RT,
NT, IT, and DT. And constitute the corresponding five kinds of intelligent systems,
such as the MS, FS, DS, IS and VS.

Obviously, in the above-mentioned IWMT/S, it involves the combination ormixed
application of a variety of AI techniques and methods.
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Fig. 4 A composition of IWME/T/S for a large equipment

As one can see, the IWMT/S involves three key elements of intelligentized tech-
nology for welding process and systems: sensing welding process for imitating
welder’s sense organ function, knowledge extraction and modeling of welding
process for imitating welder’s experience reasoning function and intelligent control
of welding process for imitating welder’s decision-making operation function.

In the research literature published by us and other scholars, the various AI tech-
niques and methods used in the welding process and system under different condi-
tions are shown, such as the optimal planning of robot welding task, process and
its parameters. The AI includes the fuzzy logic, neural networks, expert systems,
data mining, knowledge extraction and modeling, machine learning, adaptive and
self-learning control algorithms and combination of these different algorithms. In
the intelligent welding process, sensing, information processing, feature extraction,
knowledge modeling and feedback control methods and algorithms, there are a lot
of problems in the analysis and optimization of hybrid intelligence phenomenon and
hybrid intelligent action process. In the past, only the sensing of specific processes
and systems has been studied.Modeling and control are a very important and practical
AI complexity problem that has not attracted attention or been specifically discussed.
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Fig. 5 A pentabasic
framework of the IWMW

It is also an unavoidable bottleneck and challenge in the theory and application of
hybrid intelligent algorithms and techniques. Therefore, this paper seriously put
forward in order to attract scientists and engineers’ enough attention on a so-called
hybrid intelligence problem in the IWM process and systems.

One can see the following examples of hybrid intelligence in the IWMS.

3.2 Hybrid Intelligence Features of Multi-information
Processing and Fusion for Arc Welding Process

HI features of acquisition and processing of multi-source information
in GTAW process
In the Refs. [8, 15–40], the multi-information and complexity in arc welding dynam-
ical process are presented in Fig. 6, which includes four categories, such as welding
process, arc, vision and motion information, and about 20 kinds of measurable
information that occur during welding in Fig. 6.

The experimental system with multiple sensors and acquisition for sensing and
acquiring arc, sound, spectrum and other signals in the dynamic process of GTAW
established in SJTU’s Robot Welding Intelligent Technology Laboratory is shown
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Fig. 6 Multi-information and complexity in arc welding dynamical process

in Fig. 7, which includes vision, sound, spectrum sensors for arc features during the
pulsed GTAW. Based on the above experimental system, Fig. 8 shows experimental
results of arc voltage, arc sound, spectrum, weld pool image and other signals during
the pulsed GTAW dynamic process.

The image information features of the weld pool are also shown in Fig. 8, which
are unwelded or under-penetration, as well as burn-through or weld leakage.

Fig. 7 Multiple signal acquisition systems for pulsed GTAW
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Fig. 8 Arc voltage, sound,
spectrum and image
information during pulsed
GTAW

(a) Defect of under penetration 

(b) Defect of burning through 
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Among these methods to process the multi-information features, there are many
different intelligent computing methods and their hybrid application. The mixed
effect of hybrid intelligent processing algorithms is obviously a very important
problem, and it is needed for further analysis and investigation.

HI features of multi-information fusion algorithms for predicting welding
penetration in GTAW dynamical process
In Refs. [9, 26–28, 40], the method and algorithm of multi-source information fusion
inwelding process are studied and discussed. Based on the information of arc voltage,
visual image and arc sound in GTAW process, intelligent processing algorithm is
used to extract penetration features, and then multi-information feature layer fusion
method and neural network and DS evidence algorithm are used to predict welding
penetration.

HI features of multi-information fusion for arc welding dynamical process
Summarized our research and current literature [9, 26–28, 40], a variety of intelligent
processing algorithm and multi-information fusion methods and their algorithms are
used in thewelding dynamic process formonitoring and quality prediction ofwelding
process, and the combination of various intelligent algorithms or hybrid features can
be seen in the following illustration; i.e., various combined or hybrid intelligent
algorithms have been widely used in multi-source information fusion algorithms,
such as sensing, feature extraction, classification and prediction for welding dynamic
process, shown in Fig. 9.

Fig. 9 HI features of multi-information acquisition and processing of arc welding process



Hybrid Intelligence Problems in Intelligentized Welding … 15

3.3 Hybrid Intelligence Features in Intelligent Modeling
Methodology for Welding Dynamic Process

In the literature on modeling method of welding dynamic process [9, 15, 16, 41–53],
several typical methods and algorithms of intelligent modeling for welding process
can be summarized as shown in Fig. 10.

The intelligent modeling methods for welding dynamic process are given as
follows:

• Knowledge modeling class: including expert system, fuzzy logic, empirical rules,
rough set, identification modeling and so on;

• Artificial neural network (ANN) modeling class: including support vector
machine, genetic algorithm, ant colony algorithm and other methods;

• Multi-agent, hybrid logic dynamics, various programming and optimization
algorithm modeling methods, etc.;

• The combination of modeling methods and algorithms of various intelligent
algorithms mentioned above.

Neural network prediction model for characteristics of welding pool.
Theneural network (NN)methodhas been applied to themodelingofweldingprocess
for nearly 30 years [9, 15, 16]. The typical NN model is suitable for predicting the
dynamic process characteristics of welding pool, for example, the prediction of the
back pool size and penetration by NN model, which is very important in the closed-
loop control of penetration during welding process. There are other welding seam
forming, welding quality evaluation using NN model prediction and classification,
etc.

Knowledge modeling of welding dynamic process.
One of the key intelligent technologies is to establish knowledge model from
extracting welder manipulations so that the computer or robotic systems could play
back human knowledge and intelligent decision-making function.

Because the differences of human describing himself experience capability and
uncertainty in welding process, it is very difficult or almost impossible for one to

Fig. 10 HI features in intelligent modeling methodology for welding dynamic process
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Fig. 11 Rough set (RS) theory for knowledge modeling methods for welding process

directly get enough expert knowledge fromwelder’s experiences [41–47]. A feasible
way is extracting knowledge from measured experimental data by fuzzy computing,
rough set theory and other soft computing methods. A fuzzy rule model of weld
pool dynamics in the pulsed GTAW process was developed by fuzzy identification
algorithms in Refs. [42–45]. Knowledge modeling methods for welding process
from collected data were investigated by the basic rough set (RS) theory as shown
in Fig. 11.

Mixed Logical Dynamical (MLD) modeling of GTAW dynamics during robotic
welding.
In the research direction of control theory in the last 20 years, a hot topic is the
so-called mixed logical dynamical (MLD) modeling and control method for the
complex system, which is useful to model and control the so-called hybrid systems
with interacting physical laws, logical rules, continuous and discrete variables, and
operating constraints. References [48–52] develop MLD modeling methodology for
pulsed GTAW process in robotic welding systems and robotic welding process and
systems, which shows the MLD method is highly suitable for welding dynamical
process, particularly, automatic and robotic welding systems.

Figure 12 shows the weld pool with misalignment-mixed logical dynam-
ical (WPM-MLD) model and the weld pool with gap-mixed logical dynamical
(WPG-MLD) model for estimating the backside weld width [48–50].

And Fig. 13 showsmixed logical dynamical (MLD)modeling ofGTAWdynamics
during robotic welding, the welding robot movement process (WRMP)-MLDmodel
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Fig. 12 WPM-MLD model and WPG-MLD model

Fig. 13 WRMP-MLD model and WDOP-MLD model for robotic welding process and system

with 34 equations and the welding device operation (WDOP)-MLD model with 65
equations [48, 52].

HI modeling of expert systems, fuzzy logic and artificial neural networks.
The most common modeling methods, such as expert system (ES), fuzzy logic
(FL) and neural network (NN), are the most common methods in the modeling
of welding dynamic process. A single intelligent method or algorithm is represented
in a monochromatic outer circle in Fig. 14.
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Fig. 14 Interaction of
FL-NN-ES intelligent
modeling methods

In Refs. [10, 15, 16, 42–47], the knowledge model obtained by using FL, NN and
ES modeling methods to the welding dynamic process is presented, respectively.

As shown in Fig. 14, there are two overlapping circles in the middle layer, such
as the FL-NN, NN-ES and ES-FL, which represents a composite indication of two
intelligent methods or algorithms.

The central part in Fig. 14 is the overlapping part of the three circles, i.e., N-F-
E, which represents a composite representation of all three intelligent methods or
algorithms.

Furthermore, the hybrid knowledge model of cross and combination of the FL,
NN and ES methods for welding dynamic process is developed in Refs. [10, 16].

The interaction of these three intelligent modeling methods is shown in Fig. 14.
Other HI complexity of multi-interaction with intelligent modeling methods and

algorithms can be further analyzed and investigated.

3.4 Hybrid Intelligence Features—Intelligent Control
Methodology for Welding Dynamic Process

Intelligent control strategy is mainly aiming at complex uncertainty of welding
process.Because of especial complexity inweldingdynamical process, such as strong
nonlinear and multivariable coupling, time–variety and uncertainty, it is specially
suitable to adopt intelligent control strategy for welding process and systems [1, 6–
10]. At present, various intelligent control methods, fuzzy logic, artificial neural
networks, expert system and their combination control schemes [11–16, 55–61,
81–85], are shown in Fig. 15.
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Fig. 15 Intelligent control
methods in the welding
process

According to different welding conditions, such as based on plate welding, butt
welding, with filler, gap variety and uncertainty in welding process, many intelli-
gent control methods, such as a self-learning expert control, fuzzy neural control,
adaptive fuzzy neural control, compound intelligent controller with feed-forward
compensating control methods for gap variety [59] and so on, have been devel-
oped for the penetration, the width of the upside and backside pool and seam, face
reinforcement and fine forming of the weld seam during arc welding process.

The expert system for real-time control of welding process is an important part
in intelligentized welding systems. Some advanced autonomous expert system for
control of welding dynamical process should be still investigated for mode recogni-
tion of weld workpiece, environment and seam type, and autonomous programming
robotic welding path and techniques, intelligent control of welding process in the
IWMT [1, 10, 59, 85].

Because various intelligent methods and algorithms act on welding dynamic
process and welding equipment system at the same time, for example, robot welding
system, the special hybrid intelligent characteristics of welding process and system
control are shown in Fig. 16.

The diagram shows the HI characteristics of various methods and algorithms of
intelligent information extraction, such as the MSS, MSIF in the HIS, the HIM and
IPM in the HIIF for modeling, and control methods and algorithms, such as the KRC,
ILC and ESC in the HIC of the dotted box.

In Fig. 17, the characteristics in hybrid intelligent control of robotic welding
process and systems, the diagram shows the HI characteristics of various methods
and algorithms for the HKT including ER, EK and AP; the HICT including AG, WT
and MC; the HIT including MS, MIF and PM; and the HDIT including ICSM and
NC, which are circled in the red dotted box in the diagram [1, 81–84, 86–98].

4 HI Features in Application on the IWMS/W/F

The previous section discusses the complex, mixed or hybrid intelligence character-
istics that are shown in the combination of various intelligent methods used in IWM
technology and methodology with the various AI algorithms.
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Fig. 16 HI features in intelligent control of arc welding process

The next sectionwill discuss the hybrid intelligence features ofmultiple intelligent
methods and AI algorithms shown in IWM engineering applications, such as the
IWMS (systems)/W (workshop)/F (factory).

4.1 Hybrid Intelligence in IWMS/W/F by Internet of Things

With the application of the Internet of things technology in the industrial field, it
has effectively promoted the innovation and development of intelligent manufac-
turing technology and system based on the Internet of things. We also propose an
Internet of things-based IWMT/S in the welding field as shown in Fig. 18 for design
and structure of IWM workshop and factory. The part of the red dashed frame in
Fig. 18 includes a variety of intelligent welding methods based on the Internet of
things technology and the system of AI algorithm in the application of in intelli-
gentized welding manufacturing engineering (IWME), such as the hybrid intelligent
methods and algorithms displayed in MES level and intelligent control level of the
intelligentized welding manufacturing workshop by Internet of things (IWMWIT)
in Fig. 18.

The optimal planning method and algorithm for welding product task, such as
roboticwelding path, attitude andwelding process parameter planning, expert system
ofwelding process, visual recognitionmethod and algorithm forwelding initial point;
The autonomous guidance and tracking control method and algorithm in robotic
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Fig. 17 HI features in intelligent control of robotic welding process and systems

Fig. 18 HI features displayed in application of the IWM workshop by Internet of things
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welding process, such as acquisition and processing of multi-source sensing infor-
mation such as vision, arc, sound and spectrum in the process ofwelding, and the tech-
nology and algorithmofmulti-source sensing information acquisition and processing
in the process of welding; The Data driven expert system for monitoring of welding
process; The knowledge model and penetration prediction model; The intelligent
control method and algorithm of weld pool penetration and weld forming, prediction
algorithm ofwelding quality; The fault diagnosis of welding process and system; The
communication and coordination control of welding production line and workshop
equipment, and the intelligent management of the whole process of welding product
manufacturing, all of which highlight the complexity of hybrid intelligent technology
features in the IWMWIT, are shown as the red dashed frame HIS in Fig. 18.

4.2 A Multi-agent Hybrid Intelligence Structure for IWMS

A hierarchical MAS coordinated control structure of intelligentized welding manu-
facturing system (IWMS) is proposed in this paper. The IWMS is designed as so-
called a multi-robot device follower and a network virtual leader for the IWMS
[99, 100]. It is a hierarchical multi-agent system; i.e., the IWMS is divided into
“leader MAS” and “follower MAS” and “bottom follower MAS” structure with
multi-intelligent cooperative operation. It implements the “total goal coordination”
and “sub-task coordination” two-level MAS coordination mechanism of the IWMS.
The “leader MAS” in the first layer of the IWMS completes the “goal coordination”
(LMAS-0) of multiple MAS. The first layer of multiple “follower MAS” (FMAS-
1i) is the control of sub-task coordination (LMAS-2i), which is the leader of the
second layer of multiple MAS. The sub-task coordination (MAS-2i) of multiple
MAS leaders in the second layer is directly controlled by root task coordination of
multiple agent (F-agent-3-ij) execution units. This paper proposes the “leadership-
follow” mechanism for the MAS hierarchical network coordination control struc-
ture diagram shown in Fig. 19, which contains the complex HIS characteristics of
multi-agents and IWMT/S.

For the design and implementation of hybrid intelligent system of MAS and
IWMT/S, this paper presents a structure diagram of a hybrid intelligent system of
welding manufacturing (HISWM) shown in Fig. 20, which contains the different
classifications of MAS and various intelligent methods and algorithms.

4.3 An Intelligentized Welding Manufacturing Workshop
for Offshore Drilling Platform

As one of the application practices of the IWMT, our research team and Shanghai
ZMPC have developed a kind of intelligentized welding manufacturing workshop
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Fig. 19 Leader–follower MA—HI structure of the IWMP/S

(IWMW) for the pile legs of the offshore drilling platform as shown in Fig. 21. In
this IWMW, the IWMS technology has been successfully applied to the construction
of the IWMW for supporting the pile legs of the offshore drilling platform. The
intelligent welding technology, production system and product quality and benefit
of offshore drilling platform are greatly improved.

The IWMW for piles and legs of the offshore platform reflects the pentabasic
structure function of the IWMT proposed in this paper, as shown in Fig. 22. On the
basis of the general intelligent manufacturing system, it shows the key technology
in the robotic welding flexible system, as well as the information, digitalization,
networking and intelligentized manufacturing technologies in Fig. 22, combined
with the welding process requirement of the pile leg of the offshore platform, the
IWMW for piles and legs of the offshore platform is integrated and implemented.

Furthermore, the intelligent pentabasic technology, systems and methodology of
the IWMWfor the pile legs of the offshore drilling platform and the hybrid intelligent
function of the IWMW can be analyzed accordingly, as shown in Fig. 23.

