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Preface

In the present era, the demand for new products with attractive designs and highly 
configured features is increasing. Innovative products are being developed using the latest 
technology and appropriate material grades. As such, both the physical and chemical 
properties of the materials used are important. It is well known that all required physical 
and mechanical properties cannot be achieved in a single grade of material, therefore it is 
exigent to determine the technology by which similar and dissimilar kinds of materials can 
be joined without any leakages or defects. In 3000 BC, archaeologists demonstrated a joint 
between two pieces by hammering dating under heat, a process now known as welding. It 
is common to define welding as “a materials joining process in which two (or more) parts 
coalesced at their contacting surfaces by the suitable application of heat and/or pressure”. 
The mechanical properties of the joining materials deteriorate due to high heat and pres-
sure but are improved by a secondary heat treatment process or by controlling appropri-
ate welding parameters. Hence, both time and cost for product development increase 
due to having to use several types of manufacturing processes, which is not preferable 
for present-day industries. However, the improvement in manufacturing facilities and 
high strength-to-weight ratio materials are key to developing innovative products and 
 launching them in the market with minimum time and at reasonable cost. 

This book, Welding – Materials, Fabrication Processes, and Industry 5.0, is a collection of 
examples illustrating research in welding technology with special emphasis on the latest 
technology. Chapter 1 provides information on the latest trends in technology. Chapter 2 
discusses state-space modeling of weld bead geometry in the gas metal arc-directed energy 
deposition process applied to wire and arc additive manufacturing and welding processes. 
Chapter 3 describes appropriate material and load path joining techniques for FRP/metal 
hybrid structures. Chapter 4 presents information on the ongoing energy savings and 
emission reductions during welding fabrication processing. Chapter 5 develops a methodol-
ogy for the deposition process in gas metal arc welding. Chapter 6 discusses the influence of 
process parameters in gas metal arc welding of carbon steels. 

This book is a useful resource for engineering students as well as academics, researchers, 
professionals in welding technology and related industries, and mechanical, manufac-
turing, industrial, and materials engineers. We hope this book will inspire readers to 
undertake research in welding technology. The editor acknowledges IntechOpen for the 
opportunity to edit this book and for their enthusiastic and professional support. Finally, 
I would like to thank all the chapter authors for their excellent contributions.

Dr. Sanjeev Kumar
Department of Mechanical Engineering,
National Institute of Technology Raipur, 

Chhattisgarh, India
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Chapter 1

Introductory Chapter: Welding in 
the Era of Industry 5.0
Sanjeev Kumar

1. Introduction

The outstanding advancement of manufacturing and industrial processes may 
be seen in the journey from Industry 1.0 to Industry 5.0 [1–5], as shown in Figure 1. 
With the emergence of Industry 1.0 in the late 1700s, agricultural economies 
saw a dramatic shift to mechanized industry based on steam and water power. 
Revolutionary innovations like steam engine and mechanized looms were introduced 
during this time. During the late nineteenth and early twentieth centuries, Industry 
2.0 saw the rise of electrification and mass manufacturing. Developments like elec-
tricity and the assembly line made it easier to produce standardized items on a large 
scale in an efficient manner [7]. The Digital Revolution, or Industry 3.0, began in 
the late twentieth century with the advent of computer technology, early robots, and 
automation. Information technology and computer-controlled manufacturing saw a 
paradigm change as a result [8].

The early twenty-first century marked the advent of Industry 4.0, the Fourth 
Industrial Revolution. It centered on automation, data exchange, Internet of 
Things (IoT), and cyber-physical systems [9–11]. This era facilitated the develop-
ment of smart factories, predictive maintenance, and the concept of digital twins. 
In the emerging era of Industry 5.0, the focus is on the collaboration of humans 
and machines [7]. This phase introduces collaborative robots (COBOTS) working 
in collaboration with humans. The concept behind this collaboration is to com-
bine human creativity and decision-making skills with advanced technologies to 
develop a more innovative, efficient, and adaptive industrial environment [12]. 
COBOTS assist humans in tasks that require dexterity, precision, and rapid adapta-
tion [13]. Even in complicated, nonroutine circumstances, this collaboration helps 
in quick problem-solving and improving productivity with enhanced product 
quality. As a means of bridging the gap between human expertise and technologi-
cal capabilities, Industry 5.0 envisions manufacturing as a future where innovation 
and adaptation are critical.

2.  A comparison between current (Industry 4.0) and proposed  
(Industry 5.0) industrial revolution

The comparison between current (Industry 4.0) and proposed (Industry 5.0) 
industrial revolution based on various aspects is tabled in Table 1 [2, 18]:
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3. The increasing role of AI and ML in manufacturing

The technologies of Artificial Intelligence (AI) and Machine Learning (ML) are 
revolutionary, and their goal is to give machines the capacity to think like humans do, 
that is, to learn, reason, and make judgments. The detailed classification of Artificial 
Intelligence is shown in Figure 2. AI is the larger area that includes a variety of 
approaches that allow machines to emulate intelligent behavior. ML, a subset of AI, is 

Aspect Current industrial revolution, 
Industry 4.0

Proposed industrial revolution, Industry 5.0

Emphasis Automation and digitization Human–machine collaboration [10]

Key technology IoT, big data, AI, and automation [2] Collaborative robotics [10], AI decision support, 
and hyper-automation [14]

Human involvement Humans in a supervisory role Humans actively collaborate with machines

Role of automation Extensive automation of processes Automation complements human capabilities

Customization Focus on customization and batch size Individualization of products and “mass 
customization” [15]

Complexity and 
problem-solving

Limited human intervention in 
complex tasks

Humans actively address complex problems

Real-time decision 
support

Limited, often machine-driven AI provides real-time decision support [16]

Interoperability Emphasized for machine-to-machine Collaboration between human and machine

Data analytics Big data and analytics for process 
optimization

Data analytics for insights and decision support

Transition Transition from manual to automated 
processes

Transition from full automation to  
collaboration [17]

Table 1. 
Status of technology development in Industry 4.0 and proposed Industry 5.0.

Figure 1. 
Evolution of industry, from Industry 1.0 to Industry 5.0 [6].
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the study of creating algorithms that let computers learn from and make predictions 
or judgments based on data [11]. The information of different modes such as physical, 
simulation or data basis, response of machines can be seen in Figure 3 in detail.

The integration of AI and ML into manufacturing is a transformative phenomenon 
that is revolutionizing the industry on multiple fronts. Complex product assembly 
is made possible by AI-driven robotics and automation, with excellent accuracy and 
efficiency [20]. AI-powered quality control systems enable real-time defect detection 
by analyzing sensor data and images, which allows for immediate corrective action and 
guarantees high-quality output. ML improves manufacturing processes by evaluating 
large datasets to find patterns and trends [21], and AI improves predictive maintenance, 
which reduces the downtime and maintenance expenses [3]. With the help of these 
technologies, manufacturing systems will become more responsive, flexible, and agile.

Figure 2. 
Artificial intelligence.

Figure 3. 
Data-driven manufacturing. (1) particular manufacturing process, (2) relevant process data collection, (3) 
using data as a basis for training an ML model, and (4) use of trained model, to perform quality estimations for 
decision support [19].
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4. The importance of welding in manufacturing

Welding is an important manufacturing process that creates durable joins in mate-
rials, typically metals or thermoplastics, by melting their edges and blending them 
together (Figure 4). The purpose of joint is to join two similar and dissimilar grades 
of materials for fulfilling the desired mechanical and physical properties in applica-
tion. Sometimes the resulting weld is often stronger than the original components due 
performed thermal cycle and filler materials. Beyond manufacturing, welding plays a 
vital role in repair and maintenance, especially in sectors like aerospace and defense, 
to ensure safety and precision. Welding serves as the backbone of various industries, 
including manufacturing, construction, automotive, energy, and shipbuilding, for the 
fabrication of structures and components [23].

The development of welding spans centuries, beginning with early manual 
techniques. The Industrial Revolution introduced mechanized approaches, followed 
by twentieth-century advancements. The transformative leap occurred with robotic 
welding, offering unparalleled accuracy, precision, and safety. Integration of AI and 
ML in recent years has further elevated robotic welding, enabling adaptive control, 
real-time optimization, defect detection, and predictive maintenance.

The evolving welding industry demands innovation to meet modern industrial 
demands. Advanced techniques are crucial for enhancing production and weld quality 
along with worker’s safety. Also, enhancing sustainability involves the use of resource 
optimization and energy-efficient techniques. By overcoming these challenges and 
taking advantage of these opportunities, welding productivity, quality, and sustain-
ability are all increased.

5. Robotic welding and automation

Automation and robotic welding both refer to the automated and controlled use 
of robotic devices for welding processes as shown in Figure 5. These systems employ 
robotic arms or manipulators that are equipped with welding instruments to per-
form welding operations with enhanced output, better quality, and less costs. This 
technique is used in a variety of industries, such as manufacturing, construction, 

Figure 4. 
Different development stages of arc welding [22].
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and automotive, where robotic systems can effectively manage complex or repetitive 
welding processes [24–26].

Robotic welding and automation have revolutionized the welding industry by 
enhancing not only accuracy and precision but also efficiency and productivity. The 
choice of robotic welding type depends on material types, joint configurations, and 
usages. Arc welding robots create robust joints through electric arcs on metal surfaces 
and are commonly used in automotive and construction industries. Spot welding 
robots create joints on metal sheets at specific points. Plasma, laser, and friction 
welding robots provide high-precision needs. MIG (Figure 6) and TIG welding robots 
offer high-quality welds, with MIG suitable for automotive applications and TIG for 
precision in aerospace.

Benefits of robotic welding and automation:

1. Robotic welding ensures precision and high-quality welds consistently.

Figure 5. 
(a) Steps in robotic welding [24] and (b) the robotic welding system [25].

Figure 6. 
Robotic MIG welding [27].
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2. Robots work at a steady and efficient pace, which leads to faster production rates.

3. Complex and intricate welding tasks, which are challenging for manual welding, 
can be easily achieved with robots.

4. Modern robotic welding systems offer easy reprogramming, adaptability to 
diverse tasks, and scalability to efficiently meet changing production require-
ments.

5. Robots ensure workplace safety by handling tasks in extreme environments, such 
as welding fumes, extreme heat, and so on.

6. How AI and ML can revolutionize welding processes

Welding procedures become more efficient and cost-effective when AI and ML 
with automation and robotics are used. AI and ML systems help in improving welding 
operations’ safety, dependability, and compliance with industry requirements in dif-
ferent sectors [28–31], as shown in Figures 7 and 8. There are following ways in which 
AI and ML provide consistent weld quality:

1. Real-time monitoring: real-time welding process monitoring is made possible 
by AI and ML. Any change from the standard initiates quick corrections. This 
ensures that regardless of changing circumstances, welds must adhere to the 
intended requirements

2. Quality control and defect detection: throughout the welding process, continuous 
collection of data through real-time sensor data, photos, and videos allows AI and 
ML systems to learn and improve over time. This feedback loop also allows for 
quick remedial action by identifying flaws like porosity, fractures, or partial pen-
etration. Overall weld quality is improved by early identification and correction.

Figure 7. 
Flowchart of process monitoring and control in welding [31].
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3. Data-driven insights and decision-making: AI and ML evaluate enormous volumes 
of historical welding data, to find trends and connections between welding 
parameters and weld quality. With the use of these technologies, data-driven 
 decision support is possible, which helps in making wise decisions during 
 intricate and dynamic welding situations (Figure 9).

4. Adaptive control: machine learning algorithms provide consistent weld quality in 
a variety of circumstances by adapting to different materials, joint geometry, and 
environmental factors. Robots can also be reprogrammed with ML algorithm to 
enhance the response, according to change in workpiece alignment and other 
settings.

5. Welding process optimization: welding parameters like voltage, current, wire feed 
speed, and gas flow can be optimized using ML models. These algorithms ensure 
the right parameters to be used at the right level for every welding process by 
adapting to differences in materials and ambient circumstances.

Figure 8. 
System architecture of TIG welding work cell [22].

Figure 9. 
Data-driven manufacturing [32].
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6. Predictive maintenance: by analyzing the sensor data of welding machines or 
components, AI can predict when welding equipment may require maintenance 
or calibration. It prevents quality issues due to equipment malfunction, prevents 
unexpected breakdowns, and lowers maintenance costs.

7. Welding simulation and training: ML techniques are utilized to generate realistic 
welding simulations for teaching purposes. These are especially useful for con-
ducting tests on various welding settings in the absence of tangible prototypes 
and training welders.

8. Resource efficiency: AI and ML can help in optimizing and maximizing the utili-
zation of resources, including energy and other consumables to make welding 
process more economical, sustainable, and environmentally friendly.

9. Enhanced worker safety: AI and ML help in improving the worker safety and re-
ducing accidents and exposure to danger by tracking working circumstances and 
giving real-time feedback and alerts.

7. Benefits and challenges of AI and ML in welding

Benefits:

1. AI-driven welding systems detect defects in real-time, that helps in minimizing 
at the moment.

2. ML algorithms optimize welding parameters, scheduling, and resource usage 
that improve production time and reduce waste.

3. AI predicts equipment issues based on data and suggests when to provide main-
tenance, which helps in reducing downtime.

4. AI enhances safety by minimizing human exposure to hazards.

Challenges:

1. AI and ML heavily rely on quality data. Thus, ensuring accurate, comprehensive 
data collection and data preprocessing is a very important task.

2. Implementing AI and ML can be complex. So, training and expert support for 
continuous integration is essential.

3. Understanding AI decisions are complicated; thus, transparent AI models must 
be developed.

4. Reliable sensors and equipment are required for continuous data collection, 
which require large investment.

5. AI systems must adhere to regulations for compliance with industry standards.
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Chapter 2

State-Space Modeling of Weld
Bead Geometry in the Gas Metal
Arc-Direct Energy Deposition
Process Applied to Wire and Arc
Additive Manufacturing and
Welding Processes
Jairo José Muñoz Chávez,
Margareth Nascimento de Souza Lira and
Sadek Crisostomo Absi Alfaro

Abstract

One of the main problems of additive manufacturing with electric arc and
welding, in general, is the difficulty in controlling or predicting the output variables
and their parameters, as well as creating a model that effectively represents the
changes in the main variables involved in the system. These changes during the
deposition process can promote the formation of splashes, instabilities, and changes
in the geometry of the beads, making the analysis of these variables important, as it
will be through them that the quality of the deposit and the desired characteristics will
be established. Despite the correlation between the variables, they present nonlinear
and chaotic behavior. With this, the purpose of this research is mathematical model-
ing in state space that allows an approximation to the model in state spaces, an
approximation of the real values of the process, and a knowledge of the system
composed of a set of input, output, and states related to each other by means of
first-order differential equations. The model was validated from depositions via a
design of experiments with central composite planning monitored with the use of
sensors to capture the characteristics of the beads (e.g., molten pool, width,
penetration, and height).

Keywords: additive manufacturing, welding, GMA, prediction, mathematical
modeling
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1. Introduction

The model constitutes an abstract representation of a certain aspect of reality. In its
structure, the elements that characterize the modeled reality intervene in the existing
relationships between them. A mathematical model is a model based on mathematical
logic, whose elements are essentially variables and functions, and the relationships
between them are expressed through equations, inequalities, logical operators, state
space, vectors, or matrices that correspond to the real relationships that can be
modeled (technological relationships, physical laws, forces, time-varying population,
financial, or market quantities) [1].

Some of the models presented in the literature are complex, having an exacerbated
number of input data and difficult-to-solve equations, thus promoting, for control or
identification, high processing time, and high computational cost [2]. Other simplified
models present shorter processing times, but do not approach the reality of the
phenomenon involved as required. This becomes a problem when you want to obtain
acceptable information with a high speed in data processing. The main objective in
predicting any physical phenomenon and an important part of the present work is to
develop a mathematical model that allows describing and predicting the behavior of
this phenomenon and preferably with simplified equations [3]. In the present work, it
is important to learn and mathematically model the phenomena that involve the
physics of the arc in the welding process, such as, the values of reinforcement width
and penetration using the GMAW welding technique [4, 5].

For control engineering, any dynamic, time-varying, or time-invariant physical
system can have a state-space representation. The state-space model is a mathematical
model of a physical system composed of a set of input, output, and state variables
related to each other through first-order differential equations. Variables are
expressed in vectors and differential and algebraic equations can be written in matrix
form when the dynamical system is linear and time invariant. The state-space repre-
sentation with a time-domain approach provides a practical and compact way to
model and analyze systems with multiple inputs and outputs. In the frequency
domain, the use of the state-space representation is not limited to systems with linear
components and zero initial conditions. The “state space” refers to the space whose
axes are the state variables. The state of the system can be represented as a vector
within this space [1].

2. State-space modeling

The proposal in this item is to develop a mathematical model by state space, that is,
a dynamic model that can: predict the desired output variables; generalize to different
operating points in working ranges in globular and droplet mode; and predict the
proposed outputs, width, reinforcement and penetration through input values by the
state variables used for control.

2.1 Definition of variables

In order to achieve a complete study of the phenomenon, eight states proposed for
output prediction were used: width, reinforcement, and penetration. Next, Table 1
describes the proposed states, the type of measurement made in each of the variables
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(Online or Offline), the units used, and the sensor or sensors with which the mea-
surement was performed.

The input variables for the control are U1, U2, and U3 and their details are shown
in Table 2.

For the purposes of formulating the mathematical model by state space, a first
study is presented, based on equations taken from other works in the field of arc
physics and some considerations of our own. For this case, using a mathematical
model, there is greater complexity when working in short circuit together with other
transfer modes, which is why in this research proposal the droplet mode will be the
focus, given the difficulty of working with several modes of transfer in the same
model, considering models developed for GMAW such as the Moore, Naido and
Tayler model [6], Thomsen [7] and Plankaert, Djermoune, Brie and Richard [8]. The
plant of the system can be proposed for this research as shown in Figure 1 and the
variables detailed in Table 3.

The current presents different oscillations, the explanation of these oscillations
working with the source at constant voltage is due to the growth of the drop and
changes in the conduction zone. This is because for higher values of current and fusion
energy, the drop size decreases and its detachment frequency increases. Various
techniques were used to see changes in arc length, droplet size, and droplet

Symbol Variable Unit Measurement type Sensor or technique used

X1: ls Stick out (mm) Offline Shadowgraph

X2: Ia Current (A) Online Ammeter

X3: Ws Wire feed speed (m/min) Online Encoder on feeder motor

X4: Cs Solid wire length (mm) Online Shadowgraph

X5: Ts Travel speed (mm/s) Online Encoder in linear table motor

X6: Wb Bead width (mm) Online • Infrared Camera
• Scanner

X7: R Reinforcement (mm) Online • Infrared Camera
• Scanner

X8: P Penetration (mm) Online Macrograph

Table 1.
State variables with the type of measurement and the sensor with which it was measured.

Variable U1—Uoc U2—Uma U3—Ums

Detailing Voltage
applied by
the source
(V)

Voltage applied across motor
armature to obtain Ws (V)

Voltage applied to motor armature to
obtain Ts (V)

Measurement On-line On-line On-line

Sensor Voltmeter Voltmeter—Ratio between
the load on the motor and the
wire feed speed

Voltmeter—Relationship between the load
on the motor and the speed of the linear
displacement table that contains the part to
be welded

Table 2.
Input variables.
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detachment frequency. Many of these techniques use infrared cameras, optical filters,
digital filters, high-speed cameras, algorithms for data processing, among other tools.
Making use of experimental data collected in the tests, based on images and videos
taken with the different techniques mentioned, an analysis was made of how these
variables change, such as the length of arc and wire, subsequently managing to
relate them to the input and output parameters when proposing the state
equations; therefore, in this first step, the influence of the growth and detachment of
the drops in the total system will be introduced and some equations are proposed,
which will help to understand the proposed state system. For this, was approached an
analysis of droplet formation and arc length.

2.2 Analysis of droplet formation and arc length

In the first observations when performing changes in voltage, current, and wire
speed, the videos show records of a change in droplet size and frequency of droplet
detachment. The reverse also happens where changing the droplet and its frequency
affects the current, due to changes in the arc length and the resistance in the arc that
the droplet generates. Thus, for higher values of current and fusion energy, the drop
size decreases and its detachment frequency increases. This causes the current signal
to also present a smaller oscillation in its signal intensity changes, but happening with
greater frequency.

In most models, values work where the radius of the drop is proportional to the
radius of the wire, that is, in the transition from globular to droplet, where the
conduction zone (h) is below the center of the drop, at a distance h = re.cosθ, where re
is the electrode radius. But for higher values of current and voltage above the transi-
tion point, the droplet has a smaller size, and at the same time increases the anodic
zone in the electrode and the conduction zone, with which this conduction zone
appears above the center of the drop as evidenced in some images of the welding

Figure 1.
Welding plant and its main electrical components.
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Variable Description

la Arc length

CTWD Contact to work distance

ls Stick out

Cs Wire length in solid state

Cl Wire length in liquid state

ld Drop Offset—distance from the solid wire to the center of the drop

h Distance from the center of the drop to the conduction zone on the Y axis = rd cos(θ)

r Distance from droplet tip to conduction zone

re Electrode radius

rd Drop radius

θ W.t; where t is time and W is a constant representing the angular frequency in rad/s which
relates to various factors that determine drop growth.

Us Voltage drop in solid wire

Ua Arc voltage drop

Ul Voltage drop in liquid wire

Uoc Open circuit voltage drop = sum of voltage drops in the system

Ls1 Inductance generated at the source

Ls2 Inductance generated in the cable

Rs1 Resistance inside the source

Rs2 Cable resistance

Ia Current flowing in the cable

Ws Wire feed speed

d Length between the end of the wire and the part

Table 3.
Welding plant variables used to formulate the mathematical model.

