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Preface

Welding and joining with difficult-to-weld materials, dissimilar materials, and materials with

complex geometric configurations are always challenging tasks. The extension of welding technology

to layer-by-layer deposition brings the revolution of additive manufacturing. Several precision

manufacturing technologies in the frame of additive manufacturing or 3D printing are in close

proximity to current industrial demand. Additive manufacturing or 3D printing can replace

multiple manufacturing systems and produce complex components with great precision in a

single manufacturing cycle. Although 3D printing using raw materials in the form of metallic

powders produces miniature components with great precision, the production rate and cost of

the component are primary concerns. Hence, the industry is moving towards developing wire

arc additive manufacturing systems. In addition, welding or additive-manufactured components

without any metallurgical issues or process defects and adequate surface finish are critically crucial

for industrial product development. Hence, the requirement of the minimum wastage of raw

materials, environment-friendly technology, and the optimum utilization of resources is the current

demand for the development of a green manufacturing industry. With this anticipated view, the

current reprint attempts to provide an elementary presentation of the subject.

It is assumed that the readers have already studied the fundamental aspects of the welding

and additive manufacturing processes. Advances in this area are intended to provide students,

researchers, academicians, and experimentalists with critical thinking, approaches, and clear ideas

about the subject’s development. Considerable emphasis is given to constructing the advanced

topics and critical issues of welding and additive manufacturing. This edited reprint covers

the most important findings for the development of fusion welding, which includes high-energy

beam welding, arc welding, ultrasound-assisted fusion welding, and vacuum brazing. The critical

aspects of the technological advancement of cold metal transfer for the development of additive

manufacturing are the thrust area of this book. The in-process temperature measurement technique

for additive manufacturing makes a significant contribution. The processing of both metallic and

non-metallic materials, which include low- and high-molecular-weight polymers, titanium alloys,

steels, and superalloys, is covered here. The development of technology with the aid of mathematical

modelling considerably reduces costly experimental affairs.

Many people have participated directly and indirectly in preparing this edited book. We would

like to acknowledge all of them and the contributory authors of individual chapters. We would like

to show our gratitude to MDPI for their efforts in allowing us to prepare this reprint on time.

Swarup Bag and Christ Prakash Paul

Guest Editors
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Welding, Joining, and Additive Manufacturing: Experiments,
Materials, and Modeling
Swarup Bag 1,* and C. P. Paul 2
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1. Introduction
With the advancement of technologies, welding and joining have become an integral

part of advanced manufacturing systems. The joining of new materials, dissimilar materi-
als, composite materials, different geometric configurations, and miniature components
poses significant challenges to the established joining technologies. The industry’s primary
concern is establishing sustainable joining technologies for non-conventional forms of
materials and using these energy sources for developing additive or printing technologies
through experiments and mathematical modeling. Although joining metallic materials
through deposition is an established process, strategic material transport becomes indis-
pensable to establish a layer-by-layer manufacturing process. Material deposition from the
principle of fusion welding in a controlled manner is the backbone for wire arc additive
manufacturing (WAAM) technology. However, mathematical modeling of welding and
additive manufacturing processes helps to establish the in situ physical behavior of the
process. In contrast, simple experiments do not always allow for the reaching of any definite
conclusion. It requires an understanding of the phenomenological behavior of thermo-fluid
or thermo-mechanical analysis with the application of material science. In addition, the
establishment of structure–property relation requires proper characterization techniques of
the components, as well as measurement of temperature. Given the anticipated objective,
this Special Issue presents several articles in the diverse directions of modeling, charac-
terization, and measurement techniques of welding, joining, and additive manufacturing
issues for materials ranging from simplistic to exotic.

2. Short Description of the Articles Presented in This Special Issue
The research on welding, joining, and additive manufacturing processes builds up

through the coverage of ten individual articles broadly focused on experiments and physics-
based models of very critical aspects. This Special Issue mainly focuses on fusion welding
and wire arc additive manufacturing (WAAM). The numerical solution of the process starts
with the governing equations and boundary conditions using suitable solution techniques.
The analytical solution for process stability of fusion welding and additive manufacturing
is the most promising input of the present editorial. In addition, the bubble collapsing
of fusion welding is invariably an important feature. The heat source model of fusion
welding at cryogenic conditions brings new dimensionality over the conventional model.
The temperature measurement technique for the additive manufacturing process is an
excellent contribution to advancing the current manufacturing system. The mechanical and
microstructural characterization of welded and additively manufactured components of ad-
vanced materials brings innovative information to the manufacturing community. All these

Materials 2025, 18, 445 https://doi.org/10.3390/ma18020445
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papers have been peer-reviewed for publication in this Special Issue. A short review of all
these papers is presented as follows. The first six papers are relevant to welding and joining,
and the remaining four papers describe the critical aspects of additive manufacturing.