It shows the hybrid pentabasic intelligent function of IWMW for the pile legs of
the drilling platform, which can be divided into the single intelligent tech./syst. in
outer layer, such as IT/IS, DT/VS, WT/MS, RT/FS and NT/DS; the triple intelligent
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Fig. 20 A hybrid intelligent system of welding manufacturing (HISWM)

recombination in the middle layer, such as I/D/R, D/W/N, W/R/I, R/N/D and N/I/W
tech./syst.; and the quintuple or hybrid intelligence phenomena I/W/D/R/N tech./syst.
in the core, as shown in Fig. 23. Further, hybrid intelligence features are related to
different AI methods and algorithms used in practice.

5 Concluding Remarks

This paper presents some hybrid intelligence problems and the HI features in
IWMT/S/W/F. Based on the technological constitution of the IWMT/S, the paper
investigates the hybrid or compound, multiple and mixed effects of different intel-
ligent methods and technologies applied in IWMT/S, which includes the hybrid
intelligence problems existing in multi-information sensing, knowledge modeling
of arc welding process and intelligent control methodology for welding dynamic
process, and the hybrid intelligence problems existing in intelligentized technolo-
gies for robotic welding process and systems. The HI problems in the IWMT/S are
also an unavoidable bottleneck and challenge in the theory and application of hybrid
intelligent algorithms and techniques. Therefore, this paper put forward theHIS prob-
lems in the IWM process and systems in order to attract scientists and engineers’
enough attention on that.
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Fig. 21 A realization of the IWMW for the pile legs of the offshore drilling platform

The author hopes to further explore the optimization methods of hybrid or
composite intelligent algorithms of IWMT/S by putting forward the problems of
the HI methods and techniques existing in IWMT/S, and the optimization design of
the HIS of the IWMS and IWME.
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Fig. 22 Pentabasic function of the IWMW for piles and legs of the offshore platform

Fig. 23 Hybrid intelligent function of the IWMW for the offshore drilling platform
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Double-Electrode Micro-plasma Arc
Welding Curved Surface Part Additive
Manufacturing Control System

Ding Fan, Nan Li, Jiankang Huang, Shurong Yu, and Wen Yuan

Abstract With the xPC target real-time environment, double-electrode micro-
plasma arc welding additive manufacturing control system is set up. And UG/NX
software system is used to make parts integrative and automatically from modeling,
tool path planning as well as simulating to execution code generation. Furthermore,
the elliptical and cylindrical curved surfaced parts are deposited with 304L stainless
steel material by changing the bypass welding current value in this system. Also,
the ring parts are well produced by using this double-electrode micro-plasma arc
welding rapid prototyping system with milling method together.

Keywords Double-electrode micro-plasma arc welding · Additive manufacturing ·
UG/NX · Tool path planning · Arc tool library · Curved surface part

1 Introduction

Wire and arc additive manufacturing (WAAM) plays a decisive role in military
industry, aerospace, automotive and other manufacturing and processing fields due
to its advantages of saving raw materials, shortening the processing cycle, having
high-density parts and high forming efficiency compared with the traditional manu-
facturing methods by using molds, flasks and tools when forming large and complex
parts [1]. WAAMmainly uses the arcs of gas metal arc welding (GMAW), gas tung-
sten arc welding (GTAW) and plasma arc welding (PAW) as welding heat sources
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with the digital control technology to build 3D metal object parts layer by layer [2].
But in the rapid prototyping of WAAM, continuous and consistent layer-by-layer
surfacing requires the automation of the stacking process, the rationalization of the
stack deposition path and the good repeatability of each layer’s composition, size,
organization and performance, especially for the parts with curved shapes. There-
fore, the WAAM rapid prototyping system has become the key to stacking complex
functionally graded parts as well as a hotspot and a difficult point in the research of
universities and enterprises at home and abroad due to its high degree of automation,
controllable heat during the stacking process and accurate forming quality and size
[3].

Spencer et al. [4] used additive manufacturing technology controlled by Siemens
RCM CNC robot system based on GMAW to perform several stacking experiments.
They studied the problem of high surface roughness and deterioration of the struc-
ture caused by excessive heat input during the stack forming process with the help of
infrared thermal sensing technology. Based on GTAW, Professor Li et al. [5] estab-
lished an additive manufacturing forming system and studied the collapse of two
sides of the formed part due to heat accumulation during the stack forming process.

However, Professor Lu et al. [6] proposed a new method called bypass-coupled
double-electrode arc welding (DE-AW), which adds a PAW or GTAW torch in the
arc between the welding wire and the workpiece to form a bypass arc to shunt the
current flowing into the base material. This method not only effectively controls
the heat input of the base material on the basis of ensuring a high deposition rate,
but also lays a foundation for easy automatic control. Further, under the xPC target
real-time environment, the research group established a real-time target software
and hardware platform for double-electrode arc welding by using rapid prototyping
technology. Experimental research on welding processes under different controllers
was carried out, and stable welding and well beam formation were achieved [7].

In addition, UG/NX as an interactive CAD/CAM system produced by Siemens
PLMSoftware is powerful enough to implement the construction of complex entities
and shapes, tool path design and digital machine simulation. As a result, it is widely
used in automotive, aerospace, heavy equipmentmanufacturing and processing fields
[8–10].

Therefore, the purpose of this article is to set up a bypass-coupled double-electrode
micro-plasma arcwelding (DE-MPAW)additivemanufacturing control systembased
on the principle of bypass-coupled arc welding and the characteristics of small arc
shape, large energy density and small heat-affected zone ofmicro-plasma arcwelding
(MPAW) to manufacture the 304L stainless steel material oval cylindrical parts and
ring parts with the target real-time environment.
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2 DE-MPAW Additive Manufacturing Control System

2.1 System Composition

DE-MPAW additive manufacturing control system is mainly composed of LHM-50
precision micro-plasma arc welder, WF-007A multifunctional automatic argon arc
welding wire filler, AMR-300 rheostat, industrial control machine, PCL-812PG data
acquisition card, PCL-728 analog output card, MIK-DZV-250 voltage transmitter,
TKC100BR series Hall sensor, CP-80 high-speed photography and X–Y–Z three-
dimensional motion platform which is controlled by computer.

The hardware connection system is shown in Fig. 1. The LHM-30 micro-plasma
welding torch and the wire feeding gun were fixed at a certain angle to the Z-axis
of the 3D motion platform, while the base plate was fixed to the X–Y-axis platform.
The stacking and forming of the complex-shaped parts were completed by the move-
ment of the X–Y–Z 3D motion platform which was controlled by host machine.
The forming process was based on DC direct connection, and the welding wire was
in series with the AMR-300 adjustable rheostat to form a bypass of the welding
circuit to divert the base material. Under the xPC target real-time environment of the
MATLAB/Simulink toolbox, the collection of current and voltage were performed
by the cooperation between the host and the target computers which were inter-
connected via the TCP/IP network communication protocol. Based on the collected
current and voltage signals, AMR-300 rheostat was adjusted to control the heat of
the base material. Meanwhile, CP-80 high-speed photography was connected to the
host computer to catch the real-time information of the molten pool and arc shape
during the forming process and monitor the entire stacking process.

2.2 Setting Up Arc Tool Library

UG/NX takes the processing basic module as the framework, connects all processing
modules and provides users with a user-friendly graphical window environment,
enabling it to complete all steps from the construction of three-dimensional models
of complex solid parts to the design of processing programs in a graphical manner.

The premise of designing and planning of the deposition path in DE-MPAW addi-
tive manufacturing control system is the UG/NX platform. The forming experiment
under different welding parameters should rely on the characteristics of layer-by-
layer stack forming of the DE-MPAW additive manufacturing as well as the char-
acteristics of the arc and weld beam morphology, so as to establish the DE-MPAW
additive manufacturing system arc tool information database.

According to the welding parameters in Table 1 and the arc size captured by
high-speed photography, the created DE-MPAW arc tool information is shown in
Fig. 2. Figure 2a shows the arc tool information collected through experiments, and
1 represents the blade length, which is the distance between the micro-plasma arc
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(a) hardware system diagram 

(b) physical composition of hardware 

Fig. 1 DE-MPAW system

Table 1 Welding parameters in deposition process

Parameters Current (A) Weld speed
(m/min)

Feed speed
(m/min)

Plasma gas
(l/min)

Shielding gas
(l/min)

Value 50 0.08 1.2 1.0 10.0
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(a) arc tool information collection 

(b) creation of UG/NX arc tool information 

Fig. 2 Arc tool parameters in DE-MPAW system
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welding torch nozzle and the workpiece, here 5 mm; 2 represents the cutting depth
of the blade, which is the height of the weld metal on the solidified side of the molten
pool when stable welding process, here 3 mm; 3 represents the diameter of the blade,
which is the width of the beam after welding, here 3mm. Figure 2b shows the process
of establishing arc tool model in the processing module of UG/NX with the arc tool
information collected in Fig. 2a and the process of being added into the tool library.
The tool model here is a ball and cylinder model, and the parameters blade length,
blade and ball diameter, respectively, corresponded to the blade length, blade cutting
depth and blade diameter information collected in Fig. 2a.

2.3 Curved Surface Part Modeling and Tool Path Planning

The curved surface part modeling and tool path planning were developed based on
the UG/NX and the control together with the execution hardware facilities of the DE-
MPAW additive manufacturing system. The flowchart of modeling and designing of
tool path plans is shown in Fig. 3.

Thepart adopted the design idea of parametricmodeling, comprehensively consid-
ered the shape and size of the part and performed feature decomposition. Taking the
complete size reference as a starting point, the position relationship between the

Fig. 3 Planning path and curved surface part model tree in DE-MPAW depositing process
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graphic and the coordinate axes which is the size constraint was determined. The
system took the input size constraint as the feature parameters, saved and converted
into system parameters which can be visuallymodified in subsequent product design.
Similarly, the UG/NX module provides different standard design features. It high-
lighted the key feature size and positioning size so as to offer an easy call and edition.
Graphic expressions can also be used to write features and establish feature sets. By
driving the graphics with features and expressions, stretching, rotating and Boolean
operating feature shapes in the 2D sketch, the 3D solid model of the part was drawn.
A 3D solid model of a simple curved surface part is drawn in Fig. 4 by using UG/NX
parametric modeling.

The planning of the stacking tool path of curved surface parts is shown in Fig. 3.
Based on the establishment of the three-dimensional solid model, it was transferred
to the processing environment module of UG/NX, where the parameter group is set
and the stacking order of positions of the parts together with the relevant sizes was
determined.

Considering the arc tool information and part size and taking the least travel path
as the principle, the best arc tool in the arc tool library was selected, and the appro-
priate cutting method was chosen among the reciprocating, spiral, unidirectional and
character according to the feature shape of the part to create a tool path operation
program. After specifying the operating parameters, the simulation experiment of
the deposition path was performed to verify the rationality and accuracy of the tool
path and made it visual to modify. Finally considering the hardware requirements
of the X–Y–Z 3D motion platform, an executable NC file was generated for oper-
ation. Figure 5 shows the deposition path simulation process of stacking elliptical
columns and cylindrical curved surface parts with the help of DE-MPAW additive
manufacturing control system.

3 Curved Surface Part Forming

In the DE-MPAW additive manufacturing control system, 0.8-mm ER304L stainless
steel welding wire was used for stacking oval-shaped simple curved part materials
with a long axis of 50 mm and a short axis of 25 mm. The arc tools were chosen
according to thewelding parameters shown in Table 1, and the stack tool path adopted
the characteristic cutting method. At the premise of a 50 A total welding current, the
bypass 16 A shunt reduced the current flowing through the substrate and the stacking
layer, thereby reducing the problem of melting collapse caused by the overheating
of the stacking layer during the stack forming process. The stack forming of elliptic
cylindrical curved surface part is shown in Fig. 6, and Fig. 6a shows the welding
current signal collected in the stack forming process, while Fig. 6b shows the stack
forming part. The measured height of the stack forming part was 24 mm with a total
of 24 layers, and the average height of each layer was about 1 mm.

Under the same parameters, 0.8-mm ER304L stainless steel welding wire was
selected as the stack forming material to stack cylindrical curved surface parts with
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 (a) cylindrical model 

(b) elliptical cylindrical model 

Fig. 4 Three-dimensional model with curved surface parts
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 (a) simulation of deposition path of cylindrical surface part 

(b) simulation of tool path of elliptic cylindrical surface part 

Fig. 5 Curved surface part and deposition path simulation in DE-MPAW system

a diameter of 10 mm and a height of 15 mm. Further, the obtained cylindrical curved
parts were surface milled by a machine tool into a pair of stainless steel rings with
a diameter of 10 mm and a height of 3 mm. Figure 7 shows the stainless steel ring
parts manufactured by the DE-MPAW system and the cylindrical part after stacking,
which was the mother part of the stainless steel ring part as shown in Fig. 7a. The
measured height of the part was 15 mm with a total of 15 layers which means the
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(b) elliptic cylindrical surface part 

(a) welding current signal acquisition 

Fig. 6 Elliptic cylinder curved surface part depositing in DE-MPAW system

average height of each layer was about 1 mm. Figure 7b shows a pair of stainless
steel ring parts with the diameter of 10 mm which was surface milled by a machine
tool from the mother part above. It is obvious that the parts were dense and thick
without pores, and the surface was well formed with high accuracy.
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Fig. 7 Ring parts with
stainless material depositing
in DE-MPAW system

 (a) cylindrical surface part 

(b) stainless-steel ring part 

4 Conclusions

This paper uses the principle of bypass-coupled arc welding and the method of
the micro-plasma arc welding to build a DE-MPAW additive manufacturing control
system with low software and hardware costs under the xPC target real-time envi-
ronment. The system takes the UG/NX as the supporting platform and creates the
DE-MPAW additive manufacturing rapid prototyping system arc tool library, which
helps realize the integration and automation of curved parts from 3D modeling, tool
path planning and simulation to stack forming, significantly shortening processing
time and optimizing deposition paths. Combining the heat control effect of bypass
current shunt, the phenomenon of melting collapse of the stacking layer is reduced
effectively, anddense, thick,well-formed curvedparts aremanufactured successfully.
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Arc Contraction Behavior of GMA
Welding Process Based on Change of Arc
Length at Hyperbaric Air Condition

Jiqiang Huang, Wenwen Guo, Junfen Huang, Long Xue, Jizong Wang,
and Yong Zou

Abstract The underwater hyperbaric dry GMA welding method is one of the best
emergency maintenance methods for underwater structures. With the increase of
ambient pressure, GMA welding quality decreases. The main reason is that GMA
welding arc shrinks under high pressure, which leads to the instability of welding
process. In order to find out the main factors that affect the contraction of GMA
welding arc, theoretical analysis, numerical simulation and experimental verifica-
tion are used to study the contraction behavior of GMAW arc under high pressure.
Based on the governing equation of high-pressure GMA welding arc, the numerical
simulations of GMA welding arc under the two conditions of constant arc length
and arc length adjustment were carried out by FLUENT software under the envi-
ronmental pressure of 0.1 MPa, 0.3 MPa, 0.5 MPa and 0.7 MPa, respectively. The
contraction of the arc under the two arc length conditions was compared. Through
the underwater high-pressure GMA welding test platform, the welding experiments
under 0.1, 0.3, 0.5 and 0.7 MPa ambient pressures were carried out. A high-speed
camera was used to obtain the arc morphology under different ambient pressures. It
was verified the accordance between the experiment results and the simulation data.
The results show that the axial and radial dimensions of hyperbaric GMA welding
arc decrease with the increase of ambient pressure, showing the phenomenon of arc
contraction, especially the arc length decreases significantly, which increases the
frequency of short-circuit drop transfer and affects the stability of welding process.