Figure 2.
Behavior of the conduction zone during droplet formation at the globular transition point—Droplet with droplet
equal to the wire size.
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process shown in Figures 2 and 3 and visualized in the images captured experimen-
tally in Figure 4 by different capture methods. Trying to determine the geometry of
the plasma, the length of the arc and the location of the wire and drop. Another point
to consider is the high frequency in the formation of drops, this short time makes the
oscillation in the current to be minimal, as well as its arc length.

Changes in arc length due to droplet formation introduce noise into the system
due to the change in arc voltage drop. The relationships between the lengths are
(Eqs. (1)–(3)):

la ¼ CTWD� ls (1)

ls ¼ Csþ ld þ h ¼ Csþ ld þ rd cos θð Þ (2)

la ¼ dþ r (3)

This value of r can be considered approximately equal to the displacement of
the droplet in droplet mode. The electrode length in the solid state shows
dynamic variation dependent on the wire feed speed (Ws), in addition to the melt
volume rate ( _VfR). Such behavior can be represented below (Eq. (4)).

dCs
dt

¼ Ws �
_VfR

πre2
(4)

Where:
_VfR = Melted volume per unit time.

Ws = Wire feed speed.
Substituting Eq. (4) by the variables of the state model we have (Eq. (5):

dX4
dt

¼ X3�
_VfR

πre2
(5)

Figure 3.
Behavior of the conduction zone during drop formation for high current and voltage values.
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The electrode is molten, constantly adding liquid metal to the drop that is forming at
the tip of the electrode. The change in the mass of the drop (mdÞ is directly influenced
by the melting rate of the electrode, as evidenced in the following equation (Eq. (6)):

dmd

dt
¼ _VfR ∗ ρe (6)

The length of the electrode hð Þ between the torch and the weld pool depends on the
difference between the wire feed speed and the molten portion of the wire when a
certain voltage is applied, which allows to maintain a balance between the molten
material rate and the length distance of bow (Eq. (7)).

dh
dt

¼
_VfR
A

ou h ¼ VfR
A

(7)

Where _VfR is the volumetric melting rate of the electrode per unit time and A
constitutes the area of the electrode (Eq. (8)).

A ¼ πre2 (8)

Figure 4.
(a) Plasma and wire visualized with shadowgraph at high voltages during drop formation and detachment. (b)
Voltage increments for viewing the plasma with the infrared camera. (c) Voltage increments to visualize plasma
only using optical bandpass filter between 625 and 700 nm and a high-speed camera.
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Therefore, when dividing _VfR using area A, a value for the length of molten wire
per unit of time (h) is obtained. The melting rate of the electrode is due to the
influence of two factors, namely: ohmic and anodic heating. The melting rate of
the electrode varies depending on the intensity of the current, the type of
material, and the gas used, and this results in an equation that depends on the
current and that for each material and gas used presents constants C1 and C2 (Eqs. (9)
and (10)).

VfR ¼ C1I þ C2I2ρls (9)

Substituting for the state variables, the result is:

VfR ¼ C1X2 þ C2X2
2ρX1 (10)

Another relationship for the molten volume per unit time comes from Eq. (11) or
Eq. (12):

d VfR ¼ A:Ws:dt (11)

VfR ¼ A:Ws:t (12)

Where A is the area of the electrode or wire. The volume melted per unit time
always equals the volume added per unit time. When you increase or decrease the
voltage and current, you increase or decrease the arc length, compensating for the
heat to fuse the wire and stabilizing the entire system. There is a great influence of the
inductance that is related to the variation of the current and the applied voltage, as
well as a relationship of the resistance of the given source and the current that is
circulating in the system as exposed in the Eq. (13).

Ls
dI
dt

þ Rf þ Ra
� �

I þ Ua ¼ Uoc (13)

Where:
Ls = Sum of total inductance in the system Ls ¼ Ls1 ∗Ls2

Ls1þLs2.
Rf = System resistance without taking into account the arc resistance.
Rf = Rs1 + Rs2.

Rs = Rf + Ra.
Ua = Arc voltage drop.
Uoc = Voltage at the source output.
Arc voltage and resistance are related to voltage drops. A strong relationship

between arc voltage, arc length, and arc current is also shown. In the transition range
from globular to droplet mode, where the drop has a radius equal to the size of the
wire radius, the conduction zone was calculated performing an approximation only
with the volumes and calculating the value of the conduction wire length (lac). For
this relationship, the volume of the wire is considered as a cylinder, the spherical drop
with a radius equal to the radius of the cylinder with a ratio between the volume of the
drop and the volume of the cylinder of 3∕2 (Figure 5).

Based on Figure 5 and previous analyses, Eq. (14):

1
3
:Vg ¼ A ∗ lac (14)
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Respecting Vg is the volume of the drop and that the voltage and current have
values where the radius of the drop is equal to the radius of the electrode and later
isolating lac we get the value of the wire length of the conduction zone at the
transition point, lac ¼ 0:267 mm: Experimentally, it is observed that there is no
linear or quadratic variation in lac as the voltage increases, so it is proposed to apply
a 3/2 exponent that matches the experimental data and add the corresponding
constants of proportionality. With the application of these proposed equivalences, the
equation for the length of the wire in electrical conduction finaly looks like this
(Eq. (15)):

lac ¼
C7 ∗ e0:38 ∗ Uoc�Utð Þ13 � C9 ∗ la

3
2 ∗ re � C10

� �

π ∗ re2
(15)

Where Uoc is the output voltage of the source, Ut is the voltage at the transition
point for this wire and gas used, which experimentally obtained Ut = 26.5 V for pure
argon, and for argon with 4% CO2 Ut = 23 V. Then continue using the values with 4%
CO2. And finally the constants C7, C9, and C10, are system constants that have been
found experimentally. Substituting the constants and the Ut value, the conduction
length finally looks like this (Eq. (16)):

lac ¼
e0:38 ∗ Uoc�23ð Þ13 � 0,032 ∗ la

3
2 � 0:42

� �

π ∗ re2
(16)

It should be noted that these equations are only valid for the globular and droplet
modes. Now, we analyze the dynamics of the droplet detachment frequency and its
volume by the melting mass. Equating the volume of the drop with the volume of the
molten liquid wire when rg = re (Eq. (17)):

Vg ¼ 4
3
π ∗ re3 ¼ π ∗ re2 ∗ l (17)

Figure 5.
Scheme of the plasma shape during the formation of a droplet at the transition point (when rg = re droplet mode),
with arc length variation (la) and conduction zone.
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Where the length of cast wire correspondig to the drop is (Eq. (18)):

l ¼ Ws ∗Δt (18)

Isolating Δt and replacing values of l and Ws at the transition point, where the
radius of the drop equals the radius of the electrode (rg = re) one arrives at (Eq. (19)):

Δt ¼ 4 ∗0:6 mm
3 ∗ 113:34 mm=seg

¼ 7:058 ms (19)

Therefore, it takes 7.058 ms to form a drop with a radius equal to the wire using a
wire speed equal to 6.8 m/min. Performing regression again using experimental data,
a relationship was found for changes in the frequency of drop formation with the
variation in voltage and it was arrived at (Eq. (20)):

Δtf ¼ t ¼ 10:5 ms

Uoc� 21ð Þ7=12
(20)

Isolating re from Eq. (17) and replacing l by Eq. (18), also replacing re with rg and
Δt ¼ Δtf the drop radius equation is obtained for different wire speeds (Eq. (21)).

rg ¼ 3
4
∗Ws ∗Δtf (21)

Where: Δtf is the maximum drop formation time.
Figure 6 below shows the growth period and maximum droplet radius size along

with the detachment frequency for each stress value.
The drop is ranging from (½ re) to (1 re +2 rg). With these relations, it is possible

to describe the solid wire and cast wire equation and correlate them with the following
equations (Eqs. (22) and (23)):

Figure 6.
Droplet detachment frequency and size with open-circuit voltage variations.
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la ¼ 15–ls–lac (22)

Cs ¼ lsþ lac–Cl (23)

Where Cl is the length of cast wire.
To model the detachment of the drop, the application of the Fourier series was

proposed for a saw-type wave, and using the first 4 terms of sine, together with the
equations described above for the period and volume of the drop, Eq. (24) below to
model droplet size variation and cast wire length (Cl). Where:

Cl ¼ 1=2re þ 2rg
� �

∗
1
π
∗ sen x� π

2

� �
� 1
2
sen 2x� π

2

� �
þ 1
3
sen 3x� π

2

� �""

� 1
4
sen 4x� π

2

� �#
þ 1þ 1

2
re

#
(24)

Because: X = W*t, and X is cyclic, then X = 2Π/Δt. Substituting re, rg, X and Δt in
the equation we get (Eq. (25)):

Cl ¼ 0:3þ 3
2
∗Ws ∗

10, 5

Uoc� 21ð Þ7=12
 !

∗
1
π
∗ sen

2π Uoc� 21ð Þ7=12
10, 5

� π

2

 !"

� 1
2
sen

4π Uoc� 21ð Þ7=12
10:5

� π

2

 !
þ 1
3
sen

6π Uoc� 21ð Þ7=12
10:5

� π

2

 !

� 1
4
sen

8π Uoc� 21ð Þ7=12
10:5

� π

2

 !
þ 1þ 1

2
∗ re

#

(25)

To facilitate the handling of this equation (Eq. (25)) in the state model, it will be
placed from now on as:

Cl ¼ 0:3þ 3
2
∗Ws ∗

10, 5

Uoc� 21ð Þ7=12
 !

∗
1
π
∗ ∗ ∗ ∗½ � (26)

Where the expression [***] is the Fourier expression belonging to the sines.
Using training values with input variables such as source output voltage (Uoc) and

wire feed speedWs, one obtains the drop size value and detachment frequency shown
in Figure 7 below.

Performing an analysis of the shape of the plasma in the captured images, where a
source of direct current with reverse polarity was used, it presented a bell shape, as
expected according to the references. The energy released in the displacement of
electrons is given by E = I*V*Δt, the voltage drops define areas where there is more
consumption of this energy. Part is dissipated in cables and connections, but most is
being consumed in cathode, anode, and plasma. This energy can be visualized by the
isotherms, in Figure 8.

The isotherms show temperature gradients from the plate to the tip of the wire in
the Y axis and from the outside to the center of the arc in the XZ direction radially
around a circle. The T° gradient in the XZ and Y isotherms close to the part has a
relationship with the gradient in penetration. We first analyze the relationship
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between the width and the energy contained in the plasma volume to propose an
equation for the state-space model. There is a total energy of the system and an energy
consumed in the plasma expressed in the following equations (Eqs. (27) and (28)):

Et ¼ I ∗V ∗ dt (27)

Ep ¼ C8 ∗Vpl ∗ dt (28)

Where Vpl is the plasma volume approximated to the volume of a cone and with
some other considerations one arrives that the plasma volume equation is (Eq. (29)):

Vpl ¼ 1
12

∗ π ∗La2 ∗ la þ reð Þ (29)

Therefore (Eq. (30)):

I ∗V ¼ C8 ∗
1
12

∗ π ∗La2 ∗ la þ reð Þ (30)

Figure 7.
Different Cl sizes and detachment frequencies simulated for open-circuit voltage variations.

Figure 8.
Scheme of isotherms and temperature gradients and the relationship with the penetration gradient.
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Where La is the bead width and la is the arc length. Isolating C8 and replacing the
values of I, V, La, and la by experimental values in droplet mode, we obtain the value
of C8. The result shows a trend, but due to the dispersion of the data, a linear and
polynomial approximation of degree 2 is performed. The tendency of C8 to decrease
with the proportional increase of Uoc every 200 data points is shown in Figure 9. It is
also observed how the dispersion of the values is smaller with higher voltages, indi-
cating greater stability of the system when increasing the voltage.

Using an additional linear relationship in the equation in the work range for
dropleting and with experimental values, the constant C8 = 90 was found and isolat-
ing La we obtain (Eqs. (31) and (32)):

La2 ¼ 12 ∗ I ∗Uoc
π ∗ la þ reð Þ ∗ 90� Uoc� 26, 5ð Þ ∗ 10ð Þ (31)

La ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

12 ∗ I ∗Uoc
π ∗ la þ reð Þ ∗ 90� Uoc� 26, 5ð Þ ∗ 10ð Þ

s
(32)

Where to CTWD = 15 if have: la = 15 – ls and ls = X1.
Was used experimental data to test the proposed equation (Eq. (32)). Where

current and voltage in the arc are noisy because of droplet formation and detachment
as well as changes in conduction zone and arc length mentioned earlier. The proposed
equation, even with this noise, shows a tendency in the prediction of the width as
shown in Figure 10. But using all the equations of state with adjustments and without
using the experimental current values, the prediction improves a lot.

Substituting the notation of the variables to use in the state model, we get
(Eqs. (33) and (34)):

X6 ¼ 12 ∗U1
π ∗ 90� U1� 26, 5ð Þ ∗ 10ð Þ
� �1=2 X2

15� X1þ reð Þ
� �1=2

(33)

Figure 9.
Calculation of equations that model the variation of C8 with the variation of power or consumed energy.
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_X6 ¼ 12 ∗U1
π ∗ 90� Uoc� 26, 5ð Þ ∗ 10ð Þ
� �1=2

∗
1
2

X2
15� X1þ reð Þ

� ��1=2
∗

_X2 ∗ 15� X1þ reð Þ � _X1 ∗X2
15� X1þ reð Þ2

(34)

The other equation of state to determine the value of reinforcement and the
relation with the width comes from the relation of volumes, the molten volume of the
wire (Vfr) and the deposited volume (Vd) which depends on the welding speed and
the cross section of the cord per unit time. These volume expressions are expressed
below (Eqs. (35) and (36)):

Vf ¼ A1 ∗Ws ∗ dt ¼ A1 ∗Ws ∗Δt (35)

Vd ¼ Vf ¼ A2 ∗Ts ∗ dt ¼ A2 ∗Ts ∗Δt (36)

Equating the equations (Eq. (37)):

A1 ∗Ws ¼ A2 ∗Ts (37)

Where:
A1 ¼ π ∗ re2;
A2 ¼ π ∗ a ∗ b

2 ;
a ¼ R;
b ¼ La=2;
Replacing and isolating the reinforcement R (Eq. (38)):

R ¼ 4 ∗ re2 ∗Ws
La ∗Ts

(38)

Substituting the reinforcement equation for the state variables, we have (Eq. (39)):

Figure 10.
Previous test of the width prediction values of the X6 equation of state, using experimental data of voltage and
current in the arc at the transition point and comparing with the actual width data.
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X7 ¼ 4 ∗ re2 ∗X3
X6 ∗X5

(39)

The last proposed equation of state is the relationship between penetration and
other variables, which will depend on constants specific to the material, such as
material density, thermal conduction, specific heat, enthalpy of fusion, electrical
conductivity, electrical resistance, thermal energy, arc voltage drop, anodic voltage
drop, thermal dissipation by conduction, convection and radiation, exposure time of
the arc with the puddle which will depend on the welding speed, and area of contact
of the plasma with the piece which will depend on the length of arc and this in turn of
the wire speed and the tension. Due to the large number of variables, it was decided to
simplify the equation and leave the variables with the greatest influence on penetra-
tion. After analyzing the energy required to melt the metal pool, and the energy in the
plasma created by the current, the following equation is proposed (Eq. (40)):

P ¼ Cf ∗C5 ∗ I ∗Ua

ρ ∗ π ∗ La
2

� �2 ∗Ts

 !
(40)

Leaving only one constant C9 ¼ 4 ∗Cf ∗C5 ∗C6
ρ ∗ π

� �
; replacing is (Eq. (41)):

P ¼ C9 ∗
I ∗Uoc
La2 ∗Ts

� �
(41)

Substituting for the state variables, we get (Eq. (42)):

X8 ¼ C9 ∗
X2 ∗U1
X62 ∗X5

� �
(42)

Finally, replacing lac and Cl in Eq. (22) we get Eq. (42) for Cs (Eq. (43)).

Cs ¼ lsþ
e0:38 ∗ Uoc�23ð Þ13 � 0:032 ∗ la

3
2 � 0:42

� �

π ∗ re2
�

0:3þ 3
2
∗Ws ∗

10, 5

Uoc� 21ð Þ7=12
 !

∗
1
π
∗ ∗ ∗ ∗½ � (43)

Substituting for the state variables and knowing that la = 15 –X1, we have (Eq. (44)):

Cs ¼ X1þ
e0:38 ∗ Uoc�23ð Þ13 � 0:032 ∗ 15� X1ð Þ32 � 0:42
� �

π ∗ re2
�

0:3þ 3
2
∗X3 ∗

10, 5

Uoc� 21ð Þ7=12
 !

∗
1
π
∗ ∗ ∗ ∗½ � (44)

Below is Table 4 with the constants used for the parameterization of the proposed
model.

Other constants used in the state-space model such as C1 and C2 are multiplications
of inductances, resistances, and constant coefficients that are repeated in the equations.
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The model needs parameterization, for a more accurate prediction, but the model also
contributes to a better understanding of the behavior of the system or plant. Next, write
the projected equations for each state, with the simplifications (Eqs. (45)–(52)):

_X1 ¼ X3� C1
Πre2

X2þ C2
Πre2

X1:X22
� �

(45)

_X2 ¼ 1
ℓs

U1� Rsþ r ℓsþ 1
2
:

3md
4Πre

� �1
3

þ Xd

 !
þ Ra

( )
:X2� Ea lc� X1ð Þ �Uo

" #
∗ð Þ (46)

_X3 ¼ 1
Tma

KmaU2� X3ð Þ (47)

_X4 ¼ X1þ
e0:38 ∗ U1�23ð Þ13 � 0:032 ∗ 15� X1ð Þ32 � 0:42
� �

π ∗ re2

� 0:3þ 3
2
∗X3 ∗

10:5

Uoc� 21ð Þ7=12
 !

∗
1
π
∗ ∗ ∗ ∗½ �

(48)

_X5 ¼ 1
Tms

KmsU3� X5ð Þ (49)

_X6 ¼ 12 ∗U1
π ∗ 90� U1� 26, 5ð Þ ∗ 10ð Þ
� �1=2

∗
1
2

X2
15� X1þ reð Þ

� ��1=2
∗

_X2 ∗ 15� X1þ reð Þ � _X1 ∗X2
15� X1þ reð Þ2

(50)
_

_X7 ¼
4 ∗ re2 1

Tma KmaU2� X3ð Þ ∗X6 ∗X4� 4 ∗ re2 ∗X3 ∗ X6 ∗ 1
Tms KmsU3� X4ð Þ þ _}}ð Þ ∗X4

� �

X62 ∗X42

(51)

Nomenclature Symbol Value (unit)

Total resistance Rs 6.8 * 10�3 (Ω)

Total inductance Ls 306*10�6 (H)

Arc resistance Ra 0.0237 (Ω)

Arc length voltage factor Ea 400 (V.m�1)

Electrode resistance ɤe 0.43 (Ω.m�1)

Space permeability Pe 1.257 * 10�6 (Kg.m.s�2A�2)

Gravity G 9.8 (m. s�2)

Liquid electrode density ρe 7800 (Kg.m�3)

electrode radio re 0.0012 (m)

Plasma Density ρp 1.6 (Kg.m�3)2)

Time constant of wire and table motors τm 50*10�3 (s)

engine profit Km 1.0 (mV�1 s�1)

Surface tension of the material γ 1.3 (N.m�1)

Table 4.
Constants used for the parameterization of the proposed model.
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Where (“”) is Eq. state 6 to _X6

_X8 ¼ C9 ∗
U1 ∗ _X2 ∗X64 ∗X52 �U1 ∗X2 ∗ X62 ∗ _X5þ 2X6 ∗X5

� �

X64 ∗X52

 !
(52)

3. Conclusion

This work had the proposal to develop a mathematical model by equation of states,
a dynamic model that can generalize to the globular and droplet ranges and predict the
proposed outputs, width, reinforcement and penetration, through input values for the
state variables used to control. The use of real data (shadowgraph, infrared camera,
high-speed camera) for model calibration allows guaranteeing the reliability of the
predicted results when using the state equations.
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Chapter 3

Material and Load Path 
Appropriate Joining Techniques for 
FRP/Metal Hybrid Structures
Holger Seidlitz, Lars Ulke-Winter, Lucas Ost and Felix Kuke

Abstract

Fiber-reinforced plastics (FRP) offer great lightweight construction potential. 
However, the anisotropic high-performance materials can only be fully utilized 
through the development of material-specific joining processes. A literature study 
shows that conventional methods such as screwing, riveting and bolting are unsuit-
able, since the load-bearing fibers are severed in the joining region. This leads to high-
stress concentrations. To reduce these, a method is presented in which through holes 
are created in thermoplastic FRP by reorienting the fibers in this area around the 
point of disruption in accordance with the load path. For this purpose, the polymer 
matrix is softened locally by applying heat and penetrated with a needle or mandrel. 
Based on this, a technology for material-specific joining of FRP and metals has been 
developed in the form of thermomechanical flow drill joining. In this process, a 
mandrel forms a bush from the metal component and deflects the fibers of the locally 
softened organic sheet to suit the material. Cold metal transfer (CMT) pin welding is 
presented as another fully automatable joining process. In this method, the softened 
plastic component is penetrated with the welding wire, displacing the fibers in the 
joining area and realigning them to suit the load path.

Keywords: fiber-reinforced plastics, thermomechanical flow drill joining, cold metal 
transfer pin welding, load path, fiber orientation

1. Introduction

Lightweight design is an essential component in product development for  reducing 
greenhouse gas emissions during component manufacture and especially during the 
use of moving components, thus making an important contribution to conserving 
resources and achieving climate targets. Fiber-reinforced plastics (FRP), especially 
carbon fiber-reinforced plastics (CFRP), provide great lightweight construction 
potential due to their high specific strengths and stiffnesses. For these reasons, the use 
of FRP is steadily increasing. The demand for carbon fibers (CF) has grown by nearly 
60% from 58 kt in 2015 to 92 kt in 2021 [1].