The paper entitled “Comparative study on the behavior of keyhole in analogy welding
and real deep penetration laser welding” depicts the experimental simulation of keyhole
formation to understand the mechanism [1]. The argon gas stream is passed through
different liquid mediums like water, NaCl solution, and Ga–In–Sn alloy to produce the
keyhole, and the analysis is performed from the images of a high-speed camera. The
compressive pressure consists of gas jet-induced pressure, surface tension at the interface,
and hydrostatic pressure at the liquid surface, which is compared to the vapor pressure of
the actual deep penetration laser welding system. The liquid pressure in analogy welding
and vapor pressure by evaporation in laser welding are the main driving forces for opening
the keyhole, whereas the hydrostatic pressure and surface tension promote the closing of
the keyhole.

The paper entitled “Analytical simulation of the microbubble collapsing in a welding
fusion pool” shows the ultrasound treatment in the weld pool to influence the solidification
behavior and refine the microstructure in a vibration-assisted welding process [2]. The
approach lies in finding the optimum position of the working plate to remotely vibrate it
such that the ultrasound system will create a cavitation vibration at the weld pool. It is
concluded that 20 kHz frequency over a 0.1 s solidifying phase is sufficient time to make
the microbubbles burst in the semifluid, which contributes to grain refinement and better
shaping of intermetallic phases.

The paper entitled “An improved method for deriving the heat source model for
FCAW of 9% Nickel steel for cryogenic tanks” describes the integrated evolutionary opti-
mization algorithm with finite element-based heat transfer analysis [3]. The joining method
is adopted here as flux-cored arc welding (FCAW). The temperature is experimentally
measured at a series of thermocouple points and is compared with computed data to
minimize the error. This inverse analysis is directed toward finding the most suitable
double-ellipsoidal heat source parameters. It is concluded that the adjustment of the heat
source parameters is befitted with a relatively coarse mesh of reduced computational time.
This simplified heat conduction model accounts for a large set of heat source parameters to
reach an optimum level with a low computational time.

The paper entitled “Microstructure and mechanical properties of steel and Ni-based
superalloy joints for rotors of high-speed electric motors” portrays the mechanical and
microstructural characterization of dissimilar joints of magnetic (stainless steel) and non-
magnetic (Inconel) laminated sheets [4]. This welding method is applicable for high-speed
electric motors where laminated sheets are joined by vacuum braze and hot isostatic press-
ing (HIP) processes. The results show that both methods are equally efficient. The finite
element simulation of stress distribution is performed at the operating speed of the rotor.
The minimum shear strength of the joint is estimated, which is close to the experimental
results, essentially showing the effectiveness of the developed numerical model.

The paper entitled “Microstructural and performance analysis of TP304H/T22 dis-
similar steel welded joints” defines the effectiveness of dissimilar austenitic stainless steel
and austenitic/ferritic stainless-steel pipes for high-temperature (550 ◦C) applications [5].
The weak position of the welded joints is located through thermo-mechanical simulation
of tensile specimens. A defect-free environment, devoid of any creep cavities and inter-
granular cracks, is achieved in the present work. It is concluded that the fracture occurs
either in the base material or in the fusion zone of the austenitic stainless steel side at a
high-temperature tensile load.
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The paper “Assessment of changes in abrasive wear resistance of a welded joint of
low-alloy martensitic steel using microabrasion test” illustrates the abrasion wear resistance
of a welded joint of low-alloy martensitic steel [6]. The samples are prepared by multi-
pass MAG (metal-active gas) welding with a preheat temperature of 50 ◦C and interpass
cooling to 225 ◦C. The wear test is carried out by the ball-cratering method using abrasive
slurry over the weld cross-section. The results indicate that the fusion zone has the least
abrasive wear resistance, whereas the heat-affected zone (HAZ) exhibits the variable wear
resistance. The resultant microstructure in the fusion zone is acicular ferrite with perlite
and tempered martensite, and ferrite along with perlite in HAZ mainly brings the disparity
in wear resistance.