Keywords Hyperbaric welding · Underwater welding · Gas metal arc welding ·
Arc contraction · Arc self-adjustment · Numerical simulation

J. Huang · W. Guo · J. Huang (B) · L. Xue · J. Wang · Y. Zou
Beijing Institute of Petrochemical Technology, Beijing 102617, China
e-mail: huangjunfen@bipt.edu.cn

© Springer Nature Singapore Pte Ltd. 2020
S. Chen et al. (eds.), Transactions on Intelligent Welding Manufacturing,
Transactions on Intelligent Welding Manufacturing,
https://doi.org/10.1007/978-981-15-6922-7_3

47

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-15-6922-7_3&domain=pdf
mailto:huangjunfen@bipt.edu.cn
https://doi.org/10.1007/978-981-15-6922-7_3


48 J. Huang et al.

1 Preface

With the rapid development of exploitation andutilization ofmarine resources, under-
water welding technology as an effective method for installation and emergency
repair of underwater structures has attracted wide attention. Among the numerous
underwater welding methods, the underwater high-pressure dry welding method
has become a research hotspot at home and abroad due to its characteristics of
good welding quality and high safety [1–3]. Underwater high-pressure dry welding
method is conducted in the high-pressure chamber, where the environmental pres-
sure increases as water depth increases, which would lead to welding arc contrac-
tion and instability of welding process. The impacts are greater in GMAW; it
affects the welding droplet transition and even the whole welding process when
the welding parameter adjustment is improper, which seriously deteriorates the
underwater welding quality.

Scholars at home and abroad have done a lot of research on the stability and
welding quality of high-pressure welding. In the early stage, Perlman did a lot of
research on the influence of high-pressure environment on GMAW welding, but the
research was not in-depth enough due to the limited research means at that time [4].
Azsar et al. used statistical methods to predict the behavior and stability of GMAW
welding arc and proposed that the mismatch of welding current and voltage would
have a great impact on the stability of welding process in high-pressure environment
[5]. Hart et al. studied the influence of high-pressure GMAW dynamic electrical
characteristics and the impact on weld penetration and weld width of environmental
pressure, providing reference for quality control of high-pressure welding forming
[6]. Akselsen et al. studied the weld performance of X70 pipeline steel under high
pressure [7], and Akselsen et al. studied the welding performance of duplex stainless
steel under high pressure [8]. The research team of the author studied the weld
forming and properties obtained by different welding processes under high-pressure
environment [9–11]. Most of the above researches focus on obtaining welding seams
of higher quality by various means under high-pressure environment. There are few
researches on arc shrinkage causes and shrinkage behaviors under high-pressure
environment, failing to reveal the adverse effects of high-pressure environment on
the welding process fundamentally.

Jiang et al. studied the high-pressure GTAW arc, revealing the characteristics
of the high-pressure GTAW arc, which increased with the increase of environ-
mental pressure [12]. The author studied the characteristics of high-pressure GMAW
arc and found that the arc voltage of high-pressure GMAW increased as environ-
mental pressure increases [13]. Li et al. also studied the behavior of high-pressure
GMAW welding arc, and again verified that the electric field intensity in the arc
column increases with the increase of environmental pressure [14]. These studies
have explored the arc behavior in high-pressure environments, but the arc shrinkage
behavior mechanism has not been explained systematically.
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In this paper, in terms of the high-pressure GMAWwelding process, the shrinkage
behavior of high-pressure GMAW arc is preliminarily studied by numerical simula-
tion and experimental methods, considering the self-regulating effect of arc, so as to
reveal the internal mechanism of arc shrinkage of high-pressure GMAW and provide
basic data for the solution of unstable problem in high-pressure welding process.

2 Governing Equation of High-Pressure GMAW Welding
Arc

GMAWwelding arc can be regarded as the local thermal dynamic equilibrium (LTE)
state. It is considered that the plasma of welding arc is optically thin, where the
radiation re-absorption in the arc region is so small compared with the total radiation
loss that it is ignored. The arc is mapped to the cylindrical coordinate system, and the
governing equation of the high-pressure GMAWwelding arc is expressed as follows.

When the arc is in a dynamic stable process, the mass of the fluid flowing in and
out of the arc region is zero, thus the mass continuity equation is:

1
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where r is the radial distance between the calculation unit and the welding wire axis,
z is the axial distance between the calculation unit and the welding wire end, ρ is
the density, vr , vz is the radial velocity component and the axial velocity component,
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The energy conservation equation is
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where h is the specific enthalpy, λ is the thermal conductivity, j is the current density,
cp is the specific heat, and Sr is the radiant heat loss, which can be calculated by
Stefan-Boltzmann empirical correction formula:

Sr = εAζT 4

where ε is the emissivity of the object, A is the radiation area, and T is the ther-
modynamic temperature of the blackbody and ζ is constant 5.67 × 10−8 W/(m2

K4).
The radial and axial momentum equations are shown in Eqs. (3) and (4),

respectively.
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whereμ is the viscosity, and jr , jz is the radial and axial current density components,
respectively, Bθ is the magnetic field strength and is the pressure.

Current continuity equation:
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Ohm’s law:

jr = −σ
∂φ

∂r
, jz = −σ

∂φ
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(6)

The magnetic field intensity is given by Maxwell’s equation

Bθ = μ0

r

r∫
0

jzrdr (7)

In Eqs. (5), (6), and (7), φ is the electric potential, μ0 is the permeability, and σ

is the conductivity.

3 Numerical Simulation of High-Pressure GMAW Arc
with Fixed Arc Length

For the numerical simulation of high-pressure GMAWwelding arc, some hypothesis
is put forward: (1) The welding arc burns stably with internal heat transfer, and the
arc is in an incompressible state of laminar flow; (2) the arc is steady-state and
axisymmetric, and the arc model can be simplified into a two-dimensional model;
(3) the welding base material is a plane, which means the influence of molten pool
and molten drop on the arc shape is ignored.

FLUENT software was used in numerical simulation of welding arc. The simu-
latedwelding arc areawas theABCD square area as shown in Fig. 1, with a horizontal
length of 14mm and a vertical length of 16mm.According to the above assumptions,
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Fig. 1 Numerical
simulation area

the welding arc area is symmetric about the center axis OO′. AH, ED is the welding
protection gas inlet; EF, GH is the end edge of the conductive nozzle; GIJF is the
edge of the extension part of the welding wire; the diameter of the wire IJ is 1.2 mm;
M, L is the lower end of the nozzle; BC is the base material surface; and the arc area
is between IJ and BC.

The boundary conditions defined are shown in Table 1, where vg is the airflow
inlet velocity, vw is the wire feeding velocity, and the physical parameters of the arc
refer to the physical parameters of argon at different temperatures [15].

In the numerical model above, the environmental pressure of GMAW welding is
set as 0.1, 0.3, 0.5, 0.7 MPa and the welding current is 250 A. The result is shown
in Fig. 2; as can be seen from the diagram, with the increase of the environmental
pressure, the bright area of the arc gradually becomes thinner and thinner, which
shows that the arc tends to decrease in the radial direction when pressure increases.

In order to further observe and compare the high-temperature area of the arc, the
high-temperature area is highlighted by adjusting the numerical simulation result

Table 1 Boundary conditions

Boundary u v ϕ T /K

OO′ ∂u
∂r = 0 0 ∂φ

∂z = 0 ∂T
∂r = 0

O′C 0 0 0 1600

CD ∂u
∂r = 0 0 ∂φ

∂z = 0 1000

DE 0 vg
∂φ
∂z = 0 298

EF 0 0 ∂φ
∂z = 0 1000

FO 0 vw −σ
∂ϕ
∂r = 1

πR2 298
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(a) 0.1MPa (b) 0.3MPa

(c) 0.5MPa (d) 0.7MP

Fig. 2 Simulation results of arc in different ambient pressure/welding current 250 A

ruler to 0–12,000 K, where the temperature higher than 12,000 K is white, as shown
in Fig. 3. From the center of the high-temperature area, it is obvious that, with
the increase of environmental pressure, the high-temperature of arc area decreased

(a) 0.1MPa (b) 0.3MPa (c) 0.5MPa (d) 0.7MPa

Fig. 3 High temperature of arc in different pressures
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Table 2 Radial dimension of the arc at different pressures/mm

Position Pressure/MPa

0.1 0.3 0.5 0.7

➀ 5.2 4.5 4.0 3.3

➁ 5.0 4.3 4.4 3.8

➂ 4.5 3.4 3.7 3.0

significantly in the radial direction. In order to further analysis, three locations are
chosen in the height direction of the arc, as shown in Fig. 3a. The diameter of the
luminous part of the arc was measured as is shown in Table 2. It can be seen that with
the increase of the environmental pressure, the arc diameter in the high-temperature
area of the arc decreases significantly, the shape of the arc changes from a bell jar to
a bowling ball, and the arc shrinks more obviously in the anode area.

4 Numerical Simulation of High-Pressure GMAW Arc
with Arc Length Adjustment

4.1 Arc Length Variation Under High-Pressure Environment

In the actual GMAWwelding process, due to the self-regulating effect of arc length,
it will be automatically adjusted to the appropriate length as the environment changes
to meet the requirements of the minimum voltage principle [16]. In the high-pressure
environment, due to the change of heat dissipation conditions in the ambient atmo-
sphere, the dissipated energy of the welding arc increases, resulting in the increase
of electric field intensity E of the welding arc [12–14]. Under the condition that the
output voltage U of the welding power supply remains unchanged, the changes of
arc length la of the arc are discussed as follows.

GMAW welding circuit is shown in Fig. 4. The output voltage of welding power
supply isU, the equivalent output inductance and resistance in the circuit are denoted
as L and R, respectively, and the voltage drop on it is UL and UR, respectively. The
extension length of welding wire is ls, the voltage drop of welding wire is Us, and
the voltage drop of arc is Ua; then there is

U = UR +UL +Us +Ua (8)

In the formula,UR = I R,UL = L dI
dt ,Us = ρ ls

s I ,Ua = Ela where I is the current
flowing in the circuit. During the stable GMAWwelding process, the welding current
does not change much, so the voltage drop on the inductance can be approximately
0. ρ is the wire resistivity; s the cross-sectional area of the welding wire, and for the
convenience of discussion, Formula (8) can be written as
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Fig. 4 Welding circuit
schematic

U

L

R

workpiece

contact tip

ls

la

I

U = K + la
(
E − ρ

s
I
)

(9)

In terms of K = RI + ρ ls+la
s I , In the stable welding process, K is basically

unchanged. It can be seen from the above equation that under the high-pressure
environment, electric field intensity E increases, and under the condition that the
output voltage of welding power remains unchanged, arc length la decreases as the
environmental pressure increases; that is, the arc shrinks in the axial direction.

4.2 Simulation Results of High-Pressure GMAW with Arc
Length Variation

On the basis of the high-pressure GMAWwelding arc change analysis above, consid-
ering the GMAW welding arc axial size changes, correction of the welding arc
model is conducted with the environmental pressure of 0.3, 0.5, 0.7 MPa, and the
welding current of 250 A, taking the information of arc length changes into the
simulation model, as the reference Formula (9). The numerical simulation results
are shown in Fig. 5. According to the aforementioned ruler adjustment method, the
high-temperature region is highlighted and compared with the simulation results
under atmospheric pressure, as shown in Fig. 6. High-temperature area axial and
radial dimension measuring position is as shown in Fig. 6a and b, and the results
of the measurement are shown in Table 3; it can be seen that with the increase
of environmental pressure, electric arc of high-temperature area of the axial and
radial dimensions shows a decrease trend, which means that with the increase of
environmental pressures, arc contraction appears.
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(a) 0.1MPa (b) 0.3MPa

(c) 0.5MPa   (d) 0.7MPa

Fig. 5 Numerical simulation results considering the change of arc length

(a) 0.1MPa (b) 0.3MPa (c) 0.5MPa (d) 0.7MPa 

Fig. 6 Measuring position



56 J. Huang et al.

Table 3 Numerical simulation of arc radial dimension

Position Pressure/MPa

0.1 0.3 0.5 0.7

➀ 7.8 4.8 4.4 4.1

➁ 5.4 5.2 5.2 4.8

➂ 5.3 5.0 3.5 3.9

5 Experimental Results and Discussion

With the help of the high-pressure welding test platform (as shown in Fig. 7), the
high-pressure GMAW welding test and arc morphology observation are conducted.
The high-pressure welding test platform includes the high-pressure test chamber,
air compression system, monitoring and control system, welding system and image
acquisition system, etc. The block diagram is shown in Fig. 8. The welding power
supply is Fronius CMT3200, the image acquisition USESMS55K color digital high-
speed camera. Parent metal is made of Q235 steel plate, wire type ER50-6, wire
diameter is 1.2, 15 mm wire stem elongation, welding current is 250 A, welding
voltage 28.2 V, the welding speed is 25 cm, 1 min, welding protective gas is 80%
Ar + 20% CO2 gas mixture, shielding gas flow to 20 l, 1 min, welding environment
pressure: 0.1, 0.3, 0.5, and 0.7MPa, obtain the high-pressureGMAWwelding process
of arc photographs as shown in Fig. 9.

The luminous area of the arc image ismeasured as is shown in Fig. 9, including the
axial and radial dimensions of the arc. The specific measurement results are shown in
Table 4. Through data analysis, it can be found thatwith the increase of environmental
pressure, the axial and radial dimensions of high-pressure GMAW welding arc both
decrease, indicating the shrinkage of high-pressure GMAW arc, which is consistent
with the previous simulation results. The simulation results and experimental results

Fig. 7 High-pressure GMA
welding equipment
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Hyperbaric
champer

Pressure gauge

Compressor

Safety valve

Air in

Drain valve
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Electromotion  
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Shielding gas tank
Experimental 
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supply

Remote monitor 
and control system

Dryer

Fig. 8 Schematic diagram of hyperbaric welding equipment

(c) 0.5MPa (d) 0.7MPa

(a) 0.1MPa (b) 0.3MPa

Fig. 9 Pictures of welding arc at different pressures
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Table 4 Arc sizes of hyperbaric welding with current 250 A

Position Pressure/MPa

0.1 0.3 0.5 0.7

➀/mm 5.6 3.7 2.5 1.9

➁/mm 5.1 2.8 2.7 2.5

➂/mm 6.7 6.0 4.5 4.1

Fig. 10 Change of arc
length with pressure
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of the axial dimension of GMAW welding arc are given in Fig. 10. It can be seen
clearly that the sizes of the two results tend to decrease with the increase of welding
pressure. However, the axial dimensions in the simulation results are higher than
the experimental results, because the influence of arc adaptive adjustment factors on
the decrease of arc axial dimensions is considered in the simulation process. In fact,
there are many factors affecting the decrease of arc axial dimensions, which need
to be further explored. According to the experimental and simulation results, the
axial dimension (arc length) of the arc decreases significantly in the high-pressure
GMAW welding process. If the arc length is too short, it will directly affect the way
of droplet transition, resulting in an increase of short-circuit frequency in the welding
process and the instability of the arc. Therefore, in the actual high-pressure GMAW
welding process, the welding voltage should be appropriately increased according to
the increase of the environmental pressure, which is conducive to the welding arc to
maintain a proper arc length, to avoid frequent short circuit caused by the arc length
is too low, so as to improve the stability of the arc.

Figure 11 shows the high-pressure GMAW welding arc radial size of the simu-
lation and experiment results, both of which decrease as the environment pressure
increases. The reduction in simulation results is smaller than in the experimental
results. The reasons of the difference may be: (1) the simulation results of the bright
area sets 12,000 K (when the degree of ionization of about 0.5%) as the boundary,
but the actual welding bright area is slightly different; (2) during the experimental
welding, the dynamic change of high-pressure GMAW welding arc is large. The
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Fig. 11 Change of arc radial
sizes with ambient pressure
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subjects of the study all choose the arc images with the largest luminous area of
the burning arc, but there are differences in the morphology of the luminous area,
and there are certain differences in the determination of the arc measurement posi-
tion. But generally speaking, the simulation and experimental results of arc radial
dimension have a good agreement, and both reflect the trend that radial dimension
decreases with the increase of environmental pressure.