In hybrid structural parts, concentrated loads are induced via the metal compo-
nents. The CFRP components are used for load transfer. Thermoplastic FRPs can be 
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integrated into existing process chains of metal constructions due to their reversible 
formability and thus have a significant advantage over thermoset systems. However, 
the lightweight potential can only be fully exploited by joining processes appropriate 
for the material.

The following strategies, for example, are pursued in the technological imple-
mentation of mixed designs with thermoplastic FRP and metals: Molding of the 
plastic onto the metal component in the molding process (IMA: In Mold Assembly) 
and direct bonding of the plastic to the metal component after the molding process 
(PMA: Post Molding Assembly); cf. e.g. [2, 3]. With the PMA technique, the metal 
and plastic components can be produced in separate manufacturing processes and 
subsequently joined by means of mechanical joining technology. The design of com-
ponents in multi-material design has given significant impetus to joining technology, 
e.g. the combined riveting and adhesive bonding already used in car body construc-
tion, cf. e.g. [4]. In IMA processes, on the other hand, the joining elements are 
generally based on tight fit, e.g. by undercuts or holes in the metal component. Thus, 
the hybrid structure is produced simultaneously in the combined master molding 
and assembly process. The need for high-strength joints designed to withstand loads 
increases with the complexity of the components and the number of material groups 
used. In the design and manufacture of highly loaded lightweight structures in mixed 
construction with high-strength thin-walled metal and fiber composite components, 
PMA processes have major advantages over IMA techniques. This is mainly due to 
the significantly greater design freedom of PMA, which allows the structure to be 
designed according to the load path over a wide range [5].

Current joining methods, analyzed in a literature review, such as riveting and 
bolting require pre-hole cutting operations in which the load-bearing fibers are 
severed. Due to the high resulting notch stress concentrations, material thickening or 
heavy inserts are necessary, which is contrary to the lightweight concept. Following 
the literature study, this chapter describes thermomechanical flow drill joining (FDJ) 
and cold metal transfer (CMT) pin welding for joining thermoplastic FRP to metals. 
In these processes, the matrix is locally thermally softened in the joining zone and the 
fibers are displaced in the joining process and aligned to the load path. In this way, 
notch stresses are reduced and higher shear tensile strengths are achieved than with 
riveting, for example. In this way, even particularly high-performance continuous 
fiber-reinforced plastics can be joined appropriately for the material.

2. State of the art: joining technologies for FRP/metal hybrid structures

In the following, known methods for joining FRP and metals are summarized. For 
a detailed analysis of the different joining technologies see Ref. [5].

The integration of structural FRP components in the body shell by means of 
mechanical joining technology was successfully demonstrated e.g. in Ref. [6–10]. In 
addition to the various tests on basic components, the integration of large-area struc-
tural components, such as floor and bulkhead modules as well as high-performance 
ribs made of textile-reinforced plastics for space-frame design concepts, was one of 
the focal points of the investigations.

With regard to joining technology, methods that were originally developed for 
isotropic materials are often used for the FRP material group. A basic classifica-
tion of these joining techniques can be made into detachable, partially detachable 
and non-detachable [4]. In this context, extensive studies and design information 
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for mechanical connection systems [2, 7], adhesive connections [11, 12], welded 
connections [13–16] as well as snap-fit [4, 17] and contour connections [11, 12] are 
sufficiently described in the literature. In addition, a distinction can also be made 
according to the principle of action between the firmly bonded (e.g. adhesive bond-
ing, welding), the force-fit (e.g. clamping, pressing) and the form-fit connections 
(e.g. pins, contour connection) [18]. A further subdivision is made with respect to the 
geometric design of the joining zone into point and linear or planar joining systems.

2.1 Bolt connections

Bolt connections, which also include pin and rivet connections, are of particular 
importance for mixed construction with fiber composites and metals. Notes on the 
design are described in detail in Refs. [11, 18], for example. Bolt connections can be 
designed as single- or double-shear connections, overlapping and shafted, and with 
a lug on one or both sides [18]. At higher loads, the asymmetrical arrangement of 
the joining parts in the single-shear variant induces an eccentricity moment at the 
joint, which loads the joining partners for bending/peeling and leads to canting of 
the fastener. The associated failure can be counteracted by a symmetrical and thus 
double-shear arrangement of the parts to be joined. However, the increased compo-
nent weight caused by the material doubling at the joint is a disadvantage.

The high potential of fiber-reinforced plastic composites cannot be fully exploited 
with rivets and bolts. Unlike metals, where stress concentrations at the holes are 
largely reduced by plastic flow processes, the installation of the fasteners (machining 
drilling, cutting component of self-piercing rivets) at the load application area leads 
to the severing of load-bearing fibers [19]. This causes high-stress concentrations at 
the hole edges, which often cause delamination and inter-fiber failures. The design 
and dimensioning of riveted and bolted joints in FRP is therefore fundamentally 
different compared to mono-metal designs, see e.g. [20–22]. In order to exploit the 
high material potential of fiber-plastic composites, the fiber arrangement in the load 
application area must be designed to withstand the stresses. The advantageous loop 
principle allows the introduction of particularly high loads [7].

2.2 Screw connections

Screw connections are widely used in mixed construction methods in general 
mechanical engineering and in vehicle construction. Unlike bolt connections, the 
introduction of loads at the connection point is predominantly perpendicular to the 
laminate plane. Classification can be made with respect to thread, head, and shank 
forms. In mixed designs with metals and FRP, a distinction is made between metal-
side and plastic-side joining. An internal thread is produced on the plastic side using, 
for example, the tapping process [23] or thread-forming screws [24]. Alternatively, 
metallic thread inserts can also be integrated in the fiber composite [17]. For metal-
side joining, flow drilling joining systems have proved particularly successful [25]. 
Metal- and plastic-side direct screwing processes as well as thread inserts are charac-
terized by simple fabrication and one-sided accessibility of the joining point [26, 27].

2.2.1 Plastic side direct screwing

Various manufacturers offer thread-forming metal screws that can be inserted 
into structurally integrated core holes. The widely used direct screw process is used 



Welding – Materials, Fabrication Processes, and Industry 5.0

38

for inexpensively manufacturable unfilled as well as short- or long-fiber-reinforced 
injection-molded components and has been investigated, for example, in Refs. [2, 
28–30]. The pull-out strength of plastic-set direct screw connections is determined, 
among other things, by the shear strength of the thread, with plastic threads exhibit-
ing comparatively low values. The high degree of flexibility in the design of plastic 
components makes it possible to mold load introduction points in the injection 
molding process that are suitable for the load and serve to increase the screw-in depth 
[31]. In this way, screw-in tubes can be used to increase the pull-out strengths for 
thread-forming metal screws and reduce relaxation-related preload losses [29]. In 
the case of textile-reinforced plastic components, such load introductions can only 
be formed to a limited extent. For thin-walled thermoplastic FRP components in 
the high-performance range, direct screwing with thread-forming metal screws is, 
therefore, unsuitable.

2.2.2 Threaded inserts

Inserts are used in plastic components when requirements are placed on the 
 connection point with regard to easy maintenance and interchangeability. Compared 
to the plastic-side direct screw connection systems, the thread insert merely transfers 
introduced assembly and operating loads from the screw to the surrounding plastic 
component. Threaded inserts are, on the one hand, embedded in-situ during the 
production of the molded part and, on the other hand, subsequently pressed in by 
ultrasonic or heating of the insert, screwed in or integrated by expanding the insert 
when driving in a screw in the FRP component [2]. In this process, the threaded 
inserts are mounted in screw-in tubes or directly in the component [24]. Inserts 
fulfill an integration-based adapter function between the plastic component and 
the metallic screw. A uniform distribution of the screw forces can be achieved as a 
result of special inserts with functional surfaces adapted to the material for force-
locking, form-locking, or material-locking anchoring in the plastic component, cf. 
e.g. [32–34]. Threaded connections with inserts make an economic contribution to 
the implementation of connection systems suitable for large-scale production and 
are therefore used in many mixed construction systems with FRP components. For 
complex and highly stressed mixed construction systems, threaded inserts are not 
recommended—especially for thin-walled FRP components—because the connection 
forces are induced predominantly perpendicular to the direction of reinforcement. 
The transverse forces can thus only be applied locally with the connection system and 
thus cause interlaminar shear stress peaks at the joint, which often lead to premature 
failure of the FRP component.

2.2.3 Metal-side direct screwing with flow form screws

In addition to the plastic side, the assembly of a complex lightweight system in 
mixed construction can also be carried out using metal-side direct screw methods. 
In body-in-white construction, joining techniques using flow drilling screws have 
become particularly well established. These locally exploit the plastic flow properties 
of the metal component, such as the EJOT FDS® screw system, which offers signifi-
cant advantages when joining chemically incompatible materials, see e.g. [35, 36]. 
Analogous to the plastic-side direct screwing, considerable transverse forces are 
generated at the joints of textile-reinforced thermoplastics during the production of 
FDS® joints. These induce a high-notch stress concentration due to the high screw-in 



39

Material and Load Path Appropriate Joining Techniques for FRP/Metal Hybrid Structures
DOI: http://dx.doi.org/10.5772/intechopen.1002239

torques during setting and the non-material-specific design of the screw head geom-
etry, which leads to high interlaminar shear stress peaks [37]. For highly stressed 
mixed structures with thin-walled plastic components, direct bolting with flow-hole 
forming screws is therefore unsuitable.

2.3 Adhesive joints

Adhesive joints have been successfully used in vehicle construction for a long time 
and have proven their worth for mixed connections with metal and plastic compo-
nents, see [38]. Adhesives are used in particular in the manufacture of front ends 
and add-on parts such as doors, tailgates, and engine hoods, e.g. [39]. An adhesive 
is a non-metallic material that joins parts by surface adhesion and internal strength 
(cohesion). Adhesive bonds can also be used to connect chemically incompatible 
materials, such as metals and plastics, in a quasi-substance-bonding manner. In this 
connection, the loads are introduced over a large area and almost homogeneously into 
the components of the mixed construction system. In contrast to bolted, riveted, and 
screwed joints, the fiber architecture on the composite component is not affected by 
the joining process, so that bonded joints for FRP components are generally con-
sidered to be particularly suitable for the material, see e.g. [40]. Adhesive bonding 
technology can be used to produce multifunctional joining systems which, in addi-
tion to force transmission, also perform sealing and vibration damping functions. 
In contrast, the high cost of pretreating the parts to be joined, such as activating the 
joining surfaces by means of radiation treatment, etching, grinding or degreasing 
with hydrocarbon compounds, to ensure reproducible joining properties—especially 
in large-scale production—is very cost-intensive [41].

2.4 Thermal contact joining

Thermal contact joining of short glass fiber-reinforced polyamide (GF20-PA6) 
and high-alloy austenitic steel X5CrNi18-10 (1.4301) is described in [42]. Prior to 
the joining process, pins are welded onto the metal component using modified gas 
metal arc welding (GMAW) technology. In contrast to conventional GMAW weld-
ing processes, the wire electrode consisting of the joining component material is not 
completely melted but is placed in a defined manner on a metal sheet so that the head 
geometry and length of the pins can be varied. The joining process is then carried 
out by pressing the overlappingly positioned joining parts. For this purpose, the FRP 
component is first plasticized up to the melting temperature of the matrix, followed 
by pressing the joining partners. Depending on the type and degree of mechanical 
surface activation, the plastic melt flows into the unevenness of the metal surface, 
resulting in form-fit and material-fit bonding mechanisms. The strength of the mixed 
joint is primarily determined by the pins of the metal component penetrating the FRP 
during the joining process.

2.5 Further joining methods for FRP

Further joining methods for FRP that are state of the art and/or the subject of 
current research work are summarized in the following.

Welding of metal/plastic-based mixed structures was investigated e.g. in Refs. [15, 
16, 43–46], where primarily ultrasonic and induction welding processes were consid-
ered. In this process, adhesion is based on the penetration of the polymer into the rough 
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surface structure of the metal, the formation of dispersion forces and hydrogen bridge 
bonds, and the formation of weak covalent bonds between the metallic joining partner 
and the functional groups of the polymeric components. For the wetting of the joining 
partners, the specific surface and interfacial energies play a decisive role, which in this 
context is also referred to as thermodynamic adhesion [47]. Joining by ultrasonics of 
continuous fiber-reinforced organic sheets with metals was considered, for example, in 
Refs. [14, 48]. It was found that the metal component penetrates locally into the thermo-
plastic matrix of the composite component due to the ultrasonic vibrations acting per-
pendicularly to the joining zone, so that the metal component can enclose the exposed 
reinforcing fibers in the ductile state. Comparatively high-bond strengths are achieved 
by embracing the load-bearing fibers. In these investigations, mainly good formable 
metals such as Al99.5 were used. The induction welding process requires the electrical 
conductivity of the joined parts. Due to the induced resistance effects and the magnetic 
hysteresis during dissipation, heat is generated which leads to the plasticization of the 
thermoplastic matrix of the FRP component. The subsequent pressing allows the parts 
to be joined by a quasi-material bond, analogous to adhesive bonding, see [46, 47, 49].

No additional joining element is required for collar joining [3, 50, 51]. To produce 
the mixed joint, a hole is first drilled in the metal sheet. A collar is then formed from 
the metal sheet at this point with the aid of a die. In the process, a groove for the 
formation of an undercut on the collar of the metal sheet is created by the previous 
embossing with a matrix. In the actual joining process, the metal component with the 
collar is pressed into the plastic part, so that the undercut creates a form-fit connec-
tion between the joining partners. Collar joining is not recommended for continu-
ously reinforced thermoplastic composite components because the reinforcing fibers 
are severed at the joint during pressing.

In the case of injection riveting, the connections are implemented using an 
injection molding technology adapted for this purpose [52]. Disadvantages of the 
technique, similar to stamp riveting [53], are the necessary two-sided accessibility as 
well as the complex plant and process technology.

2.6 Machining of FRP components

When drilling FRP, delamination and microcrack are often caused at the bore 
edges during the entry and exit of the drilling tools. The degree of damage is strongly 
influenced by the condition of the cutting blades, see [19]. At the exit point, the 
delamination is mostly caused by the abrupt penetration of the drill. In Refs. [54–56] 
it is recommended to support the FRP workpiece at the exit point by appropriate 
shims with softer materials, such as wood or aluminum plates, and to mount it with 
low vibration. In addition, the drilling process for thermoplastic fiber composites 
often leads to decomposition of the polymer matrix. To a limited extent, this process 
can be counteracted with cooled tools and reduced cutting and feed rates, see e.g. 
[57]. Damage to the bore edge can be largely avoided with circular or orbital milling 
processes [19]. To create a through hole, the drilling tool is fed along a helical path to 
the FRP workpiece. Thus, in contrast to conventional drilling technology, boreholes 
with different diameters can be produced with the aid of one tool. Furthermore, the 
axial machining forces and the associated tool wear are comparatively low if the cut-
ting values are selected appropriately. The production of internal threads is described 
in Refs. [19, 23, 58] for glass fiber-reinforced plastic (GFRP) and CFRP components. 
Internal threads can be produced in FRP components by tapping, cutting, milling and 
thread forming. In thread forming, the thread flanks are shaped by a forming process. 
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For this purpose, the forming studs of the thread forming tool are pressed into the 
pre-drilled workpiece, whereby the thread flanks are formed due to plastic deforma-
tion. In contrast, drilling and milling processes represent material-removing machin-
ing techniques. In tapping, the thread flanks and thread tips are already significantly 
damaged when the core hole is inserted at the base of the thread. The resulting spall-
ing, fiber bundle fractures and kinks as well as distortions often considerably reduce 
the strength behavior of the screwed connection. Thread milling, on the other hand, 
causes much less damage with comparatively low machining forces.

3. Design of through holes suitable for FRP

The load-bearing fibers of the highly anisotropic FRP must be oriented around 
through-holes in accordance with the load path in order to utilize the full material 
potential. The analysis of construction principles in nature and their adaptation to 
disturbance points provides guidance in optimizing the shape of these areas. For 
example, in trees, the maintenance of a constant stress distribution at the distur-
bance zone is observed, see e.g. [59, 60]. If a tree is damaged, e.g. by cracks, decay or 
fractures, the resulting stress increases are reduced or absorbed by the accumulation 
of additional or firmer material near the defect [61, 62] (Figure 1a).

Since wood has maximum strength and stiffness properties only in the direction 
of the fibers, the tree always strives to align its wood fibers along the highest stress, 
see for example [63]. The orientations of the wood fibers thereby largely correspond 
to the direction of the greatest principal stress, reducing the shear between the fibers 
and increasing the material utilization. This design principle of nature can be used 
in technical FRP applications to increase strength, especially at notch-sensitive com-
ponent sections (e.g., at holes or cutouts), as a design model for the load-appropriate 
arrangement of reinforcing fibers at load application areas. Based on this principle, 
optimization algorithms have been developed in Refs. [64, 65] to align the fibers in 
the direction of the principal stress trajectories in a load-appropriate manner (Figure 
1b–d). The methods presume freedom from shear stresses in the principal stress 
system. Since the fiber composite component has the largest modulus of elasticity in 
the longitudinal direction of the fibers, the FRP component is stiffness-optimized by 
the specific arrangement of the reinforcing fibers in the principal stress direction.

In contrast to thermoset FRP, where the redirection of the fibers at the load applica-
tion points must already be taken into account in the preform process (Figure 2a), 
the reorientation of the reinforcing fibers in textile-reinforced thermoplastics can be 

Figure 1. 
(a) Fiber orientation around a knothole, (b) numerical model, (c) principal stress trajectories, (d) optimized 
fiber orientation [5].
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carried out subsequently on the component, see e.g. [66–70]. To ensure radial displace-
ment of the fibers within the matrix (Figure 2b), a defined area must first be plasti-
cized at the load introduction area of the organic sheets. The viscosity of the matrix can 
be reduced in a targeted manner by local heat input, so that the reinforcing fibers can 
be reoriented in the forming zone, for example with the aid of a needle [5].

Due to the local heating, however, the fibers remain firmly clamped in the adja-
cent colder matrix material and are therefore stretched differently during reorienta-
tion with the needle tool. Thus, in addition to the diameter of the through hole, 
the permissible strain at break of the fiber component in particular must be given 
special consideration when dimensioning the reforming area. In the following model 
(Figure 3), the most deflected and most elongated fibers of a unidirectional single 
layer at the needle edge are considered [5].

Since the diameter Nd  of the needle is given and the reoriented fiber with 
length  ul  is tangential to the bore edge at point 1P , the reorientation angle and the 
wrap angle β  are equal. Since the maximum fiber strain is also known as a material 
parameter, the transcendental Eq. (1) can be derived and solved numerically. In this 
way, Eq. (2) is used to determine the diameter of the reforming zone. A detailed 
derivation of the equations and evaluation examples is given in [5].

 α α α ε+ ⋅ − =cos sin 1u u u B  (1)

Figure 2. 
Reorientation of the fibers (a) of a textile fabric around an insert prior to the resin insertion and (b) in a 
thermoplastic FRP [5].

Figure 3. 
Schematic representation of fiber redirection on a unidirectional prepreg layer [5].
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The filaments located directly at the bore edges are prestressed in the range of 
failure strain. To ensure that further loading does not lead to fiber breaks, the heating 
region must be selected larger than the diameter UZd  of the reforming zone [5].

In Ref. [5], a test rig was developed and implemented. The results were validated 
in bolt tensile tests following DIN 65562. Reference specimens were produced with 
spiral and wood drills. Especially with the spiral drill, delamination is caused at the 
bore edges. The test results of Ref. [5] show that the utilization of the high specific 
strength and stiffness properties of organic sheets can be increased by more than 28% 
by designing the load application point to suit the load. In addition, the deformation 
work of the specimens with the hot-formed holes is 25% higher than that of the refer-
ence specimens.

Different failure mechanisms can be observed in the breakage images and fracture 
patterns of the tested components. Whereas machined specimens fail primarily by 
strong delamination, cracks and intermediate fiber fractures at the edge of the hole, 
the test specimens with formed holes only show fiber fractures at the 90° layers 
arranged transverse to the loading direction [5].

In contrast to the spiral-drilled specimens, the strength σ ,2%L  at a hole widening of 
2% according to DIN 65562 is lower for the hot-formed specimens. Although the force 
flow in drilled specimens is interrupted at the load application point, the 0° plies 
before micro buckling of the reinforcing fibers still fully contribute (Figure 4), so 
that increased strength and stiffness values are the result in the initial stage. This is 
not the case with organic sheets with hot-formed holes, since from the beginning the 
90° plies (with very low stiffness) running transverse to the loading direction primar-
ily take up the load. In contrast, only very low axial loads can initially be introduced 
into the 0° layers via the flexible matrix. Overall, hot-formed holes, therefore, exhibit 
softer behavior compared to holes drilled by machining, resulting in a lower σ ,2%L  
strength. With an increase in load, however, the load-bearing capacity rises due to 
targeted stress redistribution and ultimately results in a significantly higher hole 
bearing strength compared to drilled specimens.

Figure 4. 
Loading of the 0° and 90° layers in orthogonal multilayer composites with (a) machined holes and (b) hot-formed 
holes [5].
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4. Thermomechanical flow drill joining

In Ref. [5], comprehensive investigations were carried out on the manufacturing 
of metallic bushings by means of the flow drilling process as well as on their quality 
evaluation. This process uses a rotating hard metal mandrel which penetrates into 
the metal component (Figure 5). As a result of the frictional heat generated, the 
resistance of the base material is reduced to such an extent that the drill mandrel 
can be pushed through the metal component with little force. As soon as the metal 
plasticizes at the entry point of the working area, it initially begins to flow at the taper 
in the opposite direction to the feed direction. At the same time, as the sheet is pushed 
through, the material is dragged along in the feed direction as a result of combined 
friction/flow processes, causing a bushing to form on the underside.