The paper entitled “Processing of Haynes® 282® alloy by direct energy deposition
with arc and wire” depicts the influence of arc energy input and shielding gas in the
cold metal transfer (CMT)-based directed energy deposition process on mechanical and
microstructural properties of Ni-based superalloy [7]. The arc energy is varied by changing
wire feed speed and travel speed to produce thin wall and multi-track blocks. It is concluded
that the risk of crack formation and lack of fusion is more pronounced for multi-track blocks
than thin walls; however, it is significantly lower than Inconel 718. The samples produce
higher strength and lower elongation at enhanced arc energy, whereas nitrogen-containing
shielding gas produces higher hardness and low-impact energy and elongation.

The paper entitled “Optimization of CMT characteristic parameters for swing arc
additive manufacturing of AZ91 magnesium alloy based on process stability analysis”
illustrates the droplet transfer behavior of AZ91 magnesium alloy using swing arc formation
by the CMT system [8]. The stability in metal transfer is identified by analyzing the electrical
waveforms and droplet images. The horizontal component of arc force mainly influences
the stable droplet transport. The process stability analysis of swing arc deposition is
performed using the Vilarinho regularity index for short-circuit transfer metal transfer. It
is concluded that the optimum combination of CMT parameters could provide a stable
deposition process and an aesthetic appearance of the defect-free deposited layer.

The paper entitled “Measuring the cooling behavior of melt pools in (L-PBF) by
pyrometry” shows the measurement of temperature using a pyrometer in a powder bed
fusion process [9]. The additive manufacturing for a powder-based process is considered
here for laser powder-based fusion (L-PBF). The instrument is calibrated by applying a
thermal cycle to a printed track and measuring the temperature from both sides, i.e., from
the pyrometer and thermocouple points. The comparison brings the calibrated single-color
pyrometer data. A two-color pyrometer is also calibrated to enhance the precision of the
results. Finally, the temperature is measured for an actual experiment on a single laser
track where a distorted signal for smoke formation is considered. A correlation between
cooling duration and process parameters such as laser power, scanning speed, laser focus
size, and laser focus offset is established. It is concluded that the cooling rate or cooling
duration from time–temperature simulation using the proposed pyrometer is helpful for
understanding microstructural evolution.

The paper entitled “New partially water-soluble feedstocks for additive manufactur-
ing of Ti6Al4V parts by material extrusion” describes the development of feedstock systems
for Ti6Al4V from eco-friendly solvents such as water-soluble binder systems using fused
filament fabrication (FFF) and fused feedstock deposition (FFD) processes [10]. The feasibil-
ity of two polar binder systems consisting of the low molecular weight polyethylene glycol
and the high-molecular-weight polymers poly (vinylbutyral) or poly (methylmethacrylate)
has been investigated. The rheological study indicates that a polar binder system can
accommodate a solid load of 60 vol% of Ti6Al4V and reach 96% theoretical density after
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water debinding and thermal debinding and sintering of metal parts. It is concluded that
further densification to 99% is possible to achieve after hot isostatic pressing.

It is evident from the presented papers that research on welding and additive manu-
facturing includes a wide range of manufacturing processes, materials, measurement, and
characterization techniques. The fusion welding processes, such as laser welding, FCAW,
MAG welding, gas-metal arc welding (GMAW), ultrasound-assisted fusion welding, and
vacuum brazing, convey critical aspects and understanding to practical application. CMT
is the most widely used metal transfer mechanism for the development of the wire arc
additive manufacturing (WAAM) process. Heat transfer analysis, stress analysis, an ana-
lytical solution of jet force, electromagnetic force, ultrasonic vibration, and the application
of optimization algorithms enrich the modeling approaches for welding and additive
manufacturing processes. This Special Issue introduces the application of different materi-
als, such as Ni-based superalloys, austenitic stainless steels, low-alloyed structural steel,
martensitic steel, ferritic stainless steel, titanium alloy (Ti6Al4V), magnesium alloy, low- and
high-molecular-weight polymers. A range of techniques like similar welding, dissimilar
welding, multipass welding, droplet transport mechanism, and feedstock fabrication are
learned from these papers. Several experimental evaluations like temperature measure-
ment, temperature-dependent emissivity calibration, metallography and microstructure
of metallic and non-metallic samples, images from high-speed cameras, mechanical prop-
erties, wear test of welded components, and recording of waveform current are essential
outcomes from the presented papers. Till, there is much more new welding and joining
technologies that are evolving day-by-day to meet the modern industry challenges. A
much more demanding additive manufacturing technology for a wide variety of materials
is also in the development stage, which may bring about a revolution in the industry.