6 Conclusion

On the basis of the high-pressure GMAW welding arc simulation with constant
arc length, considering arc length adjustment, the high-pressure GMAW welding
arc is simulated, which is compared with experimental results welding test. The
results show that axial and radial sizes of high-pressure GMAW welding arc are
gradually contracted with the increase of environmental pressure, especially that the
arc length is reduced obviously, thus increasing the short-circuit transition frequency
and affecting the stability of welding process. In the actual welding process, welding
voltage should be appropriately improved.

Acknowledgements Project jointly supported by Beijing Natural Science Foundation and Beijing
Education Commission (KZ201810017022).
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Online Defect Detection of Laser-Arc
Hybrid Welding Based on Spectral
Information and MSPC

Chengyuan Ma, Bo Chen, Caiwang Tan, Xiaoguo Song, and Jicai Feng

Abstract Online monitoring of welding quality is always a research hotspot. The
online detection of welding defects can effectively improve the processing effi-
ciency and ensure the welding quality. In this paper, a quality detection system for
laser-arc hybrid welding process has been established by using a spectrometer. Prin-
cipal component analysis (PCA) and multivariate statistical process control (MSPC)
were used to analyze the collected spectral information. The results showed that
the welding defects such as oxide inclusion and the lack of penetration could be
effectively detected by selecting the specific elements, such as the spectral lines of
Fe/Cr/Ni/Ar/O.

Keywords Spectral information · Laser-arc hybrid welding · Welding defects
detection · PCA · MSPC

1 Introduction

With the development of laser, laser manufacturing including laser welding, laser
cladding and laser additive manufacturing has been paid more and more attention
by researchers [1]. A series of physical and chemical changes will occur in welding,
including arc spectrum, acoustic spectrum, changes in welding current and voltage
[1, 2]. It is well known that laser-induced plasma is produced during laser-arc hybrid
welding process, and the quality of weld could be reflected by the characteristics of
the plasma [3]. Therefore, real-time monitoring of signals can provide reliable basis
for welding quality prediction.
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To detect defects in welding from spectral information, many researchers have
done a lot ofwork. Shea et al. used spectrum tomonitor hydrogen pollution inwelding
arc in real time to control hydrogen and hydrogen pores in weld metal [4]. Morgan
et al. studied the relationship between the non-fusion defects caused by laser spot
offset from the joint and plasma spectral characteristics in narrow gap laser welding.
The results of offline analysis of spectral intensity and electronic temperature showed
that the combination of spectral characteristics and visual sensing is beneficial to
the hybrid sensing tracking of weld seam [5]. Kong et al. used fiber laser with the
maximum output power of 4 kW to weld 1.2 and 1.5 mm high-strength galvanized
steel plateDP980.Their research found that the strength of spectral line in thewelding
process was related to welding spatter caused by zinc vapor, and the electronic
temperature of plasma calculated by Boltzmann plot method could reflect whether
there were pores in the weld [6]. Sibillano et al. conducted an online spectral study
of butt welding of AA5083 aluminum alloy, which compared the effects of different
shielding gas nozzles and the flow rate on the spectral strength during welding.
Their results showed that when the state of shielding gas changes, it can be well
reflected in the spectral characteristics [7]. Ribic et al. studied YAG laser-TIG hybrid
welding plasma by means of spectroscopy, and studied the influence of welding
current and heat source spacing on electron temperature and conductivity of plasma.
The composition of plasma under different welding currents was calculated, and the
fusion depth under different welding currents was deduced according to the heat
transfer model and fluid model [8]. Harooni et al. studied the influence of oxide
film on arc electron temperature and weld quality of AZ31B Al–Mg alloy during
zero-gap laser lap welding. It was found that, compared with the complete cleaning
of the oxide film, when the oxide film was not cleared, the electron temperature and
fusion depth obtained based on the spectral lines of MgI at wavelengths of 383.83
and 517.26 nm were relatively high, but pores appeared on the surface [9].

In addition to time domain analysis of electron temperature and strength of charac-
teristic spectral line, some researchers have applied statistical and machine learning
algorithms to spectral data processing. By using spectral information and principal
component analysis (PCA),Colombo et al. proposed amonitoring scheme tomeasure
the gap in laser lap welding of galvanized steel. This scheme can not only monitor
the assembly gap value but also evaluate the position where spectral emitted. This
study also found a strong correlation between laser back reflection and assembly gap
[10]. Zhang et al. studied the key technology of online detection of internal pores
of Al–Mg alloy in pulsed GTAW by means of spectral detection. The internal pores
in aluminum alloy welding could be measured online. The samples with different
porosity were tested and characterized by SEM and EDS. The spectral lines of metal
and hydrogen were selected before extracting the characteristics. The relationship
between the principal component coefficients of HI and MgI lines and porosity was
studied quantitatively. On this basis, an improved characteristic parameter, the abso-
lute value coefficient of the H spectrum in first principal component, was proposed
for the detection of internal porosity. Finally, feature reduction and visualizationwere
realized through PCA and t-distribution randomneighborhood embedding, and pores
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density was successfully classified [11]. Lacroix and Jeandel [12] studied the spec-
tral characteristics of plasma in pulsed Nd: YAG laser welding. The change of elec-
tron temperature directly related to material heat transfer under different processing
modes was studied. The maximum temperature observed was 7150 K, which was
lower than the CO2 laser welding. Welding shielding gas has a cooling effect on
plasma. The higher the velocity of shielding gas, the stronger the cooling effect. The
temperature at the top of the keyhole is higher than that of the rest of the plasma.

In this paper, the detection of defects in 316LN welding was studied. 316LN is
austenitic stainless steel, which is a kind of structural material commonly used in
nuclear power field. N element plays the role of solution strengthening and aging
strengthening to improve the strength, hardness, corrosion resistance and wear resis-
tance of steel. 316LN stainless steel has excellent mechanical properties at high
temperature, good weldability, corrosion resistance and fatigue resistance. It is a
widely used material for nuclear reactor structures. Therefore, the quality of welding
is of great significance. In this paper, a quality detection system for laser-arc hybrid
welding process was established by using a spectrometer. Due to the large amount
of spectral information, it is necessary to reduce the dimensionality. Thus, the prin-
cipal component analysis (PCA) and multivariate statistical process control (MSPC)
were used to analyze the collected spectral information. SinceMSPC is a data-driven
approach, compared with other machine learning algorithms, MSPC does not need
any wrong data during the training phase. In addition, MSPC chart can continuously
display variable status and be updated over time to perform dynamic monitoring.

2 Experiment

The experiments were conducted based on laser-arc hybrid welding system, the
system was consisted of an Ytterbium-doped fiber laser (IPG YLS-6000), an arc
welding power source (LINCOLN R350) and a KUKA six-axis robot with a self-
designed laser-arc hybridwelding torch. Themaximumoutput power of the laser used
is 6000 W with wavelength of 1060–1070 nm; the beam parameter product (BPP)
is greater than or equal to 4.0. An AvaSpec multichannel fiber optic spectrometer
matched with a collecting fiber optic probe, of which the spectral resolution is 0.052
± 0.001 nm, was used to collect the emission spectra ranging from 315 to 420 nm.
The schematic diagram of the experimental system is shown in Fig. 1.

The butt-welding experiment was carried out with 316LN stainless steel plate
cut by flame, and the dimensions of plate were 150 × 75 × 6 mm. To explore the
influences of the oil and oxide pollution on the spectrum, in the first experiment, the
groove was cleaned before welding, but the oxide film generated by flame cutting
was retained, as shown in Fig. 2a. In the second experiment, the welding gap was
enlarged to 2 mm in the middle of the plate, as shown in Fig. 2b. The filler metal is
316L.
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Fig. 1 Schematic diagram and photograph of welding system and spectral acquisition system

Fig. 2 Schematic diagram of base metal. a Retain the oxide film. bWelding gap variation

In this paper, the laser power, welding current, welding speed and the laser-
arc distance were, respectively, set to 3300 W, 150 A, 0.8 m/min and 3 mm. The
spectrometer was used to collect spectral signals during welding. The integral time
was 10 ms, and the number of averages was 2.

3 Results and Discussion

3.1 Multivariate Statistical Process Control

In practice, multivariate statistical analysis often encounters two situations: One is
to monitor the stability of a given sample of multivariate observations, and the other
is to set a control field for future observations. The commonly used multivariate
statistical control charts include square prediction error (SPE) chart, T 2 chart. The
SPE chart depicts the deviation of the measured value from the predicted value at a
certain moment, but it is difficult to give the predicted value to the spectral signal in
the welding process. Therefore, T 2 chart based on Hotelling statistics was selected
to conduct real-time monitoring of the spectral signals of the welding process. A T 2

control chart can handle no less than two variables, so that multiple characteristic
spectral lines can be monitored simultaneously.
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In monitoring the stability of a given sample, historical normal data are used
to train a dimensionality reduction model such as PCA, in which high-dimensional
feature data are represented by low-dimensional features (such as dominant principal
components and independent components) [13]. The algorithm of PCA is briefly
elaborated below.

Principal component analysis (PCA) is the most widely used in data reduction
and data compression. The main idea of PCA is to find a k-dimensional space to
map the original n-dimensional data into the k-dimensional space and retain the
main information of the data. Each axis in the k-dimensional orthogonal eigenspace
is also called the principal component (PC). The choice of the new axis is closely
related to the data itself. Among them, the selection of the first new coordinate axis
is the direction with the largest difference in the original data, the selection of the
second new coordinate axis is the plane with the largest variance in the orthogonal
plane with the first coordinate axis, and the third axis is the plane with the largest
difference in the orthogonal plane with the first and second axis. And so on, you get
k-dimensional space of these axes. With the new axis obtained in this way, we find
that most of the variance is contained in the first k axis, and the variance in the latter
axis is almost 0. Therefore, we can ignore the remaining axis and only keep the first
k axis that contains most of the variance. In fact, this is equivalent to only retaining
the dimension features that contain most of the variance, while ignoring the feature
dimensions that contain almost zero variance, so as to realize the dimensionality
reduction processing of data features.

When implementing multivariate statistical process control, it is necessary to
establish a principal component model to reflect the normal process. The historical
data reflecting the normal process were collected, the principal component anal-
ysis was carried out on these data, and the principal component model was estab-
lished. Since the results of principal component analysis are affected by the data
scale, the data should be standardized first, the mean value of each variable should
be subtracted, and then divided by its standard deviation. It could be expressed as
following equation:

Xs = [
X − (1 1 . . . 1)TM

]
diag

(
1

s1

1

s2
· · · 1

sm

)
(1)

where M = [m1 m2 . . . mm] is the mean value of X, s = [s1 s2 . . . sm] is the
standard deviation of X.

In this paper, 52 spectral lines from Fe/Cr/Ni/Ar/O elements were selected from
the original data as the input variable of PCA. The original spectral data in an inte-
gration time are shown in Fig. 3. The data analysis methods library provided by
Scikit-learn [14] was used to standardize the data and reduce the dimension by
principal component analysis, so as to obtain the interpretation of data changes by
principal component models with different numbers of PC. As shown in Fig. 4, PCA
results showed that the first six principal components contributed more than 99.5%
of the variance. Furthermore, the original 52-dimensional data can be reduced to
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Fig. 3 Original spectral data in an integration time

Fig. 4 Interpretation of data changes by principal component models with different principal
component numbers

six-dimensional data through PCA without losing most of the information in the
data.

After PCA dimension reduction, six linearly independent principal components
of spectral data are obtained, and MSPC control chart can be drawn by using these
principal components.

Stability monitoring is considered first. Assume that monitored vector
X1, X2, . . . , Xn independent identical distribution, and distribution obey Np(μ,�),
then calculated the T 2 for the j point:

T 2
j = (x − x)TS−1(x − x) (2)
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where x is the observations of sample, x is the mean value of the observations, S is

the covariance matrix of the variables in the sample, and S =
⎡

⎢
⎣

s11 · · · s1n
...

. . .
...

sm1 · · · smn

⎤

⎥
⎦, where

si j (i, j = 1, 2, . . . , p) is the covariance of the variable xi with x j .
Equation (1) has standardized the X, so x = 0; consequently, the above equation

can be simplified as:

T 2
j = xTS−1x (3)

Then, the T 2 value was drawn on the time axis, and the lower control limits was
set as zero, while the upper control limits could be set asχ2

p(0.01) and its value can be
obtained by looking up the table. When the T 2 value is below the upper control limits
(UCL), the process can be considered stable within the 99% confidence interval.

Then consider setting up control fields for future observations. If the current
observed process is stable, the control fields of a single observed value in the
future can be predicted based on the current observed value. Assume that moni-
tored vector X1, X2, . . . , Xn independent identical distribution, and the distribution
obey Np(μ,�); let X be a future observation from the same distribution, then [15]

T 2 = n
n+1

(
X − X

)T
S−1

(
X − X

)
obeys (n−1)p

n−p Fp,n−p distribution.

So, for each new observation x, apply Eq. (3) in chronological order to get T 2

T = n

n + 1
xTS−1x (4)

where x is the sample data, S is the covariance matrix of the stable data, and n is the
number of samples of the stable data.

It is important to note that process changes are not necessarily caused by changes
that adversely affect the process. If the T 2 statistic or other statistic exceeds the
control limits, and it can only indicate that there are sample points in the system
that are far away from the data aggregation range, that is, specific points [15]. The
existence of such points is sometimes caused by the characteristics of the process
itself. When analyzing the statistical process control chart, it is necessary to combine
the specific process knowledge, that is the characteristics of the welding process
itself, which is of great significance for obtaining correct results.

The basic drawing steps of the statistical process control chart used to monitor
the stability of welding process are as follows:

(a) Determine the variables to be monitored and collect spectral data from the
normal welding process.

(b) The monitored variables were dimensionalized by PCA, and the T 2 value was
calculated according to Eq. (3). After the UCLwas determined, the control chart
was drawn to observe the process stability.

(c) On the basis of stable process, UCL of future observations could be set as:
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UCL = (n − 1)p

n − p
Fp,n−p(0.01)

The newly collected data were dimensionally reduced by PCA, and the T 2 value
was calculated in time sequence according to Eq. (4).

3.2 Explanation of Statistical Process Control Chart

The T 2 value was calculated according to the above steps, the control chart of normal
welding process was shown in Fig. 5, and the control chart of welding process with
oil and oxide film was shown in Fig. 6.

Fig. 5 Control chart of
normal welding process

Fig. 6 Control chart of
welding process with oil and
oxide film
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Fig. 7 Photograph of weld with oxide film

As shown in Fig. 5, in the normal welding process, only a small part of sporadic
data exceeded the control limits, which was evenly distributed throughout the whole
welding process with a small extent of deviation, which was a normal phenomenon
due to the random fluctuation caused by the unstable transition of melt drops in MIG
welding. However, in the middle of Fig. 6, there are a large volume of data beyond
the control limit. These data are concentrated in the middle of the weld, and the
range of data beyond the control limit is very large. It can be considered that there is
something abnormal in the welding process here.

Abnormal causes can be analyzed by the PCA load matrix. The data analysis
methods library provided by Scikit-learn [14] were used to calculate the load matrix
of principal components, and the five spectral lines with the largest load among the
four principal components were selected and drawn as Fig. 8, in which the spectral
lines of oxygen elements were marked red and the spectral lines of other elements
were marked blue. As shown in Fig. 8, three of the five spectral lines with the largest
load on the first PC came from O element. Two of the five spectral lines with the
largest load on the second principal component came from the O element. Three
of the five spectral lines with the largest loading on the third and fourth principal
components also came from O element. It can be seen that the characteristic spectral
line of oxygen has the largest load on the first, second, third, and fourth principal
components. Combined with the actual welding situation (as shown in Fig. 7), it can
be judged that the oxygen content of the weld is too high.

The control chart of welding gap variation was calculated according to the above
steps, as shown in Fig. 9, and the photograph of the weld was shown in Fig. 10.