Based on this technology, thermomechanical flow drill joining for hybrid com-
ponents made of FRP and metal, which is also suitable for economical large-scale 
production, was developed. The process is characterized by short process times, 
force-flow-compatible and high-strength joining properties, and a high degree of 
lightweight design. In contrast to many common processes, no auxiliary joining 
element is required. To produce a FDJ joint, the plastic flow properties of the metal 
component are specifically used. A rotating mandrel is used to thermomechanically 
form a bush from the metallic base material as described above. The heat generated 
causes the thermoplastic to plasticize. Alternatively, further heat can be introduced 
by heating elements. During the forming process, the bush is pushed directly through 
the thermoplastic FRP component (Figure 6a), which is also plasticized locally and 
then turned over positively when the mandrel is reset or in a further process step 
(Figure 6b). The fibers are reoriented around the flat joints (Figure 6c and d).

In Ref. [5], a joining device was developed, designed and implemented. It provides 
the industry with an efficient technology for the production of material-specific joints 
between FRP and metals using FDJ technology. In a comprehensive parameter study, 
the optimal process variables for joining FRP of different thicknesses and different 
metal alloys were determined. The comparison of the head and shear tensile strengths 
based on DIN EN ISO 14272 and DIN EN ISO 14273 of the new joining technology 
with conventional methods such as riveting and flow-forming screws shows a signifi-
cantly higher load-bearing capacity of the FDJ joints (Figure 7). The process param-
eters with which the specimens for the tests in Figure 7 were produced are given in 
Ref. [5] page 79 Figures 7–13.

Figure 5. 
Flow drilling method with 1 working area, 2 cone, 3 cylindrical area, 4 collar, 5 shank, 6 material flow against 
feed direction, 7 bush, according to ref. [71].
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With the developed failure hypothesis for the sizing of the joints with the FEM, 
the method also meets the requirements of the industry for the calculation and 
dimensioning of the joined components [5].

5. CMT-pin technique

The FDJ technology can be used to create highly stressable material-compatible 
joints between thermoplastic FRP and metals. However, many applications, e.g. in 
automotive engineering, require a closed joint, which is not provided by the FDJ 
process due to the remaining through-hole.

Therefore, joining of FRP with metals by cold metal transfer pin welding (CMT pin) is 
proposed as an alternative automatable process with one-sided accessibility. For improved 
low-spatter droplet separation with minimal heat input compared to MIG and MAG 
welding, this arc welding process uses computer controlled backward movement of the 
wire during short-circuiting, followed by movement toward the workpiece. The technol-
ogy was developed by the company Fronius International GmbH and can be adapted for 
welding pins. Fronius provides appropriate operating curves for this purpose.

Sequential joining, in which the pins are first welded and then the polymer 
component is pressed on or, in the case of duroplastic systems, cast on, is well known. 
In the process described below, the FRP component is joined in situ.

In the first process step, the FRP is positioned over the metal and heated, e.g. by 
means of an infrared radiator, until the thermoplastic matrix softens (Figure 8a). 
Subsequently, the welding wire is pushed through the organic sheet by feeding the 
wire or a movement of the robot and the fibers are displaced according to the load 

Figure 6. 
Principle for manufacturing a FDJ connection [5].

Figure 7. 
Comparison of head and shear tensile strength of FDJ joints with conventional joining methods [5].
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path (Figure 8b). The use of an endless welding wire as joining element (pin) ensures 
flexible pin lengths even on graded wall thicknesses of the FRP. Immediately after 
contacting the wire, it is welded to the metal. The so-called pin foot is formed, the 
shape of which can be optimized by moving the wire forwards or backwards. Finally, 
the wire is separated by a separation pulse (Figure 8c). The head shape of the pin can 
be adjusted by selective adaptation of the process parameters. The connection is form-
fit. The pin shaft takes up the forces in the plane and the head orthogonally to it.

In Refs. [72, 73], a heating strategy using infrared radiation was developed. The 
heating of flat sheets of carbon fiber-reinforced polyamide 6 (CF-PA6) with infrared 
radiation was modeled using the finite element method (FEM), allowing the temper-
ature distribution in the sample to be studied in greater detail than is possible experi-
mentally. The infrared radiation heats the upper surface of the CFRP sheet. Some of 
this heat is released back into the environment by convection and by radiation. In the 
plate, heat transport takes place by means of conduction. Due to the time dependence 
of the heating process, the heat capacity and density of the material are needed in 
the simulation. The emission coefficient describes the heat transfer by radiation 
and the heat transfer coefficient describes the convective heat transfer. Both values 
were determined in a parameter study. For this purpose, the values are varied sys-
tematically and the FEM calculations are performed in each case. The temperatures 
as a function of time were compared with the experimental data at several points 
along the plate diagonals. The density of the PA6-CF is 1.434 g/cm3. Heat capacity 
(Figure 9) was measured using differential scanning calorimetry technique with 
a heating rate of 10 K/min. The thermal conductivity calculated according to Refs. 
[11, 74–76] is 4.72 W/(m∙K) in the fiber direction and 0.48 W/(m∙K) perpendicularly.

Figure 8. 
Process steps in CMT pin joining of FRP and metals [72]. 1 welding wire, 2 welding wire feeder, 3 burner unit, 
4 infrared heater, 5 FRP, 6 steel part, 7 feeding direction of the wire, 8 reoriented fibers, 9 pin with head.

Figure 9. 
Experimentally determined temperature-dependent heat capacity of the CFRP investigated [72, 73].
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A layup with a sequence of 0 and 90° plies was investigated. The plate thicknesses 
considered are 2 and 3.8 mm. The calculations were performed with the software 
Abaqus 2019. To validate the FEM models, the heating of square CFRP sheets with an 
edge length of 150 mm at different distances of the IR radiator to the CFRP surface 
was studied experimentally. To observe the area distribution of the temperature on 
the irradiated side, 16 thermocouples were pressed into the CFRP sheet along the 
diagonals at different distances from the center of the sheet. The 250 W Omega radia-
tor is assumed to be a circular radiator in Refs. [72, 73] and the model is built with a 
cyclic symmetry. Since losses are assumed, the radiator power is assumed to be 210 W 
in the model. The smallest deviation between experiment and FEM was obtained with 

Figure 10. 
Comparison of the temperature curves on the top surface between experiment and 3D simulation for different 
distances of the measuring points to the center of the plate along the diagonal [72, 73]. RD radiator distance, 
t thickness of the CFRP.
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a constant heat transfer coefficient of 2.5 W/(m2∙K) and an emission coefficient for 
the CFRP of 0.95 and for the  radiator of 0.6 (Figure 10).

The comparison of the temperature fields recorded in the experiment with a 
thermal imaging camera with the simulation results also indicates a high level of 
agreement.

With the help of the models built in this way, it was possible to analyze different 
radiators and process cycles in Refs. [72, 77] and thus develop a heating strategy suit-
able for CMT pin joining.

On this basis, comprehensive parameter studies were carried out in Refs. [72, 77] 
on the joining of CF-PA6 with sheets of 1.5528 with a 150 g/m2 Al-Si coating. It was 
found that the electrically conductive CFRP cannot be joined by this method. The 
welding wire penetrates the CFRP, but moves back to the surface of the organic 
sheet to ignite the arc. When the arc is ignited, the CFRP is severely damaged due 
to the strong and rapid heat input. Since the process curves are pre-programmed 
by the manufacturer, it was not possible to develop a welding strategy in Ref. [72] 
in which the arc ignites on the metal. Therefore, the joining of dielectric glass 
fiber-reinforced polyamide 6 (GF-PA6) was investigated as an alternative. With 
this material, the arc ignites on the steel sheet as intended. Even with a distance 
of 1.5 mm between the steel and the GFRP, some of the fibers are not completely 
diverted around the pin but are pushed out downwards, so that they disrupt the 
welding process. The reason for this is that with the corresponding welding param-
eters, not only the pins have spherical heads, but also the welding wire. In a further 
parameter study, a two-stage process sequence was developed in which the heated 
and thus softened organic sheet is first penetrated by the robot movement with a 
pointed welding wire, so that all joints are pre-holed according to the material and 
then the pins with spherical heads are welded. By means of microcomputer tomo-
graphic analyses, the deflection of the fibers around the pin could be demonstrated 
(Figure 11). Micrographs of the weld metal show complete bonding of the pin foot 
to the base material (Figure 12).

Using the process described, in which the locally preheated organic sheet is first 
penetrated at the joints with a pointed welding rod and then the pins are welded, it 
was possible to implement functional demonstrators in Refs. [72, 77] as GFRP sheets 
welded onto steel-hat profiles. This represents thrust fields, e.g. in vehicle construc-
tion. A comparison with glued specimens was made in a three-point bending test. An 
8% higher flexural strength and an approx. 25% greater work of fracture of the CMT 
pin joined specimens can be determined [72, 77].

For detailed analyses of this joining method and validation in experimental tests, 
see Refs. [72, 73, 77].

Figure 11. 
Microcomputer tomographic analysis of GFRP sheet after penetration [72, 77].
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6. Conclusion and outlook

It has been shown that conventional methods such as screwing, riveting, and 
bolting are unsuitable, especially for joining continuous fiber-reinforced FRP with 
metals, since the load-bearing fibers are cut during the pre-hole cutting operations or 
when the joining elements are set. This leads to considerable notch stress concentra-
tions at the joints. To reduce these, a method based on nature’s construction methods 
was presented in which through-holes are created in thermoplastic FRP by reorient-
ing the fibers in this area to match the load path around the point of disruption. 
To do this, the polymer matrix is softened locally by applying heat and penetrated 
with a needle or mandrel. Based on the strain at break of the fibers, the diameter of 
the forming area is calculated.

Based on these results, flow hole forming was used as a starting point for the 
development of a joining technology for connecting FRP and metals in a way that 
is suitable for the material: thermomechanical flow drill joining. In this process, a 
mandrel forms a bush from the metal component. The heat generated in the process 
softens the plastic of the organic sheet so that the fibers are displaced instead of 
severed. Another joining process that can be fully automated is CMT pin welding. In 
this process, the matrix is also softened by the application of heat, e.g. by infrared 

Figure 13. 
Stud welding process for joining thermoplastic FRP and metals. 1 stud welding gun, 2 heater, 3 stud, 4 FRP, 5 steel 
part, 6 reoriented fibers, 7 stud joint.

Figure 12. 
Micrograph of pin foot [72, 77].
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radiation. The plastic component is then penetrated with the welding wire, displacing 
the fibers in the joining area and realigning them to suit the load path. A separation 
pulse is finally used to form a head, thus securing the organic sheet against lift-
ing from the metal component. The advantage of the CMT pin technique over the 
FDJ process is that the joints are closed, but they are not flat due to the pin heads. 
Furthermore, CMT pin welding can currently not be used to join electrically conduc-
tive CFRP with the manufacturer’s predefined process curves.

As an alternative to these two technologies, the research group Sustainable 
Lightweight Technologies ZenaLeb of the Fraunhofer Institute for Applied 
Polymer Research IAP Division Polymeric Materials and Composites PYCO and 
the Chair of Polymer-based Lightweight Design of the Brandenburg University of 
Technology Cottbus-Senftenberg in Germany is currently analyzing the capability 
of a new method based on stud welding [78]. In this process, the FRP is pre-heated 
(Figure 13a) analogously to the CMT pin technique. It is then penetrated by a join-
ing element, a stud in the form of a nail, so that the fibers are reoriented according 
to the load path (Figure 13b). Due to the adjustable stud geometry with a flat head, 
in contrast to the CMT pin technique, plane joints (Figure 13c) can even be realized 
with CFRP, which, in contrast to the FDJ process, are closed.
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Chapter 4

Ongoing of Energy Saving and 
Emission Reduction during 
Fabrication Processing in China’s 
Shipyards
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Abstract

Due to the serious situation and deterioration tendency of the atmosphere 
 environment, energy saving and emission reduction are concentrated and desired for 
each government and international organization. In this research, energy consump-
tion and pollution emission during fabrication processing in shipyards and ocean 
engineering factories were holistically surveyed for the first time, while the ship 
industry is the key pillar of manufacturing for national economic development and 
dominant monitoring objects with severe environment pollution in China. With the 
visiting and investigation of six representative factories with construction and repair 
of ship and offshore structure, consumptions of electrical energy as well as chemical 
energy were summarized for each fabrication processing according with elementary 
manufacturing flow, which are mainly determined by working load, requirement 
of quality, and utilization efficiency of energy. Then, various pollutants generated 
during fabrication procedures were classified and surveyed, while their emission 
amounts were also summarized by considering their harm level to human health, 
atmosphere, and ecological environments. In addition, advanced and practical solu-
tions for emission reduction of dust particles and VOCs (volatile organic compounds) 
were introduced and carried out while the application results were compared with 
requirements of corresponding laws and regulations.

Keywords: energy consumption, environment pollution, ship industry, VOCs, 
fabrication processing

1. Introduction

In accordance with the frequent appearance of globally extreme climate and 
continuous deterioration of human living environment, more and more govern-
ments presented much stricter requirement and execution schedule to deal with high 
energy consumption and massive pollution emission during industrial production, in 
particular on the manufacturing industry.
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In 1992, “United Nations Framework Convention on Climate Change” was inter-
nationally established to respond to the harmful influence on economics and human 
society due to global climate change, which is an elementary framework convention to 
deal with the global climate problems with international collaboration pattern [1–2]. 
“Copenhagen Agreement” was later passed in 2009 during the United Nations Climate 
Change Conference in Copenhagen [3]. Furthermore, in order to promote people to 
use renewable energy for pollution emission reduction and environment deteriora-
tion prevention, most countries reached a global agreement entitled as “The Paris 
Agreement” to protect Earth’s environment in 2015 during the Paris Climate Change 
Conference, which proposed arrangement and schedule in detail to respond to global 
climate change [4–5]. However, due to the withdrawal of United States of America 
and negative implementation of the arrangement without strictly complying with its 
schedule by some countries, the environmental planning department of the United 
Nations disappointedly pointed out that pollution emission is much more serious than 
ever and the target will not be achieved in the “Emissions Gap Report 2019”.

With a rapid increase of manufacturing industries’ proportion with high-energy 
consumption in China, the situation of pollution emission and environmental dete-
rioration has become more and more serious in recent years. Thus, national policy of 
resource saving and environment protection should be strictly fulfilled by means of 
improved energy utilization efficiency and ecological environment quality [6–12]. 
Moreover, some laws and regulations for emission pollution reduction and environ-
ment protection were published in succession in China [13–16]. Based on the actual 
situation, local governments, such as in Shanghai city, also promulgated homologous 
laws and regulations. It can be seen that energy consumption and pollution emission 
of shipyards has a serious influence on ecological environment protection and living 
environment improvement, which will also postpone the implementation of policy 
regulations with low carbon and environmental protection. Furthermore, it will even 
impede the fulfillment of international commitments, prestige and reputation of 
responsible great power.

Shipyard and ocean engineering company, as typical manufacturing industry with 
high pollution emission have become key monitoring objects by local environment-
protecting departments. Most investigation is concentrated on the shipping process, 
which is a popular commercial activity in modern economics and generally causes 
remarkable air pollution [17, 18]. Meanwhile, shipbuilding and offshore construction 
industries, as a typical representative of entity economy and traditional manufactur-
ing, are a key pillar industry of national economics and defense security in China, 
which also play an essential role in the promotion of economic development and 
improvement of people living. However, shipbuilding and offshore construction 
industries in China almost adopt the conventional extensive production model for 
fabrication processing at present with typical characteristics such as labor-intensive 
and poor working conditions, heavy work load, and roughly less profits, which is 
already and totally not suitable for the requirement of high-quality development of 
advanced ship and offshore manufacturing [19]. Moreover, this kind of situation 
resulted in large requirement of energy consumption, lower utilization efficiency 
of energy, and massive emission of various wastes and pollutions during individual 
fabrication phase, which causes serious harm on living environment and human 
health. Celebi and Vardar [20] examined the VOCs emission from indoor and outdoor 
painting processes for the shipbuilding and ship repair industry. In addition, the 
total area of painted surface and total paint consumption of 3500 DWT oil/chemical 
tanker and a general bulk carrier were calculated and compared. Chung and Lee [21] 
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measured ambient concentrations of hazardous air pollutants such as VOCs and alde-
hydes in residential areas nearby small- and medium-scale shipbuilding companies, 
while distribution characteristic and influential factors of VOCs emission were also 
presented. Malherbe and Mandin [22] concentrated on VOCs due to painting of ships’ 
external surfaces in building or repair shipyards, and a health-risk assessment based 
on measured data of Chantiers de l'Atlantique was carried out to evaluate the risks by 
inhalation for people living near the site.

According to corresponding laws and regulations, national and local environment-
protecting departments have already investigated and administratively punished 
the shipyard and ocean engineering company with excess pollution emission or 
environmental pollution behavior. Due to the lack of a practical solution, treatment 
results of energy saving and emission reduction are still not remarkable. In order to 
survey the current situation of pollution emission on shipbuilding and ocean engi-
neering company in China, 18 punishment cases in recent years had been summarized 
beforehand as shown in Figure 1 based on public information searching of national 
environment-protecting department, which are almost due to excess emission of 
different pollutants such as volatile organic compounds (VOCs), solid wastes, and 
industrial sewage or lack of environmental assessment.

During the various fabrication procedures, the fabricated object, manufacturing 
method, as well as employed equipment are all different; rated power and energy 
conversion efficiency for individual equipment are also different. Meanwhile, pollu-
tion emission during shipbuilding is also complicated due to different pollutant types, 
harm levels, and its treatment solutions. Therefore, the energy consumption and 
pollution emission are both difficult to summarize and compare due to different types 
and amounts.

In this research, fabrication procedures such as plate cutting, flame heating, weld-
ing, and painting during shipbuilding and offshore construction were sequentially 
introduced with consideration to the types of energy consumption and pollution emis-
sion. Rated powers of employed equipment as well as energy consumption according to 
the shipbuilding procedure flow were surveyed and examined from domestic shipyards 
and ocean engineering companies, while different fabrication methods for identical 
manufacturing purpose were also compared from energy consumption, fabrication 
accuracy and cost, as well as limitation of each fabrication methods. In addition, 
currently dominant procedures with higher energy consumption or lower energy 
utilization were then pointed out, and the factors with significant influence on energy 
consumption were also examined. Practical approaches based on advanced fabrication 
method and computer-aided manufacturing with computational processing mechanics 
were introduced and employed for energy saving. According to the pollutant type, the 
current situation about pollution emission during different fabrication procedures was 
then summarized with detailed survey. In particular, VOCs and smoke-dust particle 
were concentrated due to their massive emission and serious harm on human health, 
while not only their emission characteristic and influential factors but also the treat-
ment solution such as advanced technology or additional processing were presented.

Above surveyed data, current characteristic, and their influential factors can 
support a reliable solution of energy saving and emission reduction with basic data and 
reference. In addition, based on the concept of energy saving, environment protection 
as well as intelligent manufacturing, technology updating of fabrication processing 
and scientific management on shipbuilding phase with features such as higher energy 
consumption, lower energy utilization, massive amount of pollution emission, severe 
environment pollution and serious harm on human health, will be then achieved.  
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Moreover, the establishment of HSE (health, safety and environment) management 
system considering health, safety, and environment together was also practiced, whose 
target is to guarantee human health and safety with less environment pollution during 
each shipbuilding phase. Eventually, advanced fabrication processing and operation 
standard with optimization of shipbuilding processing will be proposed to enhance 
the level of fabrication-processing technology and detailed management, while energy 
utilization efficiency and productivity, high-quality development capacity of ship-
building industries, and competition of international market will also be enhanced.

2. Fabrication procedures during shipbuilding

With the necessary requirement of launching processing for ship moving from 
construction position to operation region, shipyards are almost constructed at coastal 

Figure 1. 
Eighteen punishment cases of ship industries in China. (a) Punishment cases in different years. (b) Punishment 
cases in different provinces.
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areas nearby an inland river and ocean. By internet search and actual visiting survey, 
domestic shipyards generally locate at shore of Yangtze River in Hubei province, 
Jiangsu province and Shanghai city, as well as shore of Pearl River in Guangdong 
province; coastal area in Liaoning province, Tianjin city, Shandong province, 
Zhejiang province, and Fujian province also have lots of shipyard and ocean engineer-
ing companies. Abovementioned regions with the shipbuilding industry are almost 
areas with developed and prosperous economics in China.

In addition, energy consumption will be influenced not only by fabrication pro-
cessing and its energy utilization efficiency but also by other factors such as location 
and condition of shipyard, regional policy, construction capacity, as well as the type 
of manufacturing products such as bulk carrier, container ship, and other high-value 
and high-tech added vessels. Therefore, in order to obtain much more representa-
tional data of energy consumption and pollution emission of China shipyards, there 
are six shipbuilding and ocean engineering companies with visiting and investigation 
as shown in Figure 2.

With the viewpoint of processing flow in modern shipbuilding mode, shipbuilding 
usually includes three fabrication phases: hull construction, outfitting, and painting 
[19]. In addition, shipbuilding and offshore construction almost have the identical 
fabrication procedure flow as illustrated in Figure 3. Typical fabrication processing 
for hull construction are steel pretreatment, plate edge processing, plate forming 
processing, assembling-welding processing, as well as undocking and launching. Ship 
repair process has a little bit different feature comparing with structure construction 
such as outside surface clearance due to plankton attachment or marine corrosion, as 
well as arbitrary emission of VOCs and dust particles, repair of damaged structure 
with cutting and welding, and replacement and debugging of damaged equipment. 
Meanwhile, there are some problems for the domestic shipbuilding industry compared 
with other advanced manufacturing, which has a longer fabrication schedule, higher 
fabrication cost, higher fabrication accuracy, and poorer working environment.