In Fig. 9a, it can be found that the T 2 value of few sampling points exceeded the
control limits before 3000ms. However, there was a large number of points exceeded
the control limits between 3000 and 6200ms. After 6200ms, the T 2 value of the point
increased significantly and exceeded the control limits rapidly. In Fig. 9b, due to the
axis scale, the upper control limits (χ2

6 (0.01) = 16.812) almost overlapped with the
coordinate axis. This control limits for the indices was calculated on a confidence
limit of 99%. Some of these samples exceeded the control limits, these data are
classified as the abnormal data.

By comparing the appearance of the weld (Fig. 10), it could be confirmed that
after 2000 ms, due to the sudden change of the gap, there was an underfill defect.
After 6200 ms, due to the sudden change of gap, the lack of penetration occurred.
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Fig. 8 Five spectral lines with the largest load in the first four principal components. a First PC
b second PC c third PC d fourth PC

Fig. 9 Control charts of underfill and lack of penetration. a T 2 ≤ 200 b T 2 ≤ 4000

4 Conclusions

In this paper, the detection of oxide inclusion and the lack of penetration was carried
out. The conclusions are as follows:

(a) For highly correlated spectral data, PCA before MSPC can reduce the dimen-
sionality of the original data, reduce the computation and the requirements on
computing power, which is conducive to the realization of online monitoring.
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Fig. 10 Appearance of underfill and lack of penetration

(b) Multivariable statistical process control can accurately identify the adverse
effects of oxide inclusions and gap changes on the welding process. As a
data-driven approach, MSPC can simultaneously detect multiple defects in the
welding process, but it cannot classify them.
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Research on Laser DP-TIG Hybrid Thin
Plate High-Speed Welding Process

Jialei Zhu, Cong Feng, Xiangdong Jiao, Zhibo Li, and Wei Li

Abstract Deep penetration TIG welding (DP-TIG) is a new efficient automatic
welding method. Compared with traditional TIG welding, it can effectively increase
welding penetration and improve welding efficiency. In thin plate welding, laser
DP-TIG hybrid welding can significantly improve the welding speed on the premise
of ensuring good weld formation. Taking the Q345B steel plate of 2 and 4 mm
thickness as the base material, on the premise of ensuring the welding quality, this
paper explores the maximum welding speed that can be achieved by laser DP-TIG
hybrid welding under the conditions of hydrogenation of shielding gas, filler wire
and different gaps and misalignment. The results show that the laser DP-TIG hybrid
welding can significantly improve the welding speed and has good adaptability to
the gap and misalignment. Adding a certain amount of hydrogen and filler wire in
the experiment is beneficial to improve the weld formation and welding speed.

Keywords DP-TIG · Hybrid welding · High-speed welding

1 Introduction

Laser welding, as a kind of high energy beam welding, has the advantages of high
welding speed, deep penetration, high degree of automation and small deformation.
However, the welding method requires high assembly accuracy of workpiece [1–3].
In order to solve the problems of high cost and poor bridging of laser welding, W.M.
Steen, a British scholar, first proposed the concept of laser arc hybrid welding in the
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Table 1 Chemical composition of Q345B mild steel and fill wire (wt%)

Category C Si Mn P S V Cr Ni Cu Ti

Q345B 0.09 0.35 1.65 0.03 0.03 0.15 0.2 0.45 0.28 0.1

JM-68 0.09 0.77 1.61 0.01 0.01 0.004 0.06 0.06 0.025 –

early 1980s [4]. He combined two kinds of heat sources with completely different
physical properties and energy transfer mechanisms, which not only gave full play
to their advantages, but also made up for their disadvantages [5, 6].

The DP-TIG welding method realizes arc compression, improves energy density
and increases welding penetration through high-speed cooling of tungsten electrode.
Compared with TIG welding, this method has higher arc stiffness and higher energy
density, which can realize the welding in the form of perforation and obtain a more
stable single-sided welding and double-sided forming welding process [7].

In this paper, the laser DP-TIG hybrid method was used for welding experiments
on 2 and 4mmQ345B low carbon steel plates. By optimizing thewelding parameters,
themaximumwelding speed of thismethod can be tested on the premise of goodweld
formation and no ultrasonic flaw detection defects. The arc shape and microstructure
of the weld metal under the hybrid welding condition were studied as well. This is
of great significance for the further study of this welding method and its application
in industrial production.

2 Experimental Method

2.1 Experimental Materials

The test plate is Q345B low-alloy high-strength steel, with dimensions of 400 mm×
70mm× 2mm and 400mm× 70mm× 4mm. The filler wire is jm-68 welding wire
of Lincoln Jintai company, with a diameter of 1.2 mm. The chemical composition of
test plate and filler wire are shown in Table 1.

2.2 Experimental Condition

TheYLS-4000fiber laser of IPGcompanywas used in the experiment. Themaximum
laser power was 4 KW, and the focal length was 300 mm. It was mainly composed
of laser welding head, control system, laser and water-cooling system. The DP-TIG
welding machine is a Panasonic YC-500WX welding machine with a rated current
of 500 A. It was connected to an external air feeding device and wire feeding device
for integrated control. Using the DP-TIG welding torch independently developed by
Tangshan Kaiyuan Group, the laser welding head and welding torch can adjust the
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Fig. 1 Laser DP-TIG hybrid
welding system

position and angle through the self-designed clamping device, as shown in Fig. 1.
The multi-function CNC motion welding platform designed by Tangshan Kaiyuan
Group can realize multi-axis composite motion, which can meet the various needs
of laser arc hybrid welding, with convenient operation and high running accuracy.

Adopt the welding method of plate self-fusion welding and plate butt welding.
Before welding, remove the oxide film on the surface of the workpiece and clean it
with acetone to remove oil. Two composite welding processes are adopted: hydro-
genation and non-hydrogenation. The former is a mixed gas of 95% argon and 5%
hydrogen, while the latter is pure argon with a flow rate of 15 L/min. During the
experiment, the defocus amount and the distance between the heat sources were both
0 mm. The forward wire feeding method and welding direction with laser in front
and arc in back were used.

3 Experimental Results and Discussion

3.1 Research on 2 mm Test Plate Process

3.1.1 Pure Argon Shielding Gas

By adjusting the laser power and welding current, the plate self-fusion welding and
plate butt welding were carried out. On the premise of ensuring the welding quality,
the welding speed was gradually increased. In order to improve the quality of weld
formation, a front wire feeding device was used in several groups of experiments to
fill the wire. Several typical experimental results are shown in Fig. 2.

It can be seen from the experimental results that in the process of plate self-fusion
welding, by adjusting the laser power and welding current, the welding speed can
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Fig. 2 Weld morphology of
2 mm thick and low carbon
steel plate

(b) Plate self-fusion welding, P=2500W I=200A
V=3m/min, No wire feeding 

(c) Plate butt welding, P=2500W I=150A
V=2.5m/min, Forward wire feeding 

Front Morphology  Backside Morphology  

Front Morphology  Backside Morphology

(a) Plate self-fusion welding, P=2500W I=200A
V=2.5m/min, Forward wire feeding 

Front Morphology  Backside Morphology

reach 3 m/min on the premise of ensuring good weld formation while the speed of
plate butt welding can reach 2.5 m/min. The addition of welding wire can improve
the weld surface formation, but has no obvious effect on increasing the penetration
and welding speed.
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Fig. 3 Weld morphology of
2 mm thick and low carbon
steel plate under hydrogen

Front Morphology  Backside Morphology  

(a) Plate self-fusion welding, P=3500W I=200A
V=3.5m/min, Forward wire feeding 

(b) Plate self-fusion welding, P=3500W I=200A
V=4m/min, Forward wire feeding 

Front Morphology  Backside Morphology  

3.1.2 Shielding Gas of 95% Argon and 5% Hydrogen Mixed Gas

Pass 5%active gas hydrogen gas into the protective gas and adjust thewelding param-
eters to carry out the experiment. On the premise of ensuring good weld formation,
the welding speed was gradually increased. Several groups of typical experimental
results are shown in Fig. 3.

From the experimental process and results, it can be seen that in the process of
plate self-fusionwelding, passing a certain amount of hydrogen gas into the shielding
gas can improve themelt pool fluidity and theweld formation.Moreover, the welding
speed can be increased to 4 m/min. However, in the process of plate butt welding,
shielding gas has little effect on welding speed.

3.2 Research on 4 mm Test Plate Process

Taking 4 mm thick low carbon steel plate as the object, using hydrogen gas mixture
as the shielding gas, using the wire filling method of front wire feeding, through
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adjusting the welding parameters, the experiments of plate self-fusion welding and
plate butt welding were carried out. On the premise of good weld formation, the
welding speed was gradually increased. Several typical experimental results are
shown in Fig. 4.

It can be seen from the experimental results that the welding speed can be up
to 2 m/min for plate self-fusion welding and 1.5 m/min for plate butt welding. The

Fig. 4 Weld morphology of
4 mm thick and low carbon
steel plate

(a) Plate butt welding, P=4000W I=150A
V=1.5m/min, Forward wire feeding 

Front Morphology  Backside Morphology   

(b) Plate butt welding, P=4000W I=150A  V=1.5m/
mim,0.5mm gap 1mm misalignment Forward wire
feeding 

(c) Plate self-fusion welding, P=4000W I=150A
V=2m/min, Forward wire feeding

Front Morphology  

Front Morphology  

Backside Morphology  

Backside Morphology
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welding process has good adaptability to gap and misalignment. The value of gap
depends on the laser spot diameter. The maximum value is 0.5 mm, and the single
misalignment can reach 1 mm.

3.3 Arc Shape Observation

In laser DP-TIG hybrid thin plate high-speed welding, the laser power decides the
penetration, and the welding current plays the role of improving the weld formation
and increasing the weld width. Therefore, on the premise of ensuring laser penetra-
tion, the welding current plays a major role in improving the welding speed. Several
experiments under the condition of 2mmplate thicknesswere filmedwith high-speed
camera to observe the influence of welding parameters on arc shape.

It can be seen from Fig. 5 that the laser has an attracting effect on the arc, and the
hybrid arc is offset to the direction of the laser beam. The arc burns most intensely
at the focus of the laser. In high-speed welding, this kind of attractive effect can
better control the direction of the arc and improve the weld formation. In the process
of hybrid welding, the welding current and laser power have an optimal matching
parameter. From Fig. 4c and d, it can be seen that when the welding power is 2500W
and the welding current is 200 A, the arc stiffness and directivity are the best, and
the effect of improving the weld formation and welding speed is the best. It can be
seen from the Fig. 4d that when the current is too large, although the laser attraction
to the arc still exists, the arc diverges at this time and the stability is poor. In addition,
too much plasma produced by high current dilutes the laser energy, reduces the
penetration, and the back cannot be formed when the welding speed is too fast.

3.4 Weld Microstructure

The metallographic specimen was prepared by selecting the welding specimen at
the welding speed of 1.5 m/min, and the microstructure of the welded joint was
observed by metallographic microscope. Figure 5 shows the microstructure of the
hybird welded joint. The base material in Fig. 6a is mainly composed of pearlite and
ferrite. The pearlite grains are located between the ferrite grains, and the grains are
small; in Fig. 6b, the heat-affected zone consists of coarse-grained zone and fine-
grained zone, which are mainly composed of martensite and bainite. Coarse-grained
zone has high phase transition temperature, fast cooling speed and high hardness.
The cooling speed of fine-grained zone is slower than that of coarse-grained zone
which results in grain refinement. Therefore, the comprehensive performance of fine-
grained zone is better than that of coarse-grained zone; Fig. 6c shows the central area
of the hybrid weld, in which the white phase is the eutectoid acicular ferrite. The
eutectoid ferrite grows in the form of columnar crystals, which is perpendicular to
the fusion line and points to the midline of the weld. The rest of the structure is
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V=1.5m/min V=2.5m/min V=3.5m/min

(a) I=150A 

V=1.5m/min V=2.5m/min V=3.5m/min

(b) P=2000W I=150A 

V=1.5m/min V=2.5m/min V=3.5m/min

(c) P=2500W I=200A 

V=1.5m/min V=2.5m/min V=3.5m/min

(d) P=2500W I=300A 

Laser 

incident 

direction 

Laser 

incident 

direction 

Fig. 5 Arc shape of welding speed under different welding current
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Fig. 6 Microstructure of
hybrid weld joint

(a) Base material

(b) Heat affected zone 

100μm 

100μm 

(c) Central area of hybrid weld 

100μm 
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mainly granular bainite and a small amount of martensite. The grains are fine and
uniform, and the comprehensive mechanical properties are good.

4 Conclusion

1. Laser DP-TIG hybrid welding can significantly improve the welding speed of
thin plate welding on the premise of ensuring the good formation of the weld
and has good adaptability to the gap and misalignment.

2. Using hydrogen gas and filler wire in hybridwelding can improveweld formation
and welding speed, but the adjustment of wire feeder is complex.

3. In hybrid welding, the welding current and laser power have a certain matching
range. The best matching parameters of 2 mm thick plate are about 2500W laser
power and 200 A welding current; The best matching parameters for 4 mm thick
plates are about 4000 W laser power and 200 A welding current. If the current is
too small, the weld formation is poor, and if the current is too large, the laser will
be diluted to reduce the penetration. In high-speed welding, laser power plays
an important role in penetration, and welding current is mainly used to improve
weld formation and increase weld width.

4. The microstructure of the hybrid weld is mainly bainite and martensite, with fine
grains and directionality.
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Influence of Welding Sequence
on Welding Deformation of T-Joint

Yong Qin, Ziquan Jiao, Zhiqiang Feng, Nanhui Shi, Junfeng Han,
and Xian Wei

Abstract Aiming at carbon dioxide gas shielded welding of T-groove of low carbon
steel sheets in ship compartments, three practical welding processes were simu-
lated by welding software Simufact Welding, and the effect of welding sequence
on welding deformation was studied. The results show that the final deformation
of cross-back-welding and simultaneous back-welding is smaller, while the process
requirements of cross-back-welding are lower, which is most in line with the actual
production requirements.

Keywords Simufact welding · CO2 gas shielded welding · Cross-back-welding ·
Welding deformation

1 Introduction

Effective control of welding deformation is one of the key factors affecting the
welding quality and production efficiency of components, and different welding
methods, base metal properties, plate size, welding speed, welding sequence and
thermal input have different effects on welding deformation.

This thesis mainly researches the cabin cubicle; its main function is to separate
the space. Most of the plates are thick, and the joint form is T-joint without groove.
At the same time, due to the large thickness of the basemetal, the heat transfer is slow
during welding, and the difference between the heat of the welded surface and the
unwelded surface is large, which is easy to cause the angular deformation. Compared
with the deformation correction of thin plate, the correction of thick plate is easier,
but it will still increase the construction cost and prolong the construction period.
Therefore, it is very important to choose a reasonable welding sequence [1].
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In this paper, the welding process is simulated by the professional welding soft-
ware Simufact Welding 8.0, and the influence of welding sequence on the welding
deformation of T-joint between cabin grids is studied. It provides relevant technical
basis for accurate prediction of welding deformation of ship structure.

2 Establishment of Welding Model

2.1 Structural Model

In this study, the bottom bulkhead of the hull cabin is taken as the research object,
and the SolidWorks software is used for modeling, which is composed of the bottom
slab and eight bulkheads of the same size [2]. The actual size is shown in Fig. 1, the
size of base plate is 6400 mm × 6000 mm × 20 mm, and the size of diaphragm is
400 mm× 6000 mm× 12 mm. Because the size of the original model is too large, in
order to facilitate the mesh division and the subsequent simulation test, the model is
simplified according to the symmetry, and only a combined model of diaphragm and
base plate is studied. Because this paper is the fillet weld of T-joint without groove,
the thickness of the welded plate is kept unchanged, the length and width of the plate
are reduced proportionally, and the simplified model size is shown in Fig. 2. The
base plate size is set as 300 mm × 800 mm × 20 mm, and the vertical plate is set as
60 mm × 800 mm × 12 mm.

Fig. 1 Original geometric model

Fig. 2 Simplified geometric model of fillet welding
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2.2 Technique Plan

The material used in the experiment is S355J2G3, which is a common low-alloy
structural steel for ships. Its welding process can be regarded as a nonlinear tran-
sient heat transfer process with centralized input of heat source. During the welding
process, the parameters such as heat transfer coefficient, thermal conductivity and
specific heat capacity will change with the change of temperature and tend to be
constant at a certain temperature, meeting the control equation of nonlinear transient
heat transfer problem. It can be expressed as [3]:
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where ρ is the density of thematerial; c is the specific heat capacity of thematerial;
λ is the thermal conductivity of the material; T is the instantaneous temperature of
the material; Qn is the heat generated inside the object.

The chemical composition and parameters of S355J2G3 low-carbon steel change
with temperature as shown in Tables 1 and 2 [4, 5].

In the actual welding process, for the workpiece with a long weld, it is often
used to control the welding deformation and other welding defects by means of
sectional step back-welding, leap welding and other processes [6]. For example,
the step back-welding process is to specify a large welding direction after a long
workpiece is segmented, and the welding direction of each small section is opposite
to the large direction. Step skip welding is the welding of each small segment along
the general direction of welding, while welding is not carried out in accordance with
the sequence, as shown in Fig. 3. These two technologies can effectively control the
welding deformation and improve the welding efficiency.

Table 1 Chemical composition of low-carbon steel

Element C Si Mn P S Nb V Ti Cr Ni Cu N Mo

Content
max (%)

0.2 0.5 1.7 0.035 0.035 0.07 0.15 0.2 0.3 0.5 0.3 0.012 0.1

Table 2 Material property parameters of low-carbon steel changing with temperature

Temperature T (°C) 20 200 400 600 800 1000 1300 1842 2227

Density P (kg/m3) 7820 7740 7710 7650 7620 7580 7500 7200 7200

Specific heat capacity c
(J/kg · ◦C)

460.0 491.7 557.8 667.1 1108.0 626.4 637.9 645.5 645.5

Thermal conductivity λ

(J/m · s · ◦C)
50.0 51.1 44.4 39.4 31.8 26.4 29.7 105 105

Heat transfer
hc (J/m2 · s · ◦C)

1.00 1.50 1.70 1.86 1.98 2.09 2.22 2.29 2.32
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Fig. 3 Step back-welding and step skip welding

In fillet welding of structural parts with large thickness and no bearing force, the
welding process without groove and without penetration is often adopted. Therefore,
the welding joint of this paper is the fillet weld of T-joint without groove. Three
schemes are adopted to study the welding deformation law.

As shown in Fig. 4, the following scheme is adopted to study the welding
deformation law, and the numbers in the figure are the welding sequence.

In scheme 1, adopting step cross-back-welding, the welding direction of each
section is opposite to the general welding direction, and the process of left and right
cross-welding is adopted.

The second option is the process of no cross-sectional welding. The welding
direction of each section is opposite to the general welding direction, but the welding
is carried out from left to right.

In scheme 3, the welding shall be carried out in sections at the same time. There
is no long cooling time between each welding process of the three schemes, and the
same cooling is carried out after the final welding of all cooling.

Fig. 4 Welding process plan



Influence of Welding Sequence on Welding Deformation of T-Joint 87

3 FEM Analysis Model

3.1 Heat Source Model

There are many kinds of welding heat source models. Different heat source models
are selected according to different welding structures, material specifications, plate
thickness and welding methods. At present, the best choice is ellipse heat source
model, double-ellipse heat source model and Gauss heat source model. According to
the symmetry of the welding seam, the key points can only be selected from half of
the base metal. Using double-ellipse model to load heat source can better carry out
numerical simulation, and the simulation results are closer to the measured results
[7].

Goldark’s double-ellipse heat source model overcomes the shortcomings of
different heat source gradients in the front and rear hemispheres of the ellipse heat
source model, that is, the temperature gradients in the first half of the ellipse heat
sourcemodel are not as steep as the actual temperature gradients, and the temperature
gradients in the second half are relatively slow [8]. The double-ellipse heat source
model is shown in Fig. 5.

The first half of the double-ellipse heat source model is a one-fourth ellipsoid
model, and the second half is another one-fourth ellipsoid model. Then, the heat
source model distribution expression of the first half ellipsoid is:

q(r) = 6
√
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π3/2arbc
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The distribution expression of heat source model for the second half ellipsoid is:
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√
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where f 1 and f 2 are the distribution functions of heat flux density, respectively,
and f1 + f2 = 2; Q is the input heat source power and Q = ηU I ; at the same time,

Fig. 5 Double-ellipse heat
source model
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ar, af, b and c are the parameters of defining ellipse, which have no influence on each
other and can take different values.

In this paper, the simulation is based on Simufact Welding 8.0 software, which
only needs to be based on the size of the weld pool and the actual welding process. In
addition, the simulated heat source model needs to wrap 3–5 grids in each direction
of the weld area to simulate accurately. Therefore, the numerical selection of A, B
and C can be made according to the size of the weld pool obtained in the ideal state
by using the backward method.

3.2 Parameter Configuration and Analysis Calculation

As shown in Fig. 6, the weldment is divided into weld zone, near weld zone and
base metal zone according to the effect of welding heat on base metal. In order to
facilitate the calculation, the grid size of the weld area is set to 2 mm, and the near
weld area and the base metal area are combined. The grid is divided by dense and
sparse grid, so as to minimize the number of grid. The number of final volume grid
cells is 168,000, and the number of nodes is 201,000.

This thesis mainly researches the actual welding process of CO2 gas shielded
welding at room temperature 20 °C is simulated. According to the welding process
and the thickness and size of the plate, thewelding current and voltage are set as 360A
and 35V, the thermal efficiency is 0.8. The parameters of the Gaussian double-ellipse
heat source model are set, the front section is 5 mm, the back end is 15 mm long, the
width is 9 mm, the depth is 12 mm, and the parameters of the Gaussian heat source
are 3. As shown in Fig. 7, the weld adopts triangle shape, which is automatically
generated by the software. “a” refers to the depth of weld and the height of the
triangle, “b” refers to the reinforcement and can be raised or concave, Z1 and Z2

refer to the weld fillet size, Z1 = Z2 is set as 5 mm, b = 0 mm, and “a” dimension is
automatically generated as 3.53553 mm. Figure 8 shows the automatically generated
weld shape.

Fig. 6 Mesh generation plan
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Fig. 7 Weld size definition

Fig. 8 Geometric model of
weld

As shown in Fig. 9, boundary conditions are defined. One base plate located on
four corners was four clamping devices; Q345 steel, S355J2G3, corresponding to the
software,were selected as the basematerial, weldmaterial andweldingwirematerial.
In particular, this simulation does not prevent rigid fixation at the four corners of the
bottom plate, which is to study the state of the bottom plate warping after welding
to a greater extent.

4 Analysis of Simulation Results

4.1 Result Analysis of Scheme 1

Observe the simulation results under the condition of three times magnification, as
shown in Fig. 10 is the deformation of base metal after the first three sections of
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Fig. 9 Define boundary
conditions

welding. The diaphragm is distorted. Because in the process of segmented back-
welding, there is a large gap between the two sides of the baffle plate. As shown
in Fig. 11, after the completion of the six-section welding, the distortion of the
diaphragm basically recovers, and there is no obvious distortion under three times
magnification. In scheme 1, before the welding is finished and the cooling and heat
release step is started, the cross section along the z-axis is magnified by three times,
and it can be seen that there are different degrees of deformation on the y-axis and
x-axis. Among them, both ends of the bottom plate are obviously raised.

With the increase of cooling time, the deformation of the four corners of the bottom
plate decreases as the base metal temperature approaches to room temperature. As
shown in Figs. 12 and 13, they are the deformation of the bottom plate when cooling
for 8 min and 15 min, respectively. The deformation trend gradually spreads to the
two points (upper left corner) at the end of the weld, and the deformation at both
ends of the first end of the weld gradually decreases. According to the actual welding
process, the thicker the base metal, the longer the cooling time to room temperature.
The maximum deformation position of the final base metal is at the end of the last
welding section.
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Fig. 10 Front three sections
of diaphragm are twisted and
deformed after welding

Fig. 11 Baffle plate is
twisted and deformed after
welding
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Fig. 12 Diagram of
deformation after cooling for
8 min

Fig. 13 Diagram of
deformation after cooling for
15 min
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Fig. 14 Angular distortion of the first three sections after welding

4.2 Result Analysis of Scheme 2

Observe the simulation results under the condition of three times magnification,
as shown in Fig. 14 is the deformation of base metal after the first three sections
of welding are completed. The distortion of the diaphragm is small, but the angle
between the base plate and the diaphragm is serious. Because the first three sections
of welding only act on the same side, the temperature distribution in the thickness
direction of the plate is uneven, the welding side has a large thermal expansion, and
the expansion on the other side is small, which leads to the expansion of the welding
side being hindered and serious transverse compression deformation. As shown in
Fig. 15, the deformation state at the end of all welding is shown. The right bottom
plate has a small up-warping, the partition plate returns to a vertical state, and the
angular deformation is small. Because the welding temperature on the left side is
too high, it is equivalent to preheating the welding on the right side, so that the
temperature difference on the right side is low and the deformation is small.

With the increase of cooling time, when the temperature of base metal approaches
to room temperature, the elastic deformation andplastic deformation in the basemetal
tend to be stable, and the overall deformation does not change much. As shown
in Fig. 16, the deformation state after final cooling. Serious angular deformation
occurs on the right side, large floor warping, no obvious left floor warping, small
deformation.
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Fig. 15 Angular distortion after welding

Fig. 16 Schematic diagram
after cooling

4.3 Result Analysis of Scheme 3

As shown in Fig. 17, the welding process flowchart of scheme 3, the change and
migration rule of deformation can be seen. The deformation at both ends of the base
plate is the largest, and the maximum deformation also changes with the moving
direction of the welding. As shown in Figs. 18 and 19, the total deformation of
cooling for 8 min and cooling for 15 min respectively. At this time, the temperature
of the base metal is close to room temperature, and the elastic deformation in the
base metal is gradually reduced, and the deformation is stable.
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Fig. 17 Welding process deformation flowchart

Fig. 18 Diagram of
deformation after cooling for
8 min
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Fig. 19 Diagram of
deformation after cooling for
15 min

5 Conclusion

According to the analysis of the experimental results of the numerical simulation
of the welding process of three schemes, it is found that the selection of welding
sequence has a very obvious effect on the deformation. In the actual welding process,
for the T-joint fillet welding process, the most appropriate welding process should be
cross-welding or symmetrical welding, and the deformation of the plate after welding
is small. However, the welding process of scheme 2 will have a large deformation
effect.

For the actual production process, in consideration of cost saving and human
and material resources, the welding process of cross-back-welding is more used. In
addition, the deformation gap between the two ends of the bottom plate in scheme II
is large. Considering the factors, compression clamps can be applied on the left and
right sides of the bottom plate, or fixed clamps with large pressure can be applied on
the left side, i.e., the welding side first, so that the deformation gap between the left
and right ends is small.
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Research on Machine Vision Image
Mosaic Algorithm for Multi-workpiece
Cutting Platform

Long Xue, Yingyu Cao, Junfen Huang, Jiqiang Huang, Zhengyu Zhang,
Lanlan Bai, and Jianting Xi

Abstract The cutter head parts of the tunnel boring machine (TBM) are of different
sizes, and the cutting platform is of large size. The panoramic view of the cutting plat-
form that meets the accuracy requirements through image stitching is a prerequisite
for realizing the visual guidance of autonomous cutting. An image stitching algo-
rithm is studied to reduce the complexity of the algorithm on the basis of ensuring the
stitching precision. The ORB algorithm is selected to implement feature detection,
and a series of strategies are adopted on this basis. The ROI region is extracted, and
only the images in the region of interest are matched. Then, the feature detection,
description and matching are performed by the ORB feature detection algorithm and
Hamming distance. The feature points are purified by the RANSAC algorithm, and
the transformation matrix H is calculated. Finally, the image fusion is carried out.
The experimental results show that the ROI-based ORB image stitching algorithm
satisfies the accuracy requirements of subsequent visual guidance.

Keywords Machine vision · Image stitching · ORB algorithm

1 Introduction

The groove processing of cutter head parts of shield machine belongs to the typical
small batch discretizationmode [1]. The structure of this parts is complex and diverse,
and the forms of groove are also different. At present, manual groove and semi-
automatic groove are the main two forms [2], which means the quality of groove
depends on the proficiency of the workers, and always the production efficiency is
very low. Therefore, it is urgent to develop an automatic groove cutting system for
the cutter head parts of the robot shield machine, so that the workers can place the
workpiece to be cut on the robot working platform at will, and the robot will sense
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the workpiece position and plan the cutting path independently, so as to improve the
production efficiency and groove processing accuracy.

Robots usually work in the static and structured environment, that is, to keep their
position fixed and to complete tasks by running programs written offline in advance
[3]. However, in the autonomous cutting system, robots need to meet the require-
ments of autonomous planning: Autonomous planning means that robots can realize
intelligent perception of the external environment, identify, locate the workpiece and
plan the path [4]. Now, visual guidance is a more mainstream way of perceiving the
environment, which uses two-dimensional or three-dimensional camera to obtain
the working environment image to realize the environmental perception. Because
the size of cutter head parts of shield machine varies, the smallest one is tens of
centimeters, the largest one will be five or six meters, so it is difficult to use a single
camera to obtain a panorama of cutting work with required accuracy. Moreover,
because the camera needs to be mounted on the mobile mechanism, the acquired
image will be deformed due to mechanical jitter. Therefore, it is a prerequisite for
independent planning of visual guidance to generate panorama of cutting platform
with required accuracy through image splicing algorithm.

In this paper, oriented fast and rotated brief (ORB) algorithm is proposed to
splice panoramic images of cutting platform. ORB algorithm is amatching algorithm
proposed byRobleeE et al. in 2011 by the IEEE International Conference on compute
vision. Its operation speed is greatly improved compared with scale-invariant feature
transform (SIFT) and speed-up robot features (SUFT). It is suitable for the industrial
environment with high requirements for splicing time and accuracy. Based on the
original algorithm, the matching is limited to region of interest (ROI), which reduces
the occurrence of matching time and mismatch.

2 ORB Image Mosaic Based on ROI

The experiment was carried out under the condition of workshop. The shoot target of
the experimentwas a 600mm× 800mmworking platform.DaHengGT2450 camera
and ComputerM0824-MPW2 industrial lens were used. The computer configuration
was Intel I5 590 processor with 8GRAM. The algorithm compiling environment was
Visual Studio 2015, andOpenCV image processing algorithm librarywas called. The
camera was about 400 mm away from the workpiece, and the shooting field size was
232.7 mm × 172.9 mm. The camera was installed on the six-axis flange of KUKA
mechanical arm. The cameramoved in one direction to shoot, and the camera position
was adjusted to ensure that the coincidence area between the two adjacent images
was about 60%.

ORB is a kind of local invariant feature descriptors, which has certain scale invari-
ance to matrix transformation of image such as translation, rotation and scaling. The
algorithm flowchart is shown in Fig. 1. The core idea of the algorithm is to use the
improved FAST (oriented FAST) algorithm to detect corner points on the image
pyramid and generate the main direction, so that the feature points have certain scale
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Fig. 1 Algorithm flow of ORB image mosaic based on ROI

invariance [5]; then use the binary robot independent element features (BRIEF) to
describe the features, so that the descriptors have certain scale invariance. Finally,
through Random Sample Consensus (RANSAC) algorithm, the feature points are
purified to find the matching feature points; according to the matching feature points,
image registration and image fusion are carried out to realize image splicing.