Towards to survey and investigation of energy consumption and pollution emis-
sion, hull construction and painting were dominantly examined. In particular, 

Figure 2. 
Location of investigated shipyard and ocean engineering companies.
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painting processing as a surface engineering is carried out to prevent corrosion and 
plankton attachment with purpose of protecting the ship structure during service 
period. As summarized in Table 1, energy type and possible pollution emission 
during individual fabrication processing for ship construction and repair were listed. 
It can be seen that various energy will be employed for different fabrication phase or 
manufacturing method, while electrical energy and chemical energy are the domi-
nant energy form. Meanwhile, lots of pollutant such as dust particles, noise, VOCs, 
and solid waste will be generated and emitted into natural environment during the 
individual shipbuilding phase as summarized in Table 1, which will have devastat-
ing influence on the atmosphere and ecological environment. In actuality, most 
fabrication procedures can be carried out in a workshop with good condition while 
pollutants such as VOCs can be gathered and recycled for environment protection 
with lower cost. However, some fabrication procedure will be done outside such as at 
a dock or wharf, and pollution emission will become much more serious. Thus, much 
more attention is required on controlling pollution emission; advanced technology 
should be proposed and employed for reducing pollution emission with lower cost 
and higher efficiency.

3. Surveys of energy consumption and saving

As shown in Table 1, various energy will be employed for different fabrication 
processing due to working objective, working purpose, processing approach, and 
applied equipment, while working hours will be determined by fabrication loading 
for evaluation of energy consumption.

In general, the dominant energy is electrical energy, while fabrication process-
ing for manufacturing demand of steel plate and ship structure are achieved by 
different type of electrical-mechanical equipment with electrical energy supply. 

Figure 3. 
General fabrication procedure flow in ship industries.
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Meanwhile, fabrication equipment due to different rating power and conversion 
efficiency of electrical energy will result in significant difference of energy con-
sumption for each fabrication procedure. In addition, consumption of electrical 
energy during shipbuilding can be evaluated with rating power of fabrication 
equipment and working hours, which unit generally is KW*h. Furthermore, 
chemical energy is also employed for fabrication processing of steel plate and ship 
structure. Taking plate cutting and bending with flame heating as example, flame 
gas such as acetylene, propane, and methane (natural gas) are burned to heat a steel 
plate until its combustion temperature, and these flame gases are also burned to 
generate heat, temperature gradient in plate thickness direction, as well as bending 
moment for plate bending. During plate flame cutting, oxygen is another sup-
plied gas for steel burning as violent oxidation reaction after reaching combustion 
temperature with plate preheating.

In addition, massive gases such as carbon dioxide and argon will be consumed dur-
ing the processing of gas shielded arc welding while these gases can protect welding 
arc with stable droplet transition, favorable welding process, and excellent welding 
quality. In actuality, consumption of chemical energy as well as gas is difficult to be 
measured and evaluated due to local adjustment with manufacturing situation during 
previously mentioned fabrication processing.

3.1 Steel pretreatment processing

Steel pretreatment processing as the first shipbuilding phase has three fabrication 
contents such as plate straightening, surface rust cleaning, and priming paint protec-
tion. Figure 4 shows the typical equipment for steel pretreatment processing, which 

Processing Fabrication approach Energy type Pollution emission

Steel 
pre-treatment

Mechanical straightening Electrical Energy None

Surface clearance of shot blast Electrical energy Dust particle,
noise

Priming painting protection Electrical energy VOCs

Plate edge 
fabrication

Mechanical shearing Electrical Energy None

Flame cutting Chemical energy Dust particle
Solid waste

Physical cutting Electrical energy Noise, solid waste

Plate forming Roll forming Electrical energy None

Press forming Electrical energy None

Thermal forming Chemical energy Effluent liquor

Welding and 
burnishing

GMAW with CO2 Electrical energy Dust particle,
arc light, solid waste

SAW Electrical energy None

Burnishing Electrical energy Dust particle,
noise

Ship painting Spray coating Electrical energy VOCs, noise

Table 1. 
Energy type and pollution emission during ship construction and repair.
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are usually utilized together as a continuous line of mechanization production in a 
shipyard and ocean engineering company.

Energy consumption of steel pretreatment line is electrical energy, and their 
rating powers are generally about 1000KW for investigated shipbuilding companies. 
In addition, fabrication processing such as surface rust cleaning and priming paint 
protection will consume massive electrical energy due to rating power of equipment 
and fabrication loading, which are usually considered as processing phase with high 
energy consumption during shipbuilding.

3.2 Plate edge processing

After steel pretreatment processing, plate edge processing, including plate cutting 
and welding groove working, is then carried out according to the design and arrange-
ment based on the geometrical feature of various pieces. With different physical 
mechanisms, there are generally three approaches for plate cutting during shipbuild-
ing, which are mechanical cutting, chemical cutting with flame heating, and plasma 
cutting.

As shown in Figure 5, this is typical equipment for plate edge processing, while 
flame heating as the most popular approach is employed for plate cutting and weld-
ing groove working. Figure 5 also shows the typical equipment for plate cutting with 
plasma.

Figure 6 compares the rating power of different cutting methods during ship-
building. It can be seen that different cutting approaches will be employed for plate 
cutting due to plate thickness, and the rating power of flame cutting is much less than 

Figure 4. 
Typical equipment for steel pretreatment.
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that of plasma cutting, which is the result of massive consumption chemical energy 
of combustible gases. Moreover, the material processing workshop of CIMC Raffles 
offshore engineering company was visited and investigated, while cutting capacity is 
demonstrated to be about 2,412m for each day as shown in Figure 7.

Figure 5. 
Typical equipment for plate edge processing.

Figure 6. 
Comparison of the rating power of typical cutting equipment.
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3.3 Plate bending processing

In order to guarantee excellent hydrodynamic performance of advanced ship, ship 
hull structure is designed with various curvatures, which can be obtained with plate 
forming processing in shipbuilding [23]. Currently, plate forming for curved hull 
structure can be achieved by either cold forming with rolling and mechanical press-
ing or thermal forming such as oxygen-acetylene flame heating, laser heating, and 
induction heating as shown in Figure 8. During roll bending, displacement of upper 
roller with moving down and distance between the two lower rollers will determine 
the bending curvature, while spring-back magnitude should be considered due to 
elastic-plastic mechanical behavior. In general, plate forming with single curvature is 
achieved by roll forming with three-roller, and press forming is used for plate forming 
with double curvatures as well as complex curved geometry.

As mentioned above, energy consumption of cold forming processing can 
be evaluated with the rating power of employed equipment and working hour. 
Figure 9 summarizes the rating power of equipment with roll-forming and press-
forming approaches. In addition, energy consumption of cold-forming processing 
for ship hull construction is generally not too much due to expensive equipment and 
weak flexibility.

Besides plate cold-forming processing with rolling and pressure, plate forming 
also can be carried out with thermal processing. In addition, flame heating by burn-
ing of acetylene, propane, and methane (natural gas) or induction heating can be 
employed to heat plate surface. Then, the temperature gradient and nonuniform 
distribution of residual plastic strain in plate thickness direction can be generated, 
while bending moment is also generated to achieve out-of-plane bending deforma-
tion. In Figure 8, plate bending is carried out with a skilled worker by means of flame 
heating, while water cooling is usually employed to enhance the temperature gradient 
and bending moment, as well as bending processing efficiency.

Comparing with the limitation of plate cold forming, plate thermal forming can 
be employed to obtain curved plate with arbitrary geometry such as variable cur-
vatures, complex double curvatures. Therefore, geometrical shape and fabrication 

Figure 7. 
Cutting capacity of material processing workshop (CIMC Raffles offshore engineering company).
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accuracy after plate bending should be measured and checked with various templates 
according to objective curvature; also, non-touch laser scanning technology is already 
employed with high efficiency and precision for cured plate measurement in some 
advanced shipyards.

3.4 Assembling and welding processing

Welding with assembling as the most essential fabrication processing in 
 shipbuilding is employed to gradually fabricate component, structural piece, ship sec-
tion, and block with joining approach. By definition, welding means a joining activity 
with molecular bonding together for similar or dissimilar metal parts, while heat or 

Figure 8. 
Typical fabrication processing for plate bending.

Figure 9. 
Equipment and their energy consumption for plate cold bending processing.
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pressure is applied, and sometimes both applications are carried out [24]. Working 
hours during welding processing will take about 50–60% of the shipbuilding schedule 
due to massive production loading and relatively lower productivity with less auto-
matic equipment such as welding robot. Nowadays, employed welding approach in 
Chinese shipyard is manual welding, GMAW (gas metal arc welding) with CO2, and 
SAW (submerged arc welding).

As shown in Figure 10, GMAW with CO2 can be generally observed for stiffened 
ship panel welding in assembling fabrication workshop. Also, a welder should wear 
working protective clothing and shielded face mask to avoid radiation of welding arc 
on skin cauma. Meanwhile, SAW is usually employed for thick plate butt-welding by 
semiautomatic equipment as shown in Figure 10. SAW can support enough fabrica-
tion requirements such as quality of welding seam and mechanical performance, 
while welding equipment with large volume and high cost is usually employed for 
ship hull structure fabrication with thick plates.

It can be seen that working condition of gas shielded arc welding with CO2 is 
roughly terrible, and massive smoke particles are generated, which have serious pol-
lution influence on atmosphere environment. However, gas-shielded arc welding has 
better flexibility and lower cost compared with SAW to implement complex welding 
requirement during the fabrication of various ship structures, while SAW is carried 
out with certain limitation for wide application due to the requirement of moving car 
and its guide rail facilities.

In the view of energy consumption and welding heat input, SAW has large linear 
energy and can be employed for thick plate butt-welding with large heat input for 
high productivity. Heat efficiency of SAW is almost over 90% due to the protection 
action of weld flux, while electrical energy can be well converted to heat energy 
for metal fusion welding. This weld flux, which guarantees stable processing of 
arc welding, can be recycled to reduce fabrication cost. Meanwhile, heat efficiency 
of gas shielded arc welding with CO2 is about 60–80%, while partial electrical 
energy is converted to arc light and heat energy with loss to ambient air as compared 
in Figure 11.

Figure 10. 
Typical welding method during shipbuilding.
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3.5 Plate and structure painting processing

Besides priming painting protection during steel pretreatment, painting 
processing during ship section fabrication in workshop and ship block joining in 
outside dock is sequentially carried out with anticorrosion and antifouling process-
ing on a steel plate surface to improve the service life of a ship and offshore struc-
ture. Painting processing is achieved by supporting equipment to uniformly spray 
coating material with protected purpose on the inside and outside surfaces of ship 
structure.

In general, paining processing is always carried out in a closed workshop for 
atmosphere-pollution prevention due to massive emission of hazardous waste gas. 
Rating power of painting equipment is about 1000 kW with investigation, while 
energy consumption of painting equipment is roughly large comparing with that dur-
ing previous fabrication processing. Also, large fabrication loading about painting is 
desired due to different protection requirement of ship region under various external 
environment loadings.

4. Survey situation of pollution emission

As mentioned above, there are various fabrication procedures such as steel plate 
cutting, bending, and welding in shipyard; in addition, pollutants such as dust 
particles (PM2.5, PM10), VOCs, noise, sewage, as well as other solid and liquid waste 
will be also generated and emitted into nature, which has a serious influence on the 
atmosphere and ecological environment. In particular, VOCs as well as hazardous 
wastes such as waste paint barrel and waste paint residue will be inevitably generated 
during painting procedure. Steel plate cutting and welding will dominantly generate 
smoke and dust particles, and each fabrication procedure inevitably generates noise 
pollution.

Figure 11. 
Comparison of rating power of GMAW and SAW.
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4.1 Solid and liquid waste

Leftover bits and pieces of ship steel generated during each shipbuilding phase 
can be recycled as temporary stiffener for reinforcement of structural stiffness. 
In general, there are lots of special collection boxes for gathering leftover bits and 
pieces in the fabrication workshop. Meanwhile, according to treatment regulation of 
hazardous wastes in shipbuilding industry, some solid and liquid waste with pollution 
effect on natural and ecological environment generated during fabrication procedure 
should be strictly gathered and treated by the company with professional certifica-
tion with environmental protection. As compared in Figure 12, emission amount of 
pollutants such as waste paint barrel, paint waste as well as waste paint residue, waste 
activated carbon, and liquid waste were listed for surveyed domestic shipyard during 
the construction and painting procedure of ship structure.

4.2 Dust particles emission (PM2.5/PM10)

Emission of smoke-dust particles during ship and offshore construction is a com-
mon environment-pollution behavior, which will not only influence the atmosphere 
environment but also hurt the health of a worker. In general, massive smoke-dust 
particles will be generated throughout the entire phases of surface cleaning of steel 
plate, plate cutting, as well as welding.

Plasma cutting with lots of advantages is employed as popular cutting approach 
for plate edge fabrication in shipyard; however, massive smoke-dust particles will 
be also generated during plate cutting as shown in Figure 13, which causes serious 
 pollution in the atmosphere environment. Meanwhile, welding process is another 
fabrication phase with the generation of massive smoke-dust particles as shown 
in Figure 14, and welding procedure as essential fabrication phase during ship-
building roughly consumes about 50–60% working time of the total production 

Figure 12. 
Emission amount of solid and liquid waste during shipbuilding.
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schedule. For ship and offshore structure welding, manual welding and SMAW with 
CO2 are always employed due to their advantages such as lower cost and flexible 
operation feature.

Also, welding smoke-dust particles are difficult to gather and recycle because of 
various welding situation, which will have serious effect on atmosphere pollution 
and human health. SAW with large welding heat input is usually employed for thick 
plate butt-welding without emission of welding smoke-dust particles, while mobile 
equipment are required to limit their wide engineering application. In particular, 
the outside surface of a ship structure is required to be cleaned and polished during 

Figure 13. 
Dust particles emission during plasma cutting.

Figure 14. 
Dust particles emission during welding.
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ship repair, while abrasive blasting at wharf or dock will generate massive dust 
particles and serious pollution of the atmosphere and environment due to arbitrary 
emission.

4.3 Volatile organic compounds

VOCs mean any compounds of carbon with volatility feature, which have an initial 
boiling point less than or equal to 250°C measured at a standard atmospheric pressure 
of 101.3 kPa [25–27]. VOCs will be generated and emitted during the painting pro-
cessing for shipbuilding, which has the hazardous feature of strong volatility, pungent 
odor, and high poisonousness. In addition, VOCs have a harmful influence on human 
health, in particular serious harm on respiratory system of human, which even 
imperils the life safety of human. Thus, emission reduction of VOCs has significant 
influence and meaning for both the environment and human life. VOCs are already 
considered as important controlling and monitoring objective among various emitted 
contaminants during shipbuilding.

In the phase of steel pretreatment, priming paint protection will be carried out 
after surface rust cleaning with generation of VOCs and atmosphere and environment 
pollution. During the painting process of ship and offshore construction, massive 
paint will be consumed, and lots of VOCs will then be generated with serious pollu-
tion of the atmosphere and environment. In general, about 70–75% of the total paint 
will be consumed during the preprinting of ship structure in the fabrication work-
shop, and the remainder 25–30% of the total paint will be consumed during wharf 
painting. As shown in Figure 15, consumption amount of various paints and emission 
amount of VOCs for several domestic shipyards are listed, while their  consumption 
and emission are mainly determined by total working load of shipbuilding. In addi-
tion, average density of VOCs is assumed as 0.8 g/l, and VOCs content of various 
paints can be evaluated as 650 g/l, which results from the VOCs content standard 

Figure 15. 
Emission of VOCs in domestic shipyards.
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(unit: g/l) of paint in use for shipbuilding [28]. Moreover, VOCs content of paint in 
use for shipbuilding can be calculated with Eq. (1):

 

+
=

+
P P t t

VOCs
P t

C V C VC
V V  (1)

Where CVOCs (g/l) mean the VOCs’ content of paint in use for shipbuilding; Cp 
and Ct (g/l) mean the VOCs’ content of paint for shipbuilding and diluent, respec-
tively; and Vp and Vt (l) mean the used amount of paint for shipbuilding and diluent, 
respectively.

4.4 Noise pollution

During each fabrication process of shipbuilding, noise is inevitably generated, 
while its pollution occurs more or less [29]. With the manual measurement with 
decibel meter, there is serious noise pollution in shipyards. Moreover, the noise at 
operation position of worker was measured during different fabrication process-
ing as shown in Figure 16. Noise pollution will have harmful influence not only 
on the listening capacity and psychological health of a worker but also on the 
ordinary daily life of people living in staff quarters and nearby residential quarters. 
Therefore, necessary safeguard approach should be considered and employed such 
as protective clothing for workers and sound insulation equipment at the boundary 
of a factory.

5. Progresses and advanced solution for emission reduction

In order to achieve collaboration of high-quality development of shipbuilding 
industries and environment protection, actual fabrication processing for ship and 

Figure 16. 
Measured noise data for the ship industry.
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offshore construction should be carried out according to corresponding policy and 
regulations.

At the beginning, most shipyards pay more attention to environmental governing 
and promotion of pollution-emission reduction in the factory district and fabrica-
tion workshop, which will improve and modify the working environment, as well as 
obtain certification of national environment protecting department. Various banners 
for environmental protection and pollution-emission reduction are hung in a con-
spicuous position of a factory district and fabrication workshop, which can constantly 
remind all workers to pay attention on environmental protection during fabrication 
processing. Moreover, these banners will increasingly enhance the consciousness and 
responsibility of environmental protection for each manufacturing staff member.

5.1 Solution for emission reduction of dust particles

Among the fabrication procedures during ship and offshore construction, the dust 
particles will be generated and emitted to the atmosphere and environment in the 
phases of surface cleaning of steel plate, plate cutting, as well as welding.

In order to reduce the emission of dust particles for environment protection, 
advanced cutting processing such as underwater plasma cutting and abrasive water 
jet (AWJ) cutting with high pressure were applied, while thermal deformation can be 
effectively reduced for accurate cutting. Ship plate steel is cut by AWJ with high pres-
sure, which is an advanced green fabrication approach with development of water jet 
technique and high-speed grinding technique [30]. Meanwhile, reduction of smoke-
dust particles emission can be achieved by modifying and upgrading flame-cutting 
equipment as well as plasma cutting equipment during the plate-cutting procedure, 
while recycling device of smoke-dust particles is usually installed. In addition, exhaust 
system with high power, as shown in Figure 17, is installed under the cutting platform 
to totally gather and recovery smoke-dust particles while avoiding arbitrary emission 
and atmosphere pollution. As usual, dust cover around cutting nozzle is employed to 
enhance the recycling efficiency of smoke-dust particles during cutting procedure.

Figure 17. 
Exhaust system with high power for recycling smoke-dust particles during the cutting procedure.
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For reduction of welding smoke-dust particles, dust catcher with movable device 
as shown in Figure 18 is employed in a shipyard. For the center welding position, 
welding smoke-dust particles can be gathered and recycled with movable dust 
catcher, while atmosphere environment can be well protected by means of avoiding 
arbitrary emission. However, the operation inconvenience and huge requirement 
are disadvantages that limit their wide engineering application only for some posi-
tions with good welding configuration. An exhaust fan, as shown in Figure 18, is 
also installed in the more position of fabrication workshop to effectively gather and 
recovery smoke-dust particles for arbitrary emission elimination during plate cutting 
and structure welding. Moreover, welding wire with advanced chemical components 
and high cost is another option for less emission of welding smoke-dust particles and 
environment protection in some shipyard and ocean engineering companies.

With the above solution for reduction of smoke-dust particles emission during 
plate cutting and structure welding processes, the vast majority of smoke-dust par-
ticles can be gathered and recycled, and the amount of smoke-dust particles emission 
can basically satisfy the emission standard of laws and regulations [31].

5.2 Solution for emission reduction of VOCs

In order to satisfy the requirement of atmosphere and environment protection, 
reduction of pollution emission is usually considered during the ship and offshore 
construction. In particular, VOCs during the priming painting protection of pretreat-
ment and painting will be generated and emitted to atmosphere, which has serious 
harm to human health and is considered as the essential pollutant of the environment.

Currently, there are some practical solutions for emission reduction of VOCs and 
enhancement of atmosphere environment quality, which will be employed due to 

Figure 18. 
Movable dust catcher for welding process and exhaust fan in workshop.
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configuration of organic exhaust gas such as component percentage, VOCs concen-
tration, as well as its amount and flow velocity. During painting processing for ship 
and offshore construction, treatment technology of organic exhaust gas including 
VOCs is generally employed to control and reduce emission amount with terminal 
governance, which are basically classified into two classifications: recycling technol-
ogy and removing technology with combustion decomposition of thermal oxidation 
or biochemical reaction of VOCs [26, 27]. Nowadays, adsorption recycling technol-
ogy, thermal oxidization technology with catalytic combustion, and biological 
technology are the main top three treatment technology employed for VOCs emission 
treatment in shipyard, whose percentages of market share are 38%, 22%, and 15%, 
respectively. Meanwhile, other advanced technologies such as biological technology, 
photochemical catalysis technology, membrane technology and plasma destruction 
technology, and photochemical catalysis technology are gradually employed to effec-
tively reduce the VOCs amount of organic exhaust gas and to rapidly reach emission 
standard.

Based on the applied technology for VOCs treatment, recycling technology with 
pressure swing adsorption, thermal swing adsorption, adsorption with activated 
carbon, and condensation is usually employed to gather VOCs for exhaust gas with 
high concentration of VOCs, while the remaining amount of VOCs should be reduced 
to the emission limit of ship industry [28]. For the exhaust gas with medium concen-
tration of VOCs, recycling technology can be employed; meanwhile, thermal oxidiza-
tion technologies due to combustion with regenerative thermal oxidizer (RTO) and 
regenerative catalytic oxidation (RCO) are also employed to clear organic exhaust gas, 
while VOCs will be converted to CO2 and H2O without harmful effect to human, and 
these gases will be then emitted into the atmosphere. Heat generated during VOCs 
combustion should be recycled for preheating the organic exhaust gas to be treated 
with thermal oxidization technology. For the exhaust gas with low concentration of 
VOCs, thermal oxidization technology due to combustion is usually employed, while 
pressure swing adsorption and condensation are always carried out in advance to 
obtain VOCs with high concentration for effective combustion.

For the shipyard and ocean engineering construction industry, emission of VOCs 
during painting processing has some characteristics such as diversity of generation 
sources, complicated components, lower concentration, valueless or higher cost of 
recycling, as well as massive amount with distribution. Therefore, adsorption tech-
nology based on activated carbon with honeycomb form with large specific surface 
area is usually employed for recycling of VOCs during treatment of organic exhaust 
gas with low concentration, and exhaust gas by means of adsorption clearance with 
less VOCs will be emitted with external vent pipeline as shown in Figure 19. In the 
painting workshop, advanced treatment approach with adsorption-condensation- 
desorption-catalytic combustion is generally carried out for thoroughgoing VOCs 
clearance, while heat generated during VOCs combustion is gathered to preheat the 
subsequent organic exhaust gas for cost reduction without additional consumption 
of fuel. As shown in Figure 20, processing line and its corresponding equipment 
are demonstrated in shipyard. In detail, VOCs with low concentration is condensed 
with activated carbon with honeycomb form beforehand, and then, desorption 
processing is carried out to obtain condensed VOCs with higher concentration, which 
will be burned by means of catalytic combustion. In addition, noble metal (such as 
platinum and palladium) as catalysator is applied to burn VOCs at lower temperature, 
and CO2 and H2O without harm to human health will be generated and emitted into 
atmosphere.
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The detailed information and technological parameters of equipment for clearance 
of low concentration VOCs in painting workshop are listed in Table 2 while activated 
carbon with honeycomb form, noble metal (such as platinum and palladium) as 
catalysator, as well as technological parameters of absorption device and catalytic 
combustion device are also introduced.

Among all thermal oxidization technologies, RTO and RCO are the most common 
technology for VOCs clearance due to steady application and best results.

In detail, RTO technology can heat the organic exhaust gas with VOCs to the 
temperature of above 760°C and make VOCs decompose with Oxidation combustion 
to be CO2 and H2O while the generated heat during VOCs combustion will be stored in 
a special heat accumulator. Then, this regenerative heat will be employed for preheat-
ing the subsequent organic exhaust gas with thermal oxidization combustion, which 
requires the processing working of oxidation combustion to continuously maintain 
as soon as possible. In addition, fuel consumption can then be reduced for heating of 
organic exhaust gas, while fuel consumption is determined by flow velocity of organic 
exhaust gas, concentration of VOCs, thermal storage capacity of heat accumulator, 
as well as surface heat loss due to convection and radiation. It is suitable to deal with 
organic exhaust gas with VOCs of 100–3500 mg/m3, and decomposition efficiency 
of VOCs is about 95–99% with convenient operation and long service life; however, 
the weight of equipment is huge due to the application of ceramic heat accumulator, 
which is usually located in the outdoor due to its large volume. Meanwhile, investment 
of RTO is much more expensive

With catalysator of noble metal (Pt/Pd), RCO technology can effectively 
decompose the VOCs by means of oxidation combustion into CO2 and H2O in lower 
temperature of 200–400°C for solving pollution of organic exhaust gas. RCO has 
advantages such as lower requirement of fuel consumption and high quality of VOCs 
clearance with 97%, and it is suitable to deal with organic exhaust gas with flow 
velocity of 5000–200,000 m3/h by means of convenient operation. In addition, a 
special catalysator of noble metal is almost impregnated into storage ceramic material 
with honeycomb form for both lower fuel consumption and less cost of equipment, 
while the best clearance effect can be achieved and efficiency of thermal recovery is 
higher than 95%. Moreover, both thermal oxidizer (RTO) and RCO require expensive 
cost for corresponding equipment installation, and massive electrical energy will 

Figure 19. 
Adsorption and gathering equipment to deal with organic exhaust gas with low concentration VOCs.
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Figure 20. 
VOCs clearance with adsorption–condensation–desorption–catalytic combustion processing and corresponding 
equipment. (a) Adsorption–condensation device based on activated carbon with honeycomb form on organic 
exhaust gas with low concentration VOCs. (b) Desorption of condensed VOCs form activated carbon with 
honeycomb form by means of heating above 80°C. (c) Catalytic combustion of condensed VOCs with noble metal 
as catalysator at lower temperature.
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also be consumed during VOCs clearance operation of organic exhaust gas due to 
the large rated power of equipment for both thermal oxidization technologies with 
combustion.

Besides the technology mentioned above for reduction of VOCs emission during 
paint processing and protection of atmosphere environment quality, there are still 
other practical solutions to deal with pollution problem of VOCs emission during 
actual ship and offshore construction. An environmentally friendly coating material 
without VOCs, such as waterborne peelable paint, is also gradually employed for ship 
painting process, which is much more effective to reduce the emission amount of 
VOCs. Since the production technology of paint without VOCs is still not mature for 
its mass production, which has higher production cost without popular application in 

Content Technological parameters Value in detail

Main draught fan Capacity of air quantity 50,000 m3/h

VOCs concentration of organic 
exhaust gas

≤1000 mg/m3

Rated power 55 kW

Wind pressure 2800 Pa

Activated carbon with 
honeycomb form

Size 100 mm × 100 mm × 100 mm

Wall thickness 0.5 mm

Density 0.42–0.46 g/cm3

Cavity density 100/in2

Desorption temperature ≤230°C

Catalysator Size 100 mm × 100 mm × 100 mm

Wall thickness 0.33–0.39 mm

Cavity density 200/in2

Content of noble metal (Pt/Pd) 600 ± 10% mg/l

Rate of water absorption 19–24%

Softening temperature ≥1380°C

Absorption device Clearance efficiency ≥95%

Content of activated carbon 15 m3

Wind speed 1.0 m/s

Rated power 13 kW

Capacity of air quantity 3500 m3/h

Wind pressure 4000 Pa

Catalytic combustion 
device

burning temperature of VOCs 220–250°C

Rated power 96 kW

Capacity of air quantity 1800 m3/h

Wind pressure 750 Pa

Table 2. 
Technological parameters of equipment for absorption-condensation-desorption-catalytic combustion processing.
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shipyard compared to conventional paint. Advanced painting equipment with high 
adhesion rate (higher than 70%) is employed to reduce VOCs pollution. In order to 
enhance the adhesion rate of paint, mixing air spraying equipment with advanced 
painting technology can be applied to achieve painting processing with high quality 
of certain thickness and evenness of coating, which also has lots of advantages such as 
high productivity and utilization efficiency of paint

Moreover, optimization of painting processing is also considered. In addition, 
painting of a ship piece and block is carried out in advance in a workshop or dry-dock 
with good condition, while VOCs can be well gathered and recycled to reduce the 
painting in outdoor yard and dock and atmosphere and environment pollution. In 
particular, shelter scheme during outdoor painting in some advanced shipyard is 
applied. In detail, the regions with painting in outdoor yard and dock were insulated 
and covered with special facilities, while emission amount of VOCs can be controlled 
without arbitrarily emission.

6. Conclusion

With the above investigation, situations of energy consumption and pollution 
emission for ship industry in China were presented, while their characteristic and 
influential factors were also examined; solutions for reducing dust particles and VOCs 
were introduced and applied to conform to the requirement of environment protec-
tion. The following conclusions were also obtained:

1. Fabrication procedures during shipbuilding with energy consumption and pollu-
tion emission were systematically introduced and summarized.

2. Consumptions of electrical and chemical energy of each fabrication processing 
were surveyed and examined, which have large difference due to actual working 
load, requirement of quality, fabrication approach, and utilization efficiency of 
energy.

3. All pollutants during shipbuilding were considered, and current emission 
amounts were also presented, which cause serious harm to atmosphere quality, 
ecological environment, and human health.

4. Dust particles with massive emission and atmosphere pollution were gathered 
and controlled with the application of advanced fabrication approach and post-
treatment equipment.

5. VOCs as the critical pollutant were holistically examined with recycling and 
removing technologies based on their characteristics during shipbuilding, and 
some other solutions were also carried out to reduce the emission for environ-
ment protection.
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Abstract

Gas metal arc welding (GMAW) processes need to guarantee the quality of the
parts produced from this stability in the manufacture of a single bead. In addition to
the visual inspection and subsequent characterization with the cutting of the samples,
which consists of destructive analysis, it is possible to monitor the entire process and
the quality of the part in a non-destructive way. Therefore, this work aims to develop
a methodology for the analysis of non-destructive and online weld beads using high-
speed cameras, thermal cameras, profilometer and algorithms in MatLab for data
processing. The high-speed cameras allow the capture of images of the electric arc and
the metallic transfer mode. The thermal cameras, on the other hand, allow the visual-
ization of the melt pool and the temperatures reached during the deposition. Finally,
the laser profilometer allows you to make a point cloud of the part and measure its
geometry (height, width, height-to-width ratio, wetting angle) online and more accu-
rately than the caliper. With this, it is possible to use the data, both for geometric
quality, preliminary parameterization of additive manufacturing, and later for feeding
simulations of welding. Promising the monitoring process during manufacturing.

Keywords: monitoring, welding, low-cost, gas metal arc welding, GMAW

1. Introduction

Welding processes with welds presenting defects in their geometry may also pre-
sent changes in their metallurgical and mechanical characteristics, such as, for exam-
ple, residual stresses and deformations and heat-affected zones with coarse grains and
subsequent cracking. Understanding the variables involved (electrical, geometric,
metallurgical) is of great importance to guarantee the final quality of the material.

With regard to the transfer mode, in GMAW, short circuit, globular, spray and pulsed
modes can occur [1]. One way to study the metallic transfer mode of a material is through
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the construction of metallic transfer maps, which are schematic graphs that show regions
or areas in which a certain type of transfer predominates. The maps serve as a support
tool for analysis of the welding process and guidance for carrying out the operation and
aim to establish transfer contours in terms of welding variables. Typically the ways
constructed are in terms of voltage or arc length versus current or feed speed [2].

The identification of the transfer modes can be done at the instant the welding
process takes place or after performing the weld, through the detection and analysis of
different signals, generally provided by the arc region. Sound, light, current and voltage
electrical signals, the appearance of the arc, spatter, among others, can enable the
detection of the transfer mode. Sophisticated techniques, for example, based on analysis
of images obtained through high-speed filming, allow obtaining a greater volume of
information and determining, with greater security, the metal transfer mode, but they
tend to be expensive and time-consuming. One of the most used techniques for the
detection and analysis of some transfer modes is the analysis of current and voltage
oscillograms, based on the arc current and voltage signals [3].When it is not intended to
see the arc, but the metal deposition, the shadowgraph technique can be used. This is a
lighting technique used in conjunction with high-speed cameras in filming metal trans-
fer in GMAWwelding processes. The shadowgraph technique makes use of backlit
directional illumination with a laser beam as the light source [4].

After shooting, pre-processing is important to improve its characteristics, which
depend on the final objective intended for the image. Some processing typically
involves techniques for contrast enhancement, noise removal, and region isolation [5].
Other processings used in digital images are erosion, dilation, thresholding, black and
white, Gaussian and Fourier filters. It can also perform operations such as smoothing.
Equalization and the convolution of matrices or images, for example, the multiplica-
tion of the original image with the images that have applied one or more filters. The
dilation process consists of obtaining the reflection about its origin and then shifting
this reflection from x. The dilation of A by B is then the set of all x displacements.
Erosion is the remainder of displacements; dilation and erosion are dual operations
with each other and with inverse behavior [6].

Burnoff’s criterion [1] or droplet detachment allows the appropriate wire speed and
average current to be found for the material. The methodology seeks a balance between
the melting rate of the wire and the wire feed speed. This criterion consists of building a
functional relationship to represent all possible conditions of the pulse parameters (peak
current, base current, peak time and base time) associated with an average current
(Im). This relationship includes a workspace that encompasses all possible combina-
tions of parameters and represents a region called the parametric zone.

For these reasons, this work intends to contribute to the monitoring of the deposi-
tion process. The first strategy consists of filming with high-speed cameras using the
shadowgraph technique with MatLab programming for image processing in order to
monitor the metallic transfer mode, number of drops per pulse, size and droplet
detachment. The second monitoring stage consists of using a system with an infrared
camera to observe the arc length and geometry of the weld pool and the bead. Finally,
the third step consists of validating the measurements using the laser profilometer.

2. Materials and methods

The welding process was carried out on a Fronius Trans Plus Synergic 5000 power
source. The power source operated in constant voltage mode and the power source
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was manipulated using an industrial computer via an interface for ROB 5000 robots.
PS 130/6 – 5-P from ABB Robotics and programming for one or more beads with the
ROB 5000 Interface, RCU 5000 controller and programming done with the Sport S3
Software. The base metal used was low carbon steel AISI 1020 with the aim of
developing the methodology with a better cost-effectiveness ratio, with ESAB OK
TUBROD 410 NiMo tubular wire and AWS INOX ER 316 wire, and shielding gas with
94% argon and 6% CO2 and also pure argon. Tests were carried out combining two
types of wire and two types of gases, but the methodology carried out can be adapted
for any material and shielding gas that is in demand. The initial studies were carried
out in pulsed GMAW mode due to the greater stability of the transfer mode. Decreas-
ing the range of working values for parameters such as average current, peak current,
base current, cycle or pulse time, wire feed speed, welding speed and inductance, to
obtain a weld with good characteristics. The varied parameters are shown in Table 1.

Other aspects of the research that should be highlighted are the metallic transfer
technique used and the amount of energy and heat input for the metallic transfer. It is
also relevant to point out that the result of these data or parameter values was
evaluated in different parts of the process using the shadowgraph technique for the
analysis of drops, type of transfer and number of drops per pulse, using, for this
purpose, a high-resolution camera. CMOS speed captures 1000 frames per second,
enough to capture between 5 and 7 images per pulse, depending on the frequency of
the pulse and the frequency of the drop. The camera was placed 5° in relation to the
bead and its displacement was always carried out in front of the wire in the same
position to visualize it since it is necessary to see the drop, its characteristics, its
detachment and the transfer mode. The oscillograms were evaluated using program-
ming made in MatLab, an action that helped in the analysis of the stability of the weld,
caloric input, energy per pulse during the process and average current. Then, the
Burnoff analysis was performed and the empirical analysis based on data collection
was used.

The shadowgraph assembly has as its principle the passage of a collimated laser
beam through the arc region so that the resulting image represents the shadow of
these elements (wire, metal in transfer, weld bead). An optical bandpass interference
filter is placed between the arc and the camera, so that only the laser beam and the

Variable parameters Fixed parameters

Travel speed: 6–12 mm/s Contact tip distance piece: 15 mm

Wire feed speed: 2–8 m/min

Pulse frequency: 55–300 Hz Torch angle: 0°

Peak current: 300–450 A

Base current: 15–80 A Electrode diameter: 1.2 mm

Drop separator current: 50–110 A

Indutance: 0–50% Stand off: 12 mm

Base time: 40–50% of period

Peak time: 40–50% of period Gas flow: 15 L/min

Drop separator pulse time:0–0.8 ms

Table 1.
Parameters used in the depositions.
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respective shadows will appear in the image, suppressing the light produced by the arc
that is not in the region of the filter. This arrangement uses a Galileo-type laser beam
expander and the expander uses a diverging lens as the beam input and a converging
lens as the output, which ideally produces a flat wavefront at the output of the
expander, thus having no distortion or magnification in the geometries. of the ele-
ments. The scheme of the technique is illustrated in Figure 1.

For the storage of data and/or images, such as, for example, current and voltage
data, in addition to the images obtained through the profiling technique, an industrial
computer from the ADVANTECH brand, reference ICP-622, was used, which con-
tains a PCI Eagle 703S data acquisition board in charge of acquiring the electrical
signals of the process, in addition to being responsible for carrying out the communi-
cation between the computer and the ROB 5000 interface, which divides its tasks in
the communication providing a time of reading and data response with the power
source. The acquisition of signals is done through a program developed in the
LabVIEW virtual instrumentation software, in the case of current and voltage mea-
surements. The manipulation of the source for shadowgraph has an additional data
acquisition board that records 10,000 data per second, in the case of shadowgraph,
the program made through the board is also in charge of manipulating the linear
displacement table.

The shadowgraph technique was complemented by the synchronization of
the images obtained by filming with the current and voltage oscillograms. The
method couples the variations of the welding parameters with the images and makes it
possible to correlate the information from the two sources. The shadowgraph,
together with the analysis of the oscillograms, allowed the monitoring of the
transfer mode in order to elaborate the metallic transfer maps. After capturing the
images, pre-processing was carried out to improve their characteristics with erosion,
dilation, thresholding, black and white filters, Gaussian and fast Fourier transform
techniques.

The second part of the monitoring is based on the development of infrared image
capture equipment for detecting output variables such as arc length, width and rein-
forcement, along with image processing and adjustments in data synchronization, size
and organization. To carry out measurements from the ultraviolet to the near-infrared
spectrum, the SM-240 spectrometer was used. This equipment has a CCD sensor
internally composed of four parts: (1) input mechanism with built-in slot, a fiber
coupling adapter and a spectrum classification filter; (2) Czerny-Turner cross-array
spectrograph, using high-quality focus; (3) linear charge-coupled device (CCD)

Figure 1.
Scheme used in the shadowgraphy technique [4].
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sensor array and driving circuits; (4) Computer interface card. For the measurements,
the spectrometer was placed 25 cm from the arc using a 0.2 light attenuator and a tube
to direct the light from the weld and reduce the effects of external light. For the
adjustment of the camera, a high-power infrared LED with the following characteris-
tics was used:

• LED code: K2005;

• Emission Color: Infrared (IR) 4 chips;

• Power [W]: 5 W;

• Wavelength (nm): 940 nm;

• Luminous Flux or Luminous Intensity: 250 mW;

• Current:700 mA.

The equipment developed to capture the images comprises a 2.0-megapixel Web
camera at 30 fps to 50 fps - adapted for IR; lenses, 1000 nm high-pass infrared filter;
two 1.0 radiation attenuators; tele objective -zoom focal length (18–108)/Aperture 2.5;
and (5); polarizer. To adapt the infrared camera to the camera used for shadowgraph,
the location of the infrared camera was perpendicular to the bead and its displacement
at 90° and always in front of the wire in the same position to avoid changes in the
images in reinforcement and width. The experimental bench with the spectrometer
and the two cameras is shown in Figure 2.

The laser profilometer was used to validate the geometric measurements
performed by the infrared image monitoring system. Calibrations were performed as
described in the studies by Idrobo-Pizo et al. [7].

Figure 2.
Experimental bench for making the shadowgraph.
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3. Results and discussion

3.1 High-speed camera

As already explained at the beginning of this research, a welding process, to be
used successfully, must have the following characteristics: deposit beads free of
welding defects; be able to apply the process with a high deposition rate and in all
welding positions; absence of spatter and splashes in the formation of deposits; easy
opening of the electric arc; produce weld layers with excellent surface finish, among
other features.

For the validation of the data collection methods of the developed sensors, it was
necessary to legitimize the processes and steps through the shadowgraph technique.
For this, it was necessary to carry out the tests synchronized with the capture of
images by shadowgraph. Initially, the first method of capturing images by profiling
and image pre-processing was used. Tests were performed to capture the droplet
mode and characteristics in droplet detachment and arc length performing image
processing. Figure 3 shows one of the tests with a voltage of 26.5 V, wire feed speed of
6.0 m/min and using Argon with 4% CO2.

The original image has excessive noise making it necessary to treat it. Thus, the
second image from left to right received treatment with a Gaussian filter, erosion,
dilation and binarization. In the third image, a treatment with erosion, dilation, mean
filter and black and white filter was performed. Finally, the fourth image is a super-
imposition of the treatments carried out in the second and third. Additionally, an
algorithm was developed to calculate the relationship between wire diameter, droplet
size and arc length. Another analysis is shown below in Figure 4.

In the first image, a treatment was carried out to visualize details of the wire and
the surface of the pool with a blue background. In the second and third images on the
right, different segmentation filters are applied with edge recognition such as Prewitt
and Sobel. Finally, the fourth image is created based on the previous two edge recog-
nition images. In this, an algorithm is applied that segments it and recognizes objects
by dividing them and placing a different color for each object. The algorithm calcu-
lates the number of pixels per area within each object or color and subsequently
determines the approximate volume of the drop through a relationship with the
calculated area, this area is calculated through a relationship with the pixels within the
drop area and the pixels of the wire diameter which is a known value in millimeters.
By calculating the maxima and minima of the pixels at the edges, measurements of the

Figure 3.
Shadowgraph image capture for droplet mode.
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arc length can be obtained. By synchronizing these measurements with measurements
from other sensors and other variables, it allows for validating measurements from
other devices or equipment.

3.1.1 Burnoff criterion

Burnoff’s criterion allowed the construction of parametric curves and the study of
the regions where the transfer was more stable. Through tests carried out with pulsed
current and with constant current, a graph of average current versus wire speed was
constructed (Figure 5). The intersection point between the two generated lines
allowed inferring the range of the transition current between the globular and spray/
aerosol transfer modes at 167.8 A with a wire feed speed of 5.04 m/min. Such values
can also be decreased or increased in the GMAW-P, using an Im lower than the
calculated one, without loss of weld quality. However, if the value of Im is reduced
beyond the acceptable level, instability in the process and the formation of weld
spatter occur. On the other hand, if the value of Im is increased, the heat generated,
the pool penetration and the material flow increase, in addition to converting the

Figure 4.
Edge surface imaging with object recognition and pixel calculation.

Figure 5.
Relationship between Ia and Va for welding with constant current and pulsed current.
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transfer mode from spray to projected spray, bringing instability in the process. In this
sense, this study analyzed groups located below and above the intersection point in
order to confirm the elucidated aspects. Using wire feed speeds of 5, 6 and 7 m/min
with average currents of 175, 188 and 200A. The intersection between the two lines,
based on Burnoff’s criteria, determines the average current value to obtain a stable
spray/aerosol transfer with a droplet diameter size close to the wire diameter and with
minimum feed speed for this current. The drop volume is considered equal to that
produced by a sphere, as shown in Eq. (1), where r = wire radius (mm) = 0.6 and
VD = drop volume (mm3) = 0.90478.