2.1 Improved Image Matching of ROI

Feature detection and description is a time-consuming part of image mosaic and
during image registration; only the feature points in the coincidence areas of different
images, which is, the region of interest, are needed. Therefore, if the whole image
is matched, the useless feature points outside the overlapped region will consume a
lot of time and easily produce mismatches. In this paper, ROI is used to limit image
matching to feature points in the region of interest [6],which not only reduces the time
of ORB feature extraction, but also reduces the time of matching and mismatching.
As shown in Fig. 2, the left and right images are image sequences collected by
camera, the coincidence area is the middle part of the two images, the left image’s
region of interest is the right part, the rest is the uninterested region; similarly, the
right image’s region of interest is the left part, and the rest is the uninterested region.
Generally, the coincidence area of the video frame collected by the camera is 30–
60%, In this paper, the camera is installed on the manipulator, and the manipulator
will be moved to ensure the coincidence area is about 60%, and 50% of the whole
image is considered as ROI area.
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Fig. 2 ROI region selection

2.2 ORB Feature Detection

ORB algorithm uses FAST corner detection to extract feature points. The basic idea
of FAST algorithm is that there are enough pixels in the circle neighborhood of a
certain radius around the pixel point and the point is in the different area. In gray
image, the algorithm can be explained as there are enough pixels whose gray value
differs from the point’s by more than a certain constant, and then, the pixel point can
be considered as a corner point. As shown in Fig. 3, select any pixel point P, and set
the pixel value of the point as Ip; compare the pixel point with the surrounding 16
pixels. If the circle composed of 16 pixels with P as the center has N consecutive
pixels, the pixel value is either greater than Ip +T or smaller than Ip −T ; then, it can
be considered as a corner point, where N is generally 9 or 12, and T is the selected
threshold.

However, FAST corner detection only compares the gray value of the pixel.
Although it has the advantages of simple calculation and fast speed, the feature points
detected by FAST do not have scale invariance or rotation invariance. Therefore, it is
necessary to calculate the main direction of the feature points so that the algorithm
has certain rotation invariance and increases the robustness of the algorithm.

Fig. 3 FAST corner detection
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2.3 Finding the Main Direction of Feature Points

In order tomake the descriptors obtained byORB algorithm have rotation invariance,
it is necessary to assign a main direction to each feature point. The main direction
of FAST corner is calculated by Intensity Centroid [7], which takes the feature point
as the center, calculates the position of the center of mass in its neighborhood S, and
then constructs a vector with the feature point as the starting point and the center of
mass as the end point. The direction of the vector is the main direction of the feature
point. The definition is shown in Formula (1):

mp∗q =
∑

(x,y)∈S
x p yq f (x, y) (1)

where p and q are the order of pixel moments in the neighborhood; x and y are
the corresponding row and column values; f (x, y) is the gray value of the image,
and then, the location of the region’s center of mass is:

C =
(
m1,0

m0,0
,
m0,1

m0,0

)
(2)

Thus, the direction of the feature points is:

θ = atan(m01,m10) = arctan

(
m01

m10

)
= arctan

⎛

⎜⎝

∑
x∗y

y I (x, y)

∑
x∗y

x I (x, y)

⎞

⎟⎠ (3)

In order to improve the rotation invariance of the method, it is necessary to ensure
that x and y are in the circular region with radius r, which is x, y ∈ [−R, R], R is
equal to the neighborhood radius. After calculating the main direction, the feature
points need to be described to prepare for feature point matching.

2.4 Feature Point Description

InORB, theBRIEF descriptors are used to describe the detected feature points, which
solves the primary defect that the BRIEF descriptors do not have rotation invariance.

BRIEF descriptors, which are simple and fast in calculation, contain the main
thought that image’s neighborhood can provide a relatively small amount of intensity
contrast to express.

Define the criterion τ of S × S size image’s neighborhood P as:

τ(p : x, y) =
{
1, p(x) < p(y)
0, else

(4)
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where p(x) is the gray value of the image’s neighborhood P at x = (u, v) τ after
smoothing.

Select nd sets of (x, y) position pairs, define the binary criterion uniquely, and the
BRIEF descriptor is the binary bit string of nd dimension:

fnd =
∑

1≤i≤2i−1

τ(p : xi , yi ) (5)

nd can be 128, 256, 512, etc. Selecting different values requires a trade-off between
speed, storage efficiency and recognition rate. By weighing speed, storage efficiency
and recognition rate, nd in this experiment was set to be 256.

The criterion of image neighborhood only considers a single pixel, which makes
its sensitivity toward noise. In order to solve this problem, each test point uses 5 ×
5 sub-windows in the 31 × 31-pixel domain, in which the selection of sub-windows
follows the Gaussian distribution, and then uses the integral image to accelerate the
calculation.

BRIEF descriptors do not have direction or rotation invariance. The solution of
ORB is trying to add a direction to BRIEF. For any n pair (xi , yi ), define a 2nmatrix:

S =
(
x1, x2, . . . , xn
y1, y2, . . . , yn

)
(6)

Using the neighborhood direction θ and the corresponding rotation matrix Rθ , we
construct a corrected version of S: Sθ : Sθ = Rθ S, then steered BRIEF descriptors
will be: gn(p, θ) = fnd(p)|(xi , yi ) ∈ Sθ .

After obtaining the steered BRIEF, a greedy search is performed to find 256-pixel
block pairs with the lowest correlation from all possible pixel block pairs, i.e., the
final rotated BRIEF.

2.5 Feature Matching Purification and Image Registration

The feature point detection algorithm described above is used to detect and mark
the feature points. The result of feature point matching using Hamming distance is
shown in Fig. 4. The connecting points inside figure are the matching feature point
pairs in the two images. There are inevitably some mismatches between the feature
point pair detected and matched using BRIEF descriptor and Hamming distance.
In this paper, RANSAC algorithm is used, and the RANSAC algorithm is a robust
parameter estimation algorithm proposed by Fischler and Bons [8].

Image registration is to solve the projection transformation between two images
according to the coincidence area of them, i.e., plane homography matrix, so that
the images to be spliced under different coordinate systems can be aligned in image
space.
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Fig. 4 Show match points

Fig. 5 Image registration

Using matrix H to define the plane homography matrix of two images, M(x, y)
and m(x, y) are a set of correctly matched feature point pairs, so the corresponding
relationship is:

⎡

⎣
x

′
i

y
′
i

1

⎤

⎦ = H

⎡

⎣
xi
yi
1

⎤
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h0 h1 h2
h3 h4 h5
h6 h7 1

⎤

⎦

⎡

⎣
xi
yi
1

⎤

⎦ (7)

According to Formula (6), eight degrees of freedom ofH matrix can be solved by
four pairs of correct feature points,whichmeans,H matrix can be calculated, and then
coordinate transformation can be carried out for the image to be registered. Image
registrationwill be realizedby applyingHmatrix transformation to the corresponding
image. The result of applying H matrix change to the image to be matched in the
above is shown in Fig. 5, and the left picture in the figure is the one before registration,
while the pictures right side are after registration.

2.6 Image Fusion

The images collected by different cameras will inevitably have different light inten-
sity, angles, etc. Thus, the simple application of transformation matrix H for trans-
formation and splicing will produce seams, and the worse images will also have
defects such as ghosting, distortion and blur. Then, the image fusion part is set to
solve this problem and smooth the seams of image splicing. Generally speaking, the
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Fig. 6 Before and after image fusion

methods of image fusion include average value method, position weighting method,
weighted method with threshold value and Laplace fusion method. Because the
camera-moving mode involved in this paper is only translation, position weighting
algorithm is adopted [9]. The algorithm complexity is small, and the image fusion
effect is good under this condition.

Assuming that I1(x, y), I2(x, y) are two images with coincidence areas to be
spliced, and the pixels of the fused image are f (x, y), the fusion formula is:

f (x, y) =
⎧
⎨

⎩

I1(x, y) (x, y) ∈ T1
d1 I1(x, y) + d2 I2(x, y) (x, y) ∈ T2
I2(x, y) (x, y) ∈ T3

(8)

{
d1 + d2 = 1
d2 = wi

W

(9)

d1, d2 are the weight values used in the fusion process, wi is the transverse distance
between the current pixel point and the left edge of the coincidence area, W is the
total width of the coincidence area of the two images, in this experiment, W was set
as 200. T1 is the value in the left image, T2 is the value in the coincidence area, and
T3 is the value in the right image. The image is smoothly transitioned by weighting.
As shown in Fig. 6, the left image is before image fusion, and the right one is after
image fusion. Before image fusion, the stitching trace can be seen clearly.After image
fusion using position weighting algorithm, the stitching trace basically disappears
that means the success of image fusion.

3 Experimental Results and Analysis

Based on the parameters of the test platform and the requirement of a certain coin-
cidence area between the two images, 3 × 2 = 6 images were selected for splicing.
Before the images were taken, the optical axis of the camera was adjusted to be
perpendicular to the workbench, and the distance that the workbench need to move
before and after the two taken adjacent images was determined according to the field
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size of the camera and the size that the adjacent images need to be overlapped; then
adjusted the camera and lens manually. After the clear image with good contrast
could be taken, placed the calibration plate above the workpiece, took the calibration
plate image and completed the camera calibration. Finally, the upper left corner of
the worktable started to take pictures of the workpieces in blocks. According to the
image splicing sequence shown in Fig. 7, the splicing of panoramic images of the
large worktable for six images was completed.

Figure 8 shows the six images to be spliced, and Fig. 9 shows the final splicing
result. The splicing result is ideal, and the whole splicing process took 3.2 s in debug
mode.

As shown in Fig. 9, image correction was carried out for the spliced image. The
external and internal participants of the calibrated camera were used to convert the
image coordinate system to the world coordinate system. Five lines L1–L5 at the
junction of the spliced image are taken for accuracy verification. The results were as
in Table 1.

According to the calculation results, the error between the length of the line
segment in the coincidence area of the mosaic image and the actual length is less
than 2 mm, which meets the subsequent needs of the autonomous cutting visual
guidance processing.

Fig. 7 Splicing method

Fig. 8 Six original images to be spliced
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Fig. 9 Splicing result

Table 1 Image mosaic
accuracy verification (unit:
mm)

Line number Actual size Calculated size Error

L1 112.50 111.64 0.86

L2 117.51 118.68 1.17

L3 253.52 255.19 1.67

L4 137.90 139.29 1.39

L5 212.20 213.89 1.69

4 Conclusion

An image mosaic algorithm for large-scale workpiece cutting platform is proposed,
which uses ROI to limit the image-matching feature points in the region of interest;
use ORB algorithm to extract feature points, determine the main direction of feature
points, and describe the detected feature points; use RANSAC algorithm to combine
the plane homography matrix estimation method to eliminate the unmatched points
to optimize the matching point sets, and carry out image registration; Finally, the
position weighting algorithm is used to complete image fusion and realize image
splicing. The experimental results show that the accuracy of panorama obtained by
splicing meets the requirements of autonomous cutting vision guidance.
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Intelligent Welding Technology for Large
Deep and Narrow Shaped Box
with Robot

Hu Lan, Huajun Zhang, Jun Fu, Libin Gao, and Rui Pan

Abstract Aiming at the difficulty in customizing the production of shaped boxes in
large-scale port lifting equipment, a cantilever welding robot comprised of Cartesian
and articulation was developed. Based on field bus technology, a fast parameter
programming system suitable for robot welding of shaped box developed. Also, the
composite sensing method of laser ranging, wire contact seeking and “bow”-shaped
oscillating arc tracking is proposed, which overcomes the difficulty of positional
accessibility of deep and narrow lattice space, and the long time and single contact
of traditional online/offline task programming. Finally, the internal robot intelligent
welding of the large-beam box lifting equipment with a length of about 80m, a height
of about 2.4 m and an internal net width of about 0.6 m realized.

Keywords Marine engineering equipment · Intelligent welding · Parametric
programming · Laser sensing

1 Introduction

Marine engineering equipment has important national strategic significance in
China’s marine resource development, new energy construction, logistics, port trade,
military and other fields. At present, more than 60% of the world’s active port
machinery is provided by China, and large port lifting equipment is a product with
monopoly advantage of China [1]. Due to the different operating conditions of the
marine environment, shipping routes, user terminals, etc., as well as the differences in
international standards, national regulations and regional culture, customers’ needs
for the design, quality and life cycle of port lifting equipment vary greatly, products
face many problems such as high degree of customization, small batch size, strict
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delivery deadline control and long manufacturing cycle and long supply chain. As
a result, flexible intelligent manufacturing is the highlight. As the core load-bearing
component of large port lifting equipment, the box has the characteristics of complex
structure, thin and long plate, narrow space, diversified welding positions and strict
welding requirements. The manufacturing quality of the box directly affects the
safety and use effect of the large port lifting equipment in service. Therefore, the
research and development of intelligent welding common key technologies such as
robot welding technology, equipment and process sensing suitable for large deep
and narrow shaped boxes have important promotion and application value, which
can also provide reference and support for the technical development of China’s
large steel structure manufacturing industry.

2 Box Structure Features

The structure of lifting equipment for large ports is shown in Fig. 1. The main
structural components such as front/rear beams, upper/lower beams, columns and
connecting beams are all in the form of a box, especially the front/rear beams are
most typical, as shown in Fig. 2. The whole box section is pentagonal rather than
“mouth” shaped, mainly composed of upper/lower wing plates, straight/inclined
webs, baffles, angle steel and T-shaped steel. Since this product is customized, the
size of the front/rear beams is 52.5–79.5 m long, 1.2–1.4 m wide, and 1.3–2.4 m
high, which belongs to a super-shaped steel structure. The thickness of the box wing
plate is between 10 and 28 mm, and the thickness of the straight/inclined web is
8–14 mm, the thickness of the baffles is between 8 and 16 mm, the number of baffles
of a single beam is between 28 and 41, and the total length of the weld is more than
600 m. The verticality of the box and the baffles before and after welding should all

Fig. 1 Structure of lifting
equipment for large ports
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Fig. 2 Structure of boom
and girder

be controlled within 3 mm. The straightness at the root position of the web and wing
should be controlled within 2 mm/2 m, the (single pass) welding leg size should be
5–8 mm and the deviation on both sides should be controlled within 1 mm. It can
be seen that the manufacture of the box structure has the features of large scale, thin
plate, many baffles, narrow space, fillet welds and high requirements. It is necessary
to develop a special welding robot system suitable for super-large deep and narrow
shaped box manufacturing.

3 Automated Robot Welding System for Deep and Narrow
Shaped Box

To realize the automatic welding of welds between internal baffles and webs, baffles
and wing plates, webs and wing plates, wing plates and angle steel of large-scale
port lifting equipment boxes, it is necessary to break through the difficulties of robot
position accessibility and posture compliance in super-scale and narrow space, and
to develop a compound robot with right angle + articulated cantilever (as shown in
Fig. 3). The system is equipped with a total of 10 axes, the robot body has six axes
and the external four axes. The working range of the small short-arm robot is about
700 mm, it can flexibly adjust the posture in the space with a clear width of 500–
600 mm inside the box. At the same time, in order to make the robot working range
cover the maximum size of the beam, the robot adopts external axis linkage in the X-
and Z-directions to ensure continuous and efficient welding process, and through the
rotation and translation mechanism driven by external servo to achieve workstation
assembly and welding cross-operation. The X-axis travel of the cantilever transfer
mechanism is 160.0 m, the Y-axis travel is 1.5 m, the Z-axis travel is 2.0 m, and
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Fig. 3 Cantilever welding robot used for ultra-narrow shaped box

the rotation angle around the Z-axis is 180°. The motion control architecture of the
entire system is shown in Fig. 4.