It is also known that the amount of material deposited on the base metal is the
product of the droplet volume and the pulse frequency (F), or the product of the
cross-sectional area of the electrode (s) and the velocity (v) Eqs. (2) and (3). With a
wire feed speed of 6 m/min, the minimum frequency is F = 125 Hz and the drop
formation time, called cycle time, is Tc = 8 ms. Thus, if the drops are smaller and the
heat supplied is greater, the frequency must be higher. In this way, drops with smaller
dimensions and higher energy have more stability in the metal transfer process.
Therefore, the optimal values of time and frequency used in this study had as a
criterion the smallest droplet size and the relationships between Im and Va established
from the Burnoff criteria.

VD ¼ 4=3ð Þ:π:r3 (1)

VD:F ¼ s:v (2)

F ¼ 3 v= 2dð Þ (3)

In this representation, the point of intersection between the two lines was used to
calculate the cycle time (Tc = 8 ms) for the studied feed rates, but the values used for
this research were Tc = 5 ms and Tc = 6 ms with frequencies of Fr = 166.7 Hz and
Fr = 200 Hz, respectively and Im = 180 A in the construction of the Parametric Zones,
with the aim of saving energy and increasing stability in the transfer process. Figure 6
shows the typical time graph of Ip versus Ib for establishing the parametric zone for a
feed rate of 6 m/min. Such a representation exhibits a linear relationship between Ip
and Ib, the minimum possible value being the common point Im = Ip = Ib. This zone

Figure 6.
Parametric zones according to the Burnoff criteria for V = 6 m/min, Im = 178.404A and (a) Tc = 5 ms and (b)
Tc = 6 ms.
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presents the multiple combinations between Ip, Ib and Tp for a given Im, which
guarantees a pulse condition that fulfills the Burnoff criterion.

From shadowgraph studies and Burnoff’s criteria, correlating with the current and
voltage data from the oscillograms, it was possible to draw the current and voltage
map showing the regions in which the transfer modes occur, as shown in Figure 7.
With this, an optimal region of work is chosen depending on the transfer mode and
the geometric quality of the bead. As will be further explored below.

3.2 Infrared camera

The results obtained by the spectrometer are shown in Table 2. The spectra were
captured using a sensor with manual adjustment and calibration of the equipment to
obtain the wavelength in meters. For this, LEDs of different wavelengths with known
values were used, in addition to considering that the spectrometer has a capture limit
range between 100 nm and 900 nm. In addition, the results were crossed with studies
by Mota [8] who investigated the spectra between 890 nm and 930 nm, obtaining
results similar to those of the present study.

With the data captured by the spectrometer and its subsequent analysis, results
were obtained that allowed finding the tracks where it is possible to visualize the bead,

Figure 7.
Voltage scan image to determine transfer modes and process behavior using wire 410 NiMo and 96%Ar + 4%CO2
gas.

Wavelength (nm) LED color Intensity (lm/cm2) – approx.

320-360-390 Ultraviolet 280–580

460 Blue 150

560–575 Green 200

595 Yellow 200

645 Red 170

815 Infrared <100

850 High power infrared <100

Table 2.
Spectrometer results.
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opening the possibility of continuing with the project of the CCD sensor of the
commercial camera. This sensor can capture a cloud of points of the infrared spectrum
forming an image of the bead, in addition, the sensor manages to partially eliminate
the spectra generated by the plasma or arc due to its maximum capture limit and the
use of filters that restrict the values of capture in the proper range. The images
obtained together with image processing and computational algorithms allowed
obtaining the necessary information for the research, these being the measurements of
width, reinforcement and length of the arc in real time with the 1000 nm filter as
shown in Figure 8.

One of the objectives of the development of this camera is to obtain the width and
the reinforcement using the same camera or the same sensor at the same time. There-
fore, if it is necessary to obtain two images in the same camera at the same time, one of
the images travels a greater distance as it is an indirect image that passes through two
mirrors, which implies obtaining a small blurring of one of the images, which may be
the image that arrives directly or the one that reaches the camera indirectly. In the
image of Figure 8, a better focus can be observed when a single measurement is
performed, this is because due to the differences in ways to measure both the width
and the length with the same camera, it is necessary to focus the camera on a midpoint
between the two paths, which generates a small distortion in the images, a fact that
does not occur when only one parameter is being evaluated. To solve this problem,
two cameras could be used, but this would increase the cost of the proposed method-
ology. Another solution comes from the fact that the images can also be improved,
using a camera with higher resolution and changing the aperture of the diaphragm to
reduce blurring, for this reason, a zoom with variations of the diaphragm and focus
was used. Thus, for these tests, a low-resolution 2.0-megapixel web camera was used,
which is economical and can capture 33fps or can be adapted to capture 50fps.

One of the tests adopted to carry out the different types of adjustments in the
camera, such as, for example, the focus of the two images obtained in the same camera
(direct and indirect), the position of the mirrors to capture the indirect image at the
bottom of the camera and mainly the test of lighting levels to capture the infrared
spectra of wavelengths greater than 950 nm, was the test shown in Figure 9, in which
three infrared LEDs with different wavelengths (730 nm, 850 nm and 940 nm) were
used, as well as high power LEDs each of 5 W. In these tests, it was only possible to
capture images of the LED with a wavelength of 940 nm because its transmittance
level is 950 � 25 nm shown in Figure 8, which coincides with the limits of the infrared
spectra of the filter used in the camera. The image in Figure 9 shows the test with the

Figure 8.
Measurements tests. (a) Reinforcement and width measurement test in the same camera, using 1000 nm filter,
attenuators and polarizer. (b) Test to measure reinforcement only, using 1000 nm filter, attenuators and
polarizer.
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940 nm LED, in the upper part of the image there is a direct image of the profile of the
high-power LED, and in the lower part, its front face is seen, captured from a higher
position, but with the use of two mirrors taking the image indirectly to the same
camera at the bottom of the sensor.

The reason why it is possible to see the 940 nm infrared LED image using the
1000 nm high pass filter is that it can have an emission range with high transmittance
up to 975 nm and very low transmittance levels up to 988 nm. Furthermore, the
1000 nm high-pass filter has a tolerance for capturing wavelengths lower than the
limit value at �25 nm, so this filter begins to weakly capture the spectra that emit
from 975 nm onwards. For this reason, even when testing with a high-power LED, the
light intensity captured is weak. As for the other tested LEDs, with shorter wave-
lengths, it is not possible to capture images.

Figure 10 shows how the algorithm performs the measurements of reinforcement,
width and length of the arc with images captured through the infrared camera, the
equipment developed and previous treatment of images using media filter, black and
white filter and Prewitt edge filter and Sobel.

Figure 9.
Infrared camera adjusts with high-power LED 950 nm.

Figure 10.
Measurements with MatLab algorithm of (a) height, (b) width and (c) arch lengh.
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3.3 Laser profilometer

To validate the measurements made online with the infrared camera, an offline
measurement of the reinforcement and width was carried out, with a scanner for each
of the cords obtained, which are presented by a cloud of points in a 3D graph,
exemplified in Figure 11. The scanner program generates a table with the maximum
value data on the Y-axis and X-axis, collected from the point cloud obtained by the
laser transversely around the bead. Thus, with this maximum value, determine the
reinforcement and width at each measurement instant.

4. Conclusions

It is concluded that high-speed cameras are an effective way to control the transfer
mode and parameterize the welding processes together with current and voltage
sensors and algorithms for image post-processing, essential for better visualization of
the transfer, increasing image quality and reducing noise. All of these techniques,
together with the Burnoff criteria, guarantee the choice of the optimal working region
and the stability of the welding process and the final quality of the bead. In addition,
the use of results obtained via spectrometer and infrared camera allows online
obtaining of width, reinforcement and arc length, allowing monitoring of the entire
process and bead geometry. Profilometer validation is extremely useful to prove the
quality of the monitoring system developed via cameras, making it a viable technique
applicable to parameterization processes. Post-processing is complementary to
increasing image quality, but online measurements can be performed without using it.
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Figure 11.
Point cloud of a bead using a laser profilometer.
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Chapter 6

Influence of Process Parameters in 
Gas-Metal Arc Welding (GMAW) 
of Carbon Steels
Gilbert Tukahirwa and Catherine Wandera

Abstract

Gas-metal arc welding (GMAW) is a widely used fusion joining process in 
industry known for its ability to create high-quality welds. However, the complex 
and nonlinear nature of GMAW process variables often leads to weld defects in cer-
tain situations. Various dynamic factors affect the GMAW process, including power 
source dynamics, metal transfer dynamics, arc and droplet dynamics, and weld 
pool dynamics, making precise control challenging. While achieving completely 
defect-free welds can be difficult, some welds may still meet industry standards 
for acceptable performance in specific applications. Properly controlling process 
parameters plays a crucial role in reducing defects and enhancing overall weld 
quality. Advanced sensor technologies have emerged as valuable tools for monitor-
ing and adjusting process parameters to achieve desired weld characteristics. This 
chapter provides a review of research on how GMAW process parameters influence 
the welding of carbon steels, emphasizing the importance of process control and 
the role of sensor technologies in improving weld quality.

Keywords: GMAW process parameters, GMAW process dynamics, carbon steel 
welding, weld defects, process control

1. Introduction

Welding is one of the fundamental processes in the manufacturing industry, 
which is used to join parts by fusing the workpiece edges to form permanent joints. 
Numerous welding processes are applied in various manufacturing industries, such 
as aerospace, automotive, shipbuilding, railway, industrial machinery manufac-
ture, agricultural equipment production, and other general engineering applica-
tions [1]. Globally, some of the commonly used conventional welding processes 
include: shielded metal arc welding (SMAW), oxyfuel gas welding (OFW), 
gas-metal arc welding (GMAW), flux cored arc welding (FCAW), gas tungsten 
arc welding (GTAW), submerged arc welding, and spot welding [2]. Moreover, 
arc welding and gas welding methods like SMAW and OFW are the widely used 
welding processes in small-size welding enterprises, especially those located in 
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developing countries, because of their cheap cost of acquisition of the welding 
equipment and low operation costs. However, the SMAW and OFW methods are 
time-consuming and produce low-quality welds compared to advanced arc welding 
processes such as the GMAW process that is credited with high-quality welds and 
flux-free welds [1]. The GMAW process can be used to weld most metals, namely 
carbon steel, high-alloy and low-alloy steels, stainless steel, aluminum, copper, 
titanium, and nickel alloys [3].

Due to the continuous wire electrode in GMAW, welds are done at a high speed 
resulting in time-saving [4]. However, it is inevitable to produce defect-free welds 
due to the complexity of the GMAW process [5] characterized by nonlinear system 
variables’ relationships [6] and difficulty in setting appropriate input welding 
parameters—such as welding current, welding voltage, gas flow rate, torch angle, and 
electrode feed rate—for varying applications [7]. Inappropriate section of process 
parameters can produce major defects, such as excessive spatter, undercut, overlap, 
porosity, and poor weld bead contours [1, 8]. Automation with or without robots is an 
effort toward overcoming defects in GMAW welding [6]. Automation improves both 
motion and process control resulting in enhanced weld quality; however, inconsisten-
cies in process parameters (inputs) and material variations still hamper the achieve-
ment of excellent welding performance in terms of productivity and weld quality 
[9]. The weld quality is affected by material variations such as thickness, geometry, 
workpiece fit-up, material composition, and surface finish [9]. For instance, carbon 
still has a wide spectrum of material compositions ranging from low-carbon steels 
(mild steels), medium-carbon steels, and high-carbon steels; therefore, selection 
of the right process parameters for a given composition of carbon steels is of great 
importance in GMAW welding [10].

Even with the selection of the right material variables and consistent process 
parameters, the GMAW process still experiences the challenges of too high heat 
input, too low heat input, arc instability, distortion, and joint position errors due 
to the nonlinear relationship that exists between variables. The variability in the 
weld process produces weld defects, such as undercutting, porosity, irregulari-
ties in the weld bead, lack of weld penetration, lack of fusion, heat-affected zone 
(HAZ) softening, microstructure deterioration, crack susceptibility, and loss 
of mechanical properties in the weld metal (WM) and heat-affected zone [11]. 
Studies on GMAW welding have developed a considerable understanding on how 
to address the challenges experienced in the GMAW process in many applications. 
Some studies have used statistical quality control tools, such as statistical models 
[12, 13], numerical models [14–18], and artificial intelligent models [19, 20], to 
predict the desired output parameters by refining the input process parameters 
[19, 20]. This has led to process advancements in terms of equipment and process 
control for improvement in the weld quality and productivity, even though some 
challenges still exist [11].

Artificial Intelligence (AI), one of the Industry 4.0 technologies, can be used 
to provide intelligent controllers to increase the welding process control [11]. 
Therefore, the challenge of complex nonlinear relationships of GMAW process vari-
ables is expected to be addressed by AI intelligent controllers. This chapter presents 
the existing knowledge on the influence of process parameters in GMAW welding 
and the status of GMAW process control for improvement in the weld quality and 
productivity.
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2. Description of gas-metal arc welding

2.1 Gas-metal arc welding process

Gas-metal arc welding (GMAW) is a welding process in which the base metal 
(workpiece) is melted and subsequently fused by the heat generated from an 
 electric arc struck between the base metal and a continuous consumable bare wire 
electrode automatically fed from a wire spool at a constant speed through the  welding 
gun; and a shielding gas protects the weld pool from reacting with constituents in 
the atmosphere [1, 5, 21]. The arc in GMAW has various characteristics that include 
plasma, temperature, radiation, electrical features, magnetic fields, and arc blow [6]. 
Figure 1 shows a schematic illustration of the gas-metal arc welding process.

Figure 1. 
The gas-metal arc welding process [22].

Figure 2. 
A schematic layout of the GMAW system components [23].
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2.2 Equipment for GMAW

The GMAW process equipment comprises of the electric power source, welding 
gun, wire electrode feed unit, electrode supply, shielding gas supply, shielding gas 
hoses, shielding gas regulator and flowmeter, electrode conduit, power and work 
leads, assorted hand tools, and spare parts, as shown in Figure 2 [1]. The GMAW pro-
cess is adaptable to semiautomatic, automatic, automated, and robotic welding [24].

3. GMAW process parameters

The categories of GMAW process parameters presented in Figure 3 include the 
power supply variables, shielding gas supply variables, and the workpiece variables 
that include: voltage, current, speed, filler wire diameter, shielding gas flow rate, the 
orientation of the electrode, and the distance between the nozzle and plate [6, 19].

3.1 Welding current

Welding current varies directly with wire feed speed or melting rate and an 
increase in electrode wire diameter necessitates an increase in current [1, 25]. 
Moreover, welding influences the metal transfer modes [1, 24], penetration [1], and 
bending strength [4].

3.2 Polarity

Polarity is defined by the electrode that is connected to the electrical terminal; 
direct current electrode positive (DCEP) or straight polarity is achieved when the 
wire electrode is connected to the positive terminal, while connecting the wire 
electrode to the negative terminal gives the direct current electrode negative (DCEN) 
polarity. DCEP polarity has a stable arc, smooth metal transfer [26], low spatter, 
good weld bead, and good penetration [5, 27]; consequently, it is the most desirable 

Figure 3. 
Categories of GMAW process parameters [6, 19].
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polarity [28]. The DCEN polarity produces large drop sizes and arc forces that propel 
drops away from the workpiece leading to an unstable arc [6]. In the review presented 
by Kah et al. [29], the alternating current gas-metal arc welding combines the benefit 
of arc stability of DCEP and high melting rate of DCEN, resulting in high weld quality 
that is useful in aluminum. Accordingly, the benefits of alternating current-gas metal 
arc welding (AC-GMAW) process include improved distortion control, reduced heat 
input, higher welding wire melting rate, and reduced dilution, resulting in higher 
deposition of filler wire with minimal heat input [29].

3.3 Arc length (arc voltage)

The arc length, which is the gap between the electrode tip and the base of the 
workpiece base, directly affects the arc voltage; the arc length is inversely propor-
tional to the arc voltage, i.e., a high arc length causes a low arc voltage and vice versa 
[1, 5, 30]. Additionally, the arc sound pressure increases with an increase in arc volt-
age [27]. The arc voltage also influences the metal transfer mode [31, 32] and depth of 
penetration [33].

3.4 Travel speed

Travel speed, which is determined by the rate at which the GMAW torch moves, 
determines the amount of filler metal that is deposited. The depth of penetration [33] 
and weld bead geometry [32] are influenced by the travel speed; high filler metal is 
deposited at slow travel speed, while higher travel speed results in an insufficient filler 
metal deposition.

3.5 Electrode extension (stickout)

Electrode extension (stickout) is the distance between the contact tube tip and the 
end of the electrode. An increase in the electrode extension increases resistance caus-
ing the end of the electrode to melt before the actual welding, resulting in a reduction 
in weld heat, penetration, and fusion, and an increased buildup [1, 5].

3.6 Electrode orientation

Electrode orientation is the direction of travel, i.e., trailing and leading orientations. 
It influences the weld bead geometry and penetration more significantly than the influ-
ence of the arc voltage or travel speed on the bed geometry and penetration [5, 20, 30].

3.7 Electrode size

The electrode size influences the transfer mode, deposition rate and determines 
the amount of current and voltage to be set; a small electrode requires more time to 
deposit on a thick material, while a larger diameter requires higher current and volt-
age to be used [1, 5, 34].

3.8 Shielding gases

The main function of the shielding gas in the GMAW process is to protect the 
molten weld pool from contaminants in the atmosphere and prevent oxidation [23]. 
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Therefore, the shielding gas controls the microstructure and composition of the 
weldment. The type of shielding gas and its flow rate have a great effect on arc char-
acteristics, metal transfer mode, penetration and weld bead profile, weld speed, etc. 
A mixture of argon with 2–5% oxygen added, and argon with 25% carbon dioxide gas 
(CO2) added or 100% CO2 (active gas) are used when welding carbon steels [5, 30, 35]. 
The low gas flow rate can cause blow holes and porosity [17].

4. Weld quality characteristics

The welding quality characteristics that define the GMAW welds include: weld 
bead geometry (bead width and penetration), heat-affected zone (HAZ), microstruc-
ture and mechanical properties (strength, ductility, and hardness) of the weldment), 
and discontinuities (porosity and spatter) [20, 36, 37]. These weld quality character-
istics—which are discussed in detail in the proceeding subsections—are influenced by 
input (process) parameters such as welding speed, current, wire feed speed, contact 
tip to workpiece distance, and voltage [1, 5, 19, 24]. The deposition rate is an impor-
tant process variable that influences the weld quality characteristics.

4.1 Weld bead geometry

The weld bead geometry is characterized by convexity index, depth of penetration 
(bead penetration), bead height, bead width, and reinforcement area [20, 36, 38]. To 
obtain the desired quality characteristics, process parameters, such as welding speeds, 
current, wire feed speed, contact tip to workpiece distance, and voltage, are set on 
the welding equipment. However, it is hard to maintain these process parameters at a 
constant value throughout the welding duration due to external disturbances that may 
cause parameter variations resulting in some undesired quality, such as incomplete 
penetration, which can contribute to the failure of the welded structure. Proper selec-
tion and optimization of the process parameters enable attainment of acceptable weld 
bead penetration with a high-quality joint.

Different techniques, such as Taguchi experimental design, statistical analyses like 
analysis of variance (ANOVA), and numerical methods like artificial neural networks 
(ANNs), have been used to optimize and predict the effect of the process parameters 
on weld bead geometry [39]. Kalaignar et al. [40] used ANOVA to predict the most 
significant process parameters affecting weld bead geometry and concluded that 
welding speed was the major factor affecting the bead penetration and bead width; 
and that wire feed rate and welding speed were the most significant parameters 
affecting bead height [40]. A larger penetration is desirable and a smaller convexity 
index is a desirable quality characteristic [41].

4.2 Heat-affected zone (HAZ)

Heat-affected zone (HAZ) is the part of the metal that changes its properties due 
to the heat from welding, but does not melt, as shown in Figure 4 [42]. The features 
that define the HAZ are the width and grain size, which are influenced by the process 
parameters set on the welding equipment [35]. Moghaddam et al. [43] employed 
ANOVA on experimental results and determined that the most significant process 
parameters that influence HAZ were arc voltage and nozzle-to-plate distance. Too high 
values of arc voltage and nozzle-to-plate distance resulted in a high heat input, which in 
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turn increased the HAZ and vice versa. Therefore, lower values of both arc voltage and 
nozzle-to-plate distance are desirable for achievement of the desired weld quality [43].

4.3 Microstructure and mechanical properties of the weldment

The heat-affected zone (HAZ) corresponds to the part of the base metal that 
undergoes structural modifications due to welding. These alterations in the micro-
structure influence the composition of the welded area and require control, as defects 
in welding are closely linked to the microstructure of this zone. The microstructure’s 
configuration is interconnected with the mechanical characteristics of the weldment. 
The arrangement of the microstructure is significantly influenced by the material’s 
chemical composition and the heating and cooling cycles it experiences [44, 45]. Wire 
feed rate is the most important parameter that affects the HAZ microstructure, as it 
changes the heat input and cooling rate. Lower wire feed rate leads to smaller HAZ 
area and ferrite-rich microstructure with some cementite (Fe3C) or austenite. Voltage 
and welding speed have less influence, and they cause some Widmanstatten Ferrite 
(WF) and pearlite in the HAZ due to different cooling cycles. The HAZ microstruc-
ture is mainly ferrite and pearlite [46].

The HAZ is the part of the base metal that changes its microstructure due to weld-
ing. This affects the quality of the weldment and depends on the material’s chemistry 
and the heating and cooling cycles. Wire feed rate is the key parameter that controls 
the HAZ microstructure of low-carbon steel, as it affects the heat input and cooling 
rate. Lower wire feed rate makes the HAZ smaller and richer in ferrite with some 
Fe3C or austenite. Voltage and welding speed have less effect, and they produce some 
Widmanstatten Ferrite (WF) and pearlite in the HAZ due to different cooling cycles. 
The HAZ microstructure is mainly ferrite and pearlite [43, 47].

Figure 5 shows that different microstructures of low-carbon steel are formed under 
varying welding conditions. The microstructures of similar lead and trail currents 
and dissimilar currents are clearly visible in the corresponding weld metal (WM) and 
HAZ. This leads to a corresponding change in the hardness. The size of the grain, its 
shape (bainitic or polygonal/lath-like or granular), and the composition of phases 
(bainite/ferrite/pearlite) present determine the hardness in the WM and HAZ. The 
similarity in hardness values in the HAZ of samples 1 and 2 corroborates the similarity 
in volume fraction of ferrite grains present. The WM for sample 3 consists of a higher 
composition of lath-like grains (bainitic ferrite) and some laths are very fine with fine 
white dots (probably bainite) when compared to sample 4 where large lath-like and 
granular grains (bainitic and polygonal ferrite, respectively) are dominant. The HAZ 
for sample 4 also shows softening as it consists of granular ferrite with large grains with 
very little presence of bainite or pearlite, whereas the HAZ for sample 3 consists largely 
of granular ferrite with smaller grains, which is responsible for greater hardness [47].

Figure 4. 
Heat-affected zone [42].
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In another experimental study, the effect of changing process parameters, such 
as current, voltage, root gap, welding rate, and shielding gas flow rate, also showed 
the change in mechanical properties (ultimate tensile strength (UTS), impact value, 
root bend, and microstructure) of weldment. The three weldments tested were found 
to have a microstructure consisting mainly of ferrite grains with a small amount of 
pearlite. Weldment 2 had finer and more elongated grains than weldment 1 and weld-
ment 3. The specimen of weldment 2 exhibits higher UTS than the other specimens 
[44]. In a study on the effects of changing varying current, voltage, and number of 
passes on mechanical properties of HAZ, it was found out that the increase in current 
increases the hardness, increase in voltage increases the depth of penetration, and 
increase in the number of passes decreases the hardness [45].

The impact of heat input on the microstructures of two carbon steels with dif-
ferent carbon levels was investigated in a study. For low-carbon steel, there was a 
decrease in the pearlite with an increase of heat input causing coarser microstructure 
in the HAZ, while high-carbon steel showed that there was an increase in the pearlite 
with an increase of heat input causing less coarse microstructure in the HAZ, indicat-
ing that high-carbon steel has better mechanical properties and is more resistant to 
heat input effects [48].

4.4 Discontinuities (porosity and spatter)

According to the American Welding Society (AWS) publication “Standard 
Welding Terms and Definitions” (AWS A3.0:2001), a “discontinuity” is termed as 

Figure 5. 
Microstructures for different wire diameters and welding current [43].
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a disruption in the normal structure of a material which hinders uniformity of its 
mechanical, metallurgical, or physical properties. In fact, not all discontinuities are 
considered to be defects. A defect can be a gap in the material that can minimize the 
accepted standard of a product. A flaw is can be termed as an unwelcome discontinu-
ity. The size and shape of discontinuities vary and bigger size and shapes can mini-
mize weld quality [9].

Porosity, a type of discontinuity in welding, emerges when gas becomes trapped 
within a weld, leading to the creation of circular or elongated voids, either on the 
surface or beneath it, as shown in Figure 6a [9]. In processes like arc welding, this 
phenomenon results from gases that are normally dissolved within the molten weld 
material. If the concentration of these dissolved gases surpasses their capacity to 
dissolve, the excess gas is expelled from the solution as bubbles or gas pockets during 
the solidification phase of the weld material [49]. Some causes of porosity are impuri-
ties, insufficient shielding, erratic arc, short arc gap, and low-quality welding skill in 
general [50].

Surface irregularities are flaws on the weld surface that may affect the weld 
quality and performance. They include ripples, spatters, craters, arc strikes, and 
pores. Spatter denotes the presence of melted metal fragments that do not properly 
blend into the weld, possibly indicating problems with the welding procedure or 
insufficient skill [9]. This issue encompasses the formation of liquid droplets close to 
the welding arc while welding and their subsequent expulsion from the weld pool, as 
shown in Figure 6b. Multiple factors can trigger this expulsion of melted material, 
including issues like unsuccessful arc initiation. Insufficiently fine-tuned settings 
frequently play a role in causing spatter. The consequences of spatter can encom-
pass substandard weld quality, disorderly workspaces, and wastage of materials. 
Moreover, the removal of spatter from the surfaces of workpieces prolongs produc-
tion time and raises costs [49].

Sefton and James [51] carried out a research that focused on the challenge 
posed by GMA welding’s sensitivity to strong air currents. They explored the 
consequences of altering air velocities and shielding gas rates during welding while 
maintaining consistent other conditions. A specialized apparatus ensured precise 
airflow control. At draught speeds as modest as 0.9 m/s, the shielding gas dispersed 
and polluted the weld, resulting in the emergence of porosity, a notable defect. 
Elevated gas flows without air disruption prevented porosity. Amplified draught 
speeds and particular gas flows corresponded to heightened porosity, reducing 
the weld’s strength. The study also observed spatter, with porosity as the primary 
influencer of spatter levels. In fact, the higher the porosity, the higher the spatter 
and vice versa [51].

Figure 6. 
(a) Clustered porosity and (b) weld spatter [1].
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5. Characteristics of carbon steel

Carbon steel is among the commercially important metals with intrinsic 
 mechanical properties, low cost, abundant sources, and high melting temperatures 
that lead to their intensive and extensive use in various economic sectors such as 
engineering, transportation, agriculture, and information technology [3, 48, 52, 53]. 
Various types of carbon steel include the low-carbon steel that comprises not more 
than 0.20% C, medium-carbon steel that contains the carbon percentage between 
0.20 and 0.50%, and high-carbon steel that has more than 0.50% C [42]. The carbon 
content and alloying elements added determine the characteristics of carbon steel. 
These characteristics include hardenability, strength, hardness, toughness, wear 
resistance, workability, weldability, and machinability [54].

5.1 Chemical composition of carbon steel

Chemical composition can be defined as a combination of different elements that 
make up a chemical substance. A combination of iron (Fe) and carbon (C) coupled 
with suitable alloying elements makes up carbon steel. The chemical composition of 
carbon steels varies with the carbon content where low-, medium-, and high-carbon 
content corresponds with the respective carbon steel types. The common alloys 
added to carbon steels or that occur as impurities include manganese, phosphorus, 
sulfur, silicon, copper, nickel, and chromium, among others. Generally, every alloy-
ing element composed in the carbon steel material has either negative or positive 
contributions to its inherent properties and characteristics that include hardenability, 
strength, hardness, toughness, wear resistance, workability, weldability, and machin-
ability. In fact, the higher the alloying content, the greater the effects it imparts on 
carbon steel. The chemical composition in the weld metal is basically the combination 
of base metal and electrode metal compositions. For example, high-carbon content 
increases the strength, hardness, and wear resistance while it reduces the ductility, 
weldability, and toughness of the carbon steels [54]. The chemical composition of the 
weld interface and heat-affected zone is similar to that of the base metal. However, 
the mechanical properties may differ depending on the cooling rates and tempera-
tures expressed during the welding process [42].

5.2 Welding characteristics of carbon steel

All carbon steels can be welded with low-carbon steel exhibiting a high rate of 
weldability due to the low-carbon equivalent value which disregards the need for 
preheat and postheat treatment controls as in the case of high-carbon steel [51, 52]. 
This chapter examines previous studies and argues that it is important to distinguish 
between weld characteristics and welding characteristics. These terms may seem 
similar, but this analogy is not true. Weld characteristics are the properties of a carbon 
steel-welded joint such as mechanical properties like tensile strength, hardness, 
elongation, and impact energy [55]. Welding characteristics are the behaviors and 
qualities of carbon steel during the welding process. These welding characteristics 
encompass a range of factors that describe how well a welding process performs and 
how effectively it joins materials. These factors include the welding process param-
eters, preheat temperature, interpass temperature, and postweld heat treatment, 
carbon content, cooling rate, joint design, filler material, base metal conditions, 
alloying elements, and heat input [24, 56–58]. According to B. Choudhury and 
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Chandrasekaran [58], the weld bead geometry (shape and size of the weld bead) and 
the strength (force it can withstand) are examples of welding characteristics that 
measure weld quality [58].

6. Fundamental principle of the GMAW process control

6.1 GMAW process dynamics

Gas-metal arc welding process dynamics refer to the aspect of rapid changes in 
the GMAW process variables during the welding process which influences the metal 
transfer dynamics. The GMAW process experiences dynamic changes in the different 
components of the GMAW system, which include power supply, wire electrode feed, 
shielding gas supply, and power and work leads [1]. These components of the GMAW 
system contribute to the disturbances and uncertainties in the GMAW process [59]. 
The welding process should be stable to give desired weld quality; however, stabil-
ity of the welding process is not possible due to disturbances and uncertainties over 
which the welder has no control, resulting in weld defects like spatter, porosity, 
excessive light, and fumes [60].

To develop mechanisms for overcoming the disturbances and uncertainties 
observed during GMAW process, several researchers have developed mathemati-
cal (statistical and numerical) models that describe the physical GMAW process by 
employing fundamental principles of science, statistical and/or experimental tech-
niques [6, 12, 13, 32, 40, 41], and artificial intelligence models [14, 15, 59]. The major 
aim of these models is to provide a framework for describing and understanding the 
behavior of the GMAW system in order to provide an effective feedback control [6]. 
Dynamic models developed have either focused on the specific dynamic behavior 
of the power source [61], metal transfer [62, 63], arc and droplet [64], and weld 
pool dynamics [65]. The dynamic models have focused on adjustment of the process 
parameters to attain the desired heat input and mass flow to the molten pool, which 
directly influences the weld geometry and greatly improves the weld quality [13].

6.2 GMAW process control

Process control of robotic or automatic equipment involves regulating the sequence 
of operations, process variables, multiple schedules, and motion in order to produce the 
desired response [9]. The most common process controllers used in the GMAW process 
include: Proportional-Integral-Derivative (PID), Integral Sliding Mode Controller 
(SMC), Model Predictive Control (MPC), Adaptive Control, and Intelligent Control.

Proportional-Integral-Derivative (PID): The PID controller uses a feedback control 
algorithm to regulate three different parameters which are proportional, integral, 
and derivative based on the past, present, and future errors between the real output 
taken from the welding process and the expected output (i.e., the set point) [34, 59]. 
The PID controller has been demonstrated to have the ability to maintain a constant 
wire feed speed for an automated GMAW welding bench [61, 62, 66]. By controlling 
an input wire feed, the output arc current becomes constant, hence imparting the 
desired quality weld. Furthermore, the PID was also used to control the wire feed 
speed in a standalone photovoltaic (PV) module wire feeder system (PV-WFS) of the 
GMAW PV-run equipment [67]. PID controllers are widely used in industrial control 
systems because of the reduced number of parameters to be tuned.
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Integral Sliding Mode Controller (SMC): The integral sliding mode controller controls 
the welding current and arc voltage of a GMAW system by applying a discontinuous 
signal [68] to control the dynamics of complex nonlinear systems operating under 
uncertain conditions [69] such that a desired performance can be attained thus increas-
ing the consistency in weld quality [70]. Moreover, consistency in the weld quality can 
be achieved by the robust finite-time output tracking of the GMAW system [71].

Model predictive control (MPC): MPC is an advanced effective control algorithm 
used in industrial applications to predict or estimate the future output of a system 
from a set output by employing the dynamic model [64, 72]. The MPC is robust in 
modeling uncertainty and has the capability of dealing with system constraints [73]. 
A nonlinear model predictive controller has been used to control or regulate droplet 
detachment frequency without measuring it directly; the welding current and arc 
length are successfully controlled by the MPC controller [74].

Adaptive control: The adaptive controller has the ability to self-regulate or self-
adjust the parameter variations and disturbances in the process [6]. The adaptive 
control system constantly analyzes the feedback from the sensor and adjusts input 
parameters as well as learns new patterns during the welding process [72]. The use 
of sensors allows real-time control and adjustment of process parameters such as 
welding current and voltage [75], leading to real-time monitoring of the weld bead 
geometry and real-time evaluation of the weld defects [36]. AI concepts, such as 
expert control, genetic algorithm, fuzzy logic control, and neural networks, can also 
be used for developing adaptive control [37]. The combination of artificial neural 
network (ANN) decision-making software and machine vision system leads to the 
development of an adaptive (AI)-based GMAW parameter control system [37]. Gyasi 
et al. [38] developed an adaptive intelligent system using infrared thermography 
(IRT)-based device and AI system.

Intelligent control: The intelligent control is achieved through the use of neural 
networks, fuzzy logic, pattern recognition, expert systems, AI, and/or knowledge-
based systems. An advantage of techniques like neural networks and fuzzy logic 
is that they do not require precise mathematical modeling of the welding process, 
which is a stumbling block for all control techniques to be applied to welding pro-
cesses [6]. According to Thompson and Alfaro [76], intelligent control is a heuristic, 
autonomous, nonlinear, and adaptive (with learning) controller. Information theory, 
computer science, and artificially intelligent can be applied to obtain good results 
in complex systems modeling. Key intelligent technical elements, which mimic the 
welder or human sensory organs, include: sensing the welding process for the welder’s 
sense organ function, knowledge extraction and modeling of the welding process for 
the welder’s experience reasoning function, and intelligent control of the welding 
process for the welder’s decision-making operation function. In the era of Industry 
4.0 that enables the realization of smart manufacturing including smarter robots, the 
new techniques and applications of data analysis, learning models, and intelligent 
control are also important in the control of intelligent welding systems [5, 76].

7. Weld quality measurement systems

7.1 Online weld quality systems

The GMAW process characteristics—such as extreme brightness of the arc   
radiation, spatters/splash of the hot metal, fumes/smokes, high temperatures—inhibit 
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the welder (operator) from clearly viewing the molten weld pool dynamics and the 
formed weld bead during the welding process. Therefore, online monitoring is used 
to continuously compare the actual and desired weld quality values so as to adjust 
the welding parameters based on such real-time sensing and feedback control [77]. 
An online weld quality measurement system is the quality measurement inspection 
done during the welding process. A sensor mounted on the robot head scans the 
welded surface and sends the analyzed measured data to the welder (operator) or 
control algorithm, as shown in Figure 7 [78]; and subsequently, adjustments in the 
input process parameters can be made. The benefits of using an online weld quality 
measurement system include higher productivity, lower costs due to limited final 
inspection, less audit, less repair, and greater reliability of the welded components 
in automated welding operations, which subsequently guarantees good weld quality 
[79, 80]. Online weld quality systems have been used to satisfactorily measure weld 
bead dimensions (groove width, weld bead width, filling depth, and reinforcement 
height) and detect weld defects (plate displacement, weld bead misalignment, and 
undercut) [81].

Intelligent models, analytical and simulation techniques, such as soft-computing 
tools, finite element methods, and thermal models for online monitoring, have 
been developed to improve the online monitoring of the weld quality [27]. Online 
monitoring can also be obtained using data mining algorithms that detect the process 
disturbance with the statistical data [82]. Advanced (i.e., reliable, noncontact, and 
nondestructive) online sensors used to [80] extract data from the GMAW welding 
process include fuzzy-logic-based optical sensors, laser profile sensors [78], and the 
hall effect sensor [82]. The usability of the online sensors’ quality assessment and 
diagnosis is limited by their speed, time of evaluation (delayed evaluation or post-
process evaluation), cost, robustness, and accessibility. Arc sensing provides more 
flexible online sensing but is also limited by directly measuring only the input and 
the intermediate variables of the process without detecting the output variables, so 
it does not give the information about the weld quality. Consequently, Ayoade and 
Steele [5] experimentally investigated both arc sensing data collection for in-process 
and sensor technology sensing for postprocess data inspection to establish the method 
that provided better weld quality [5]. Online surface measurement is also important 
for determining weld quality in Wire Arc Additive Manufacturing (WAAM) using the 

Figure 7. 
Real-time scanning using a laser scanner mounted on the robot head [78].
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GMAW process, whereby online surface measurement is used to measure each layer 
of metal added in order to ensure that the desired bead geometry is obtained before 
the next layer is laid; the bead geometry determines the quality of the next layer [83].

7.2 Offline weld quality systems

Offline weld quality measurement is a postwelding inspection or nondestructive 
testing (NDT) technique for identifying defects in which the weld bead is measured 
after welding or away from the welding station to check whether the desired quality 
has been achieved [82]. Offline weld quality measurement is time-consuming and 
costly [27]. Welded surface beads can be measured using numerous handheld manual 
gauges that measure the weld toe radius shown in Figure 8 [78]. Vision systems are 
other tools that are used in weld quality measurement by scanning the welded surface 
and a computerized environment is used for evaluation and that assessment is done 
by manually placing measurement points (a minimum of 3 points) in the area of 
interest on the cross-section curve of the measured surface [78].

8. Weld quality standards

The presence of discontinuities and imperfections is a common occurrence in 
welded structures; therefore, an appropriate standard must be satisfied by a specific 
weld so that the welded products can be considered to be fit for service in a specific 
application without failure [24].

8.1 International standard SS-EN ISO 5817

The international standard SS-EN ISO 5817 is a standard applicable to a wide range 
of welded fabrications, which provides quality levels of imperfection in fusion welded 
butt and fillet joints (except for beam welding) in all types of steel, nickel, titanium, 
and their alloys; the SS-EN ISO 5817 is applicable to material thickness ≥ 0.5 mm and 
covers fully penetrated butt welds and all fillet welds as well as partial-penetrated 
butt welds. The standard provides three classifications of quality levels designated 
by symbols B, C, and D, where B is the highest and D has the lowest requirements 
on the finished welds for each weld discontinuity and imperfection [80, 81]. The 
standard specifies more than 40 different discontinuities and weld imperfections for 
the different quality levels [78], with 23 outside imperfections, 13 inside imperfec-
tions, two weld geometry imperfections, and two types of multiple imperfections 
[84]. The SS-EN ISO 5817 standard was established when stress analysis was based 

Figure 8. 
Manual weld geometry measurement gauges: (a) radius gauge, (b) radius master, and (c) gauge for throat 
thickness and depth of undercut [78].
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on simple strength of materials calculations (nominal methods) and the acceptance 
limits were set from a production point of view of good workmanship [85]. However, 
an inconsistency between acceptance limits according to the SS-EN ISO 5817 standard 
and fatigue life exists within the same quality level where some existing imperfection 
types lead to short fatigue life, other imperfection types lead to long fatigue life while 
some other imperfection types do not influence fatigue life [79, 81].

8.2 Volvo group STD 181: 0004

The Volvo Group STD 181–0004 standard was developed to mitigate the 
 inconsistencies of the SS-EN ISO 5817, which featured a weak relationship between 
the acceptance limits and the influence of existing imperfections on the fatigue 
life. The Volvo Group STD 181–0004 standard has five quality levels whereby four 
quality levels (VE, VD, VC, and VB) are for fatigue-loaded structures and one for 
static-loaded structures (VS) within general lower demands. Quality level VE, which 
has the lowest requirements regarding discontinuities, is used for welds where the 
root and weld penetration is critical; VD is used for as-welded normal quality, VC 
is used for as-welded high quality, and the highest level VB stands for B posttreated 
welds [81, 84].

According to Jonsson et al. [82], the Volvo Group STD 181–0004 standard achieves 
a more consistent weld quality compared to SS-EN ISO 5817, according to the follow-
ing three important principles:

i. The same fatigue life should be attainable for all imperfection types in one 
weld quality class level.

ii. A shift from one weld class level to the next weld class level reflects a 25% 
increase in fatigue strength, which is a factor-of-2 increase in fatigue life.

iii. Only imperfection types that influence fatigue strength are defined in the 
different classes.

8.3 IIW guidelines on weld quality

The International Institute of Welding (IIW) guidelines on weld quality 
 quantitatively relate weld acceptance criteria to the expected structural performance 
in terms of fatigue strength [85]. The IIW guidelines on weld quality ensure that the 
welded joint’s imperfections meet the fatigue strength demands, which are defined 
in S-N curves for different fatigue assessment methods. The IIW guidelines on weld 
quality define acceptance criteria based on weld geometry and imperfections with a 
focus on increased fatigue strength [78].

9. Conclusion

Significant weld quality improvements have been achieved by GMAW process 
dynamics modeling and coupled with adaptive controls that refine process parameter 
inputs. Online and offline weld quality measurements have been combined to create 
better weld surface geometry measurements, resulting in the adjustment of process 
parameters for control of the weld quality. The welding process parameters play a 
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critical role in determining the microstructure and mechanical properties of carbon 
steel. Therefore, to achieve the required microstructure and mechanical properties 
while minimizing weld defects, the welding process parameters need to be controlled 
and optimum welding process parameters need to be found. The process parameters 
have an effect of changing the microstructure and mechanical properties of carbon 
steel. Moreover, significant advancements have been made in the areas of sensor 
technologies and computational power for online and offline weld quality measure-
ment systems of the weld surface geometry has enabled the realization of intelligent 
automated GMAW processes. Consequently, smart manufacturing with smarter robot 
welding units, more-intelligent process control, and automated quantitative quality 
inspections within the welding industry has been realized [5]. The IIW guidelines on 
weld quality provide acceptance criteria for high-quality weld structures, therefore, 
the desired weld quality characteristics can be achieved. Furthermore, Smart manu-
facturing, a technology of the Fourth Industrial Revolution (4IR) (also referred to as 
Industry 4.0), is now beginning to take center stage in the development of industrial 
processes. Therefore, efforts are being put into developing smarter welding intelligent 
technologies that are capable of recognizing abnormalities in the weld, identifying the 
cause of the weld defect, and making immediate necessary corrective actions leading 
to weld quality improvement without human intervention.
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