4 Fast Parameter Programming System Suitable for Robot
Welding of Shaped Box

Lifting equipment for large port is a customized product. Its beam structure has many
specifications, long welds and narrow space. So the teaching workload will be large
if the traditional online/offline programming method is used, and the programmer
needs to confirm the key points on the robot path one by one, and the potential safety
risk is also great. How to realize the rapid intelligent programming for robot welding
of such special-shaped box is another bottleneck faced by large-scale steel manufac-
turing industry [2–5]. According to the characteristics of our products’ structure, a
software system for batch transmission of structural feature parameters and automatic
generation of task programs based on field bus technologywas developed. During the
actual operation, the programmer only needs to enter the box structure parameters
such as beam size (length/width/height), the number of baffles and the spacing of the
baffles, baffle feature parameters such as baffles width, height, thickness, angle and
welding process parameters such as welding sequence, welding position, welding
material type and welding foot size on the upper computer man–machine interface
(as shown in Fig. 5). The host computer will set the above parameters to the PLC
data register in a pointer way through the local area network, and then, the PLC will
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Fig. 4 System architecture of the cantilever welding robot comprised of Cartesian and articulation

send each baffle parameter to the robot controller through the CC-Link communica-
tion protocol. After receiving the data, the robot automatically changes the welding
program position variable in the internal program library, and the welding expert
table is automatically generated by referring to the welding expert library for the
welding program to directly call. Through this fast parameter programming system
(system architecture is shown in Fig. 6), corresponding program module can be
selected according to different product specifications, and the programming time
can be shortened to less than 1 h, which solves the problem of long programming
time when traditionally welding special-shaped box structures by robots.
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Fig. 5 Parametric programming interface for shaped box welding with robot

Fig. 6 Data flow of parametric programming for shaped box welding with robot
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5 Robot Welding Process and Intelligent Sensor Control
Technology of Large Box

In addition to solving the convenience of operating equipment and fast task program-
ming, the automatic welding process and process adaptive control of the special-
shaped box of lifting equipment for large port are the third problem faced by the
equipment manufacturing industry. It is not difficult to see from Fig. 2 that the baffle
plate and the wing plate are T-joint transverse fillet welding (2F), the baffle plate
and the web/inclined web are T-joint vertical fillet welding (65°–90°, 3F). Compared
with the 2F position, welding process of the T-joint 3F position is more difficult, and
the factors such as processing, assembly errors and welding thermal deformation
caused by the thin and long plate of the large box require robot welding to have self-
locating and tracking functions, which needs to take into account the adaptability of
the process to the working conditions and the ability of the equipment to perceive
and correct the working conditions. Contact seeking+ arc tracking is the traditional
mainstream method basically used to solve this problem. Due to the large number
of welds in the box (350–550 welds), if we only rely on the contact of the welding
wire or the nozzle of the welding gun to find the starting point of the weld, it is not
only time-consuming and inefficient, but also the gun is prone to crash during the
positioning process [6–15]; at the same time, the process parameters of the vertical
fillet welding are small (welding current 120–140 A), the traditional zigzag vector
swings are harmful to the stable acquisition of welding current in arc tracking which
will lead to the occurrence of welding deviation, and the deviation of the welding feet
on both sides of the fillet weld will exceed 1 mm. For this reason, a new process of
medium-thick plate T-joint robots vertical fillet welding is developed using flux cored
wire, and the weld seam is well formed (as shown in Fig. 7); the composite sensing
method of laser point distance measurement and welding wire contact positioning
is proposed. The laser arc sensor is used to perform the rough positioning of the
welding arc starting point (with an accuracy of up to 10 mm), and then, the welding
arc contact is used to accurately locate the arc starting point. It can effectively shorten
the contact positioning empty stroke. The arc tracking process uses the “bow” shape
vector swing technology to stably collect the welding current on both sides of the
swing position. The above process technology effectively breaks through technical
bottlenecks such as the vertical fillet robot welding, long traditional single-contact
sensor positioning time, single-laser sensor interference and rifle gun, and the relia-
bility of the tracking process of vertical fillet welding, and have reduced the online
preparation time of the task program after the parameterized programming of the
robot welding of the box to less than 15 min, realizing the intelligent robot welding
in the internal space of the large deep and narrow shaped box.
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Fig. 7 Vertical fillet welding
of shaped box T-joint with
robot

(a) Robot vertical welding 

(b) Forming of vertical welding joint 
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6 Conclusion

1. Developed a right angle+ joint compound cantilever robot, which broke through
the problem of robot position accessibility in deep and narrow lattice space of
super-large shaped box, and realized the robot welding of the box with a length
of about 80 m, a height of about 2.4 m and an internal clear width of about 0.6 m
for large port lifting equipment.

2. Based on the field bus technology, a robot welding parameter programming
system suitable for special-shaped box structures was developed, broke the
problem of long time-consuming of traditional online/offline task programming
and realized fast and intelligent programming of robot welding for customized
large port lifting equipment box.

3. Developed a robot welding process and intelligent sensor control technology
suitable for large boxes and proposed a composite sensing method of laser point
distance measurement + wire contact positioning + “bow” swing arc tracking,
which effectively breaks through technical bottlenecks such as the vertical fillet
robot welding, long traditional single-contact sensor positioning time, single-
laser sensor interference and rifle gun, and the reliability of the tracking process
of vertical fillet welding, realized the intelligent robot welding for large port
lifting equipment box.
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Optimization of Laser Deep Penetration
TIG Hybrid Welding Technology
for Stainless Steel

Jialei Zhu, Wei Li, Zhibo Li, Xiangdong Jiao, Cong Feng, and Kai Wang

Abstract The experiment is carried out on the stainless steel with a thickness of
4 mm. A laser deep penetration TIG hybrid welding machine is used in hybrid
welding. The influence of main process parameters on weld forming is analyzed,
and high-quality weld joint is obtained. The results show that to ensure that other
welding parameters remain unchanged. At the space 0–2 mm, the defocus −1.5–
0 mm, weld is good. At the laser power 3 Kw, the arc current 270 A, the velocity
1.2 m/min, the tensile strength of the joint reached up to 99.44%, and hardness is
higher than base metal.

Keywords Laser-arc hybrid welding ·Welding speed · Stainless steel

1 Introduction

Stainless steel has a decisive position in the industrial field [1]. Among them,
austenitic stainless steel, as the main steel, has good corrosion resistance, good
mechanical properties, and strong moldability. As a typical austenitic stainless steel,
304 stainless steel has a wide range of applications in engineering structures such
as nuclear power, underwater oil production platforms, and subsea oil pipelines [2].
Scholars at home and abroad have made a detailed study on the welding methods
and welding characteristics of 304 stainless steel. Li et al.’s finds of Harbin Institute
of Technology [3] carried out an underwater wet welding test on 304 stainless steel
using self-protected nickel strip flux-cored wire and analyzed the microstructure and
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mechanical properties of the welded joint; Han et al. find [4] the thickness of 304
stainless steel plate with 5 mm thickness was welded by laser-MIG hybrid welding.
The effect of laser-wire distance on weld formation and mechanical properties was
studied, and the mechanism of arc on microstructure and microhardness of weld was
analyzed. The results show that the laser-wire distance affects the synergistic effect
between the laser heat source and the arc heat source and the stability of the droplet
transfer. When the laser-wire distance is 1 mm, the droplet transfer is stable and the
weld is well formed. Su et al. finds of Tianjin University [5] used pulse melt inert-gas
welding (MIG) to weld 304 stainless steel. The signal acquisition system and high-
speed camera perform synchronous acquisition to study the droplet transition. The
results show that the addition of laser improves the welding quality and welding effi-
ciency; Zhang et al. finds of Tsinghua University [6] adopted laser-MIG arc hybrid
welding method, and the research object was SUS444 ferrite with gap of 0.5 mm and
thickness of 1 mm. The butt joint has a good welding seam forming quality, and the
limit welding speed of penetration can reach 12m/min, while the limit welding speed
of the lap joint is 5 m/min. In 1997, the Commonwealth Scientific and Technological
Research Organization of Australia improved TIG welding and invented the keyhole
TIG (K-TIG) welding method [7]. K-TIG welding has a tungsten current-carrying
capacity of 300 A or higher [8]. It can realize single-sided welding and double-sided
forming on 3–6 mm stainless steel plates without gaskets. The welding process is
stable [9, 10]. K-TIG welding is a small hole welding similar to plasma welding,
but K-TIG welding equipment is less expensive than plasma arc welding equipment,
welding costs are low, and welding automation is easier to achieve [11]. Laser deep
penetration TIG hybrid welding is similar to laser plasma hybrid welding, and its
main advantage is high-speed welding of thin plates. With regard to this type of
hybrid welding, domestic scholars have also made related research. Li et al. finds of
Hunan University of Science and Technology [12] aimed at high-power laser deep
penetration welding of 304 austenitic stainless steel, the quality of the weld is poor,
and a “nail head” is easily formed. At the same time, the welding speed, defocus
amount, and side blow protection were studied. The influence of the air nozzle diam-
eter on the weld morphology was also studied. The effect of adding active sulfur
powder on the weld pool and the effect on the formation of the weld seam were also
studied. The results show that the optimization of welding process parameters and
the addition of active powder are the effective method of welding to controlling “nail
heads”. This paper mainly studies the process optimization of laser deep-melting
TIG arc hybrid high-speed welding of stainless steel.
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Table 1 Chemical composition of 304 stainless steel

Grade C Si Mn P S Cr Ni

0Cr18Ni9 0.0436 0.5020 1.1274 0.0301 0.0021 17.245 8.0520

Table 2 Mechanical properties of 304 stainless steel

Project Stretching test Hardness test

Property Yield strength 0.2 Tensile strength Elongation HV

Value 274 642 58% 164

2 Experimental Program

2.1 Experimental Materials

The experimentalmaterial used a 4mm-thick 304 stainless steel platewith a plate size
of 150 mm × 130 mm and a thickness of (4 ± 0.1) mm. The chemical composition
and mechanical properties of 304 stainless steel are shown in Tables 1 and 2.

2.2 Experimental Equipment and Methods

The laser deep-melting TIG hybrid welding experimental system is mainly divided
into four parts: laser-integrated equipment, deep-melting TIG welding equipment,
motion table, and high-speed camera acquisition equipment, as shown in Fig. 1.
Among them, the laser equipment is the YSL-4000 laser produced by the United
States IPG company, the largest fiber laser manufacturer. Panasonic YC-500WX
weldingmachine is used for deep-meltingTIGweldingmachine, and the rated current

arc
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Fig. 1 Experiment system of laser deep TIG hybrid welding
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Fig. 2 Three-dimensional
map and physical map of
deep TIG welding torch

is 500 A. The welding torch is a deep-melting TIG welding torch independently
developed by Tangshan Kaiyuan, as shown in Fig. 2.

2.3 Experimental Process

A schematic diagram of the welding process is shown in Fig. 1. The welding torch
and laser are compound with a range axis, each inclined at 15°. The energy output
of the two is always on a straight line. The laser is in the front, and the arc is behind.
The different welding parameters are grouped in Table 3. The variables in the hybrid
process are laser power, welding current, welding speed, defocus amount, and heat
source distance.

3 Experimental Results and Analysis

3.1 Influence of Process Parameters on Weld Formation

For 4 mm stainless steel laser deep-melting TIG single-sided welding and double-
sided forming process, the matching value of laser power and arc current is very
important. For example, Chen et al. of Huazhong University of Science and Tech-
nology [13] studied the welding penetration of MAG and YAG laser hybrid welding
at different currents with laser power. Experiments have concluded that when the
laser power exceeds 1.5 Kw and the arc current is 157 A, the maximum penetration
depth is obtained. However, when the current is 200 A, the obtained penetration
is equivalent to that obtained by laser welding. In addition, the laser-arc hybrid
welding with a large welding current does not have a tendency to reduce welding
spatter and a tendency to increase penetration during the welding process. It can be
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Table 3 Experimental parameters

Num-
ber 

La-
ser 
pow
er PL

Weld-
ing 
cur-
rent I 

Weld-
ing 
speed 
V 

Defocus 
amount 
∆ƒ 

Heat Heat 
source 
dis-
tance 
DLA

Input Welding surface forming 

Kw A m/min mm  mm KJ/m
m2

1 4 0 2 0 0 0.12 

2 4 150 1.8 0 0 0.20 

3 4 180 2 0 0 0.18 

4 4 180 2 0 1 0.18 

5 4 180 2 0 2 0.18 

6 4 180 2 0 3 0.18 

7 4 180 2 0 4 0.18 

8 4 180 2 0 5 0.18 

9 4 180 2 -1.5 0 0.18 

10 4 180 2 -5 0 0.18 

11 4 180 2 1.5 0 0.18 

12 4 180 2 5 0 0.18 

13 3 270 1.2 0 0 0.40 

14 2.5 250 1 0 0 0.34 

seen that there is a large difference in parameter adjustment between laser-arc hybrid
welding and conventional welding methods, which requires a detailed exploration.
In addition, the two heat sources of laser and deep penetration TIG belong to deep
penetration welding of small holes, and the recombination process of the two is more
complicated.

As can be seen in Table 3, the experiment obtained a total of four sets of valid
data, and the weld surface was free of any defects: PL = 4 Kw, I = 150 A, V =
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Table 4 Results of tensile testes

Sample 
No 

Morphology after 
breaking test 

Tensile 
strength /MPa

Achieving base material 
performance percentage 
/% 

Fracture 
location 

614.6882 95.75% 
Heat af-
fected 
zone 

635.423 99.12% Base 
material 

638.33331 99.44% Base 
material 

630.5641 98.22% Base 
material 

1.8 m/min; PL = 4 Kw, I = 180 A, V = 2 m/min; PL = 3 Kw, I = 270 A, V =
1.2 m/min and PL = 2.5 Kw, I = 250 A, V = 1 m/min.

On this basis, the influence of the distance between the heat source and the amount
of defocus on the formation of the weld seam is explored. The experimental data are
5–13 groups. When other welding parameters are kept constant, the welding seam
is well formed when the heat source distance is 0–2 mm; when the heat source
distance is 3 mm, the spatter is large, but the formation is good; when the heat source
distance is 4–5 mm, the concave of the front side of the weld is increased. There are
spatters during welding, but the back penetration is good; when the spacing gradually
increases, the back penetration starts to be uneven. When other welding parameters
are not changed, when the defocus amount is −1.5–0 mm, the weld seam is well
formed.

3.2 Tensile Properties of Welded Joints

Table 4 shows the test results of the tensile properties of the welded joints of the
above four sets of valid data. It can be known from the table that three groups of the
four effective parameters of the welded joint are subjected to the tensile test fracture
position of the base metal, and the tensile strength can reach a maximum of 99.44%
of the performance of the base metal.

3.3 Hardness Analysis

The hardness of a material refers to the ability of a metal to resist elastic deformation,
plastic deformation, or cracking within a small surface or volume. It can reflect a
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Fig. 3 Hardness graph of welded joint

series of different mechanical performance indicators such as elasticity, strength,
plasticity, and toughness. In addition to the abovemechanical properties, the hardness
ofwelded joints can also characterize the uniformity of theweld structure distribution
after welding and the distribution of some special phases [14]. Figure 3 shows the
hardness distribution of 304 stainless steel welded joints in groups 3 and 13.

It can be seen from Fig. 3 that the hardness of the portion near the center of the
weld in the laser deep-melting TIG welding joint is the highest, the hardness away
from the center of theweld gradually decreases, and the heat-affected zone 3 reflected
by the image is wider, more than about 1 cm. Corresponding to the morphology of
composite welded joint. The weld seam has a higher hardness than the base metal.

4 Conclusion

1. For laser deep penetration TIG hybrid welding of 4 mm stainless steel, the
matching value of laser power and arc current is very important. In this
experiment, a total of four effective parameters were obtained.

2. Under the condition that other welding parameters are unchanged, the welding
seam is well formed when the heat source distance is 0–2 mm and the defocus
amount is −1.5 – 0 mm.

3. The hybrid welding parameters are obtained when the laser power is 3 Kw, the
arc current is 280 A, the welding speed is 1.2 m/min, or the laser power is 4 Kw,
the arc current is 180 A, and the welding speed is 2 m/min. The welded joint has
a tensile strength of more than 99% of the base metal and a higher hardness than
the base metal.
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