3. Conclusions
The objective of this Special Issue effectively aims to improve the welding, joining,

and additive manufacturing technologies; characterization of materials and processed
components; and establishment of measurement techniques. It collectively shows how
to produce beneficial microstructure and properties, avoid common defects, ensure the
weldability and printability of commercial alloys, and address the need for post-processing
to develop welding, joining, and additive manufacturing processes. The following con-
clusive statements are derived from the present editorial work. The vapor pressure in the
laser welding process is the main driving force for keyhole formation. The microbubble
formation through external vibration modifies the solidification behaviors in the fusion
welding process. The inverse approach is the most suitable way to find the uncertain
parameters of a computationally efficient heat source model. Vacuum brazing is an efficient
method for joining laminated sheets of Inconel and stainless steel. A microstructurally
sound dissimilar weld joint between austenitic and austenitic/ferritic steel can be achieved
by fusion welding. The fusion zone of low-alloy martensitic steel produces the minimum
wear resistance property. Heat input is a more effective method than nitrogen shielding gas
to achieve high strength in Ni-based superalloy in the directed energy deposition process.
A swing arc in the cold metal transfer process produces stable and defect-free deposition
of magnesium alloy. A pyrometer-based temperature measurement technique is more
flexible for additive manufacturing processes. The mechanism for the bonding of polymers
in a non-conventional way and the joining of non-metallic materials shows the path to
developing various printing technologies. However, rapid development of additive manu-
facturing demands much more research on the subject, which is currently the future of the
manufacturing industry. In summary, the collection of articles in this Special Issue provides
a foretaste view of the recent progress in specific areas of welding, joining, and additive

4



Materials 2025, 18, 445

manufacturing. This publication brings the opportunity for students, scientists, researchers,
and entrepreneurs to exercise the subject and gain significant knowledge from it.
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Article

Comparative Study on the Behavior of Keyhole in Analogy
Welding and Real Deep Penetration Laser Welding
Zhongjia Hao, Huiyang Chen, Xiangzhong Jin * and Zuguo Liu

State Key Laboratory of Advanced Design and Manufacturing for Vehicle Body, Hunan University,
Changsha 410082, China
* Correspondence: jxz2014@hnu.edu.cn

Abstract: In deep penetration laser welding, the behavior of the keyhole has an important influence
on the welding quality. As it is difficult to directly observe the keyhole and detect the pressure inside
the keyhole during metal laser welding, theoretical analysis and numerical simulation methods are
commonly used methods in studying keyhole behavior. However, these methods cannot provide
direct real information on keyhole behavior. In this paper, a method of analogy welding is proposed, in
which high speed gas is used to blow the liquid to generate the keyhole. Relevant process experiments
were conducted to explore keyhole behavior in analogy welding and real deep penetration laser
welding. The pressure balance of the keyhole, both in analogy welding and real deep penetration
laser welding, were analyzed. The laws obtained in analogy welding and real deep penetration laser
welding are similar, which indicates that studying keyhole formation and the maintenance principle
using the analogy welding method proposed in this paper may be helpful for deep understanding of
the keyhole formation and maintenance mechanisms in real deep penetration laser welding.

Keywords: analogy; deep penetration laser welding; keyhole; water model; sandwich method

1. Introduction

As an advanced materials processing technology, laser welding has been used in a
wide range of scientific and industrial applications, e.g., steel, nuclear power, aerospace,
rail transit, automotive, electronics and other major civil or military projects. It plays
an increasingly important role in lightweight transportation vehicles by the welding of
thin-wall components, Al–Mg alloy and other light materials. Metal materials, such as
aluminum alloy and steel, are widely used in the industrial field, and they are the main
objects of laser welding. Generally, the modes of laser welding are mainly conduction mode
and keyhole mode. When the laser energy is insufficient to evaporate the material, that is,
the maximum temperature does not exceed the boiling point of the material, this welding
mode is called the conduction mode. When the laser energy is enough to evaporate the
material, a keyhole appears inside the material, and, thus, this welding mode is called
the keyhole mode. Keyhole mode welding, or deep penetration laser welding, has the
advantages of high aspect ratio, high utilization of laser energy and high welding efficiency,
and it is the main research direction in the welding field at present. For commonly used
aluminum alloy, when the laser power is 3.2 kW and the welding speed is 20 mm/s, deep
penetration laser welding can be carried out on 5052 aluminum alloy plates with a thickness
of 4mm, and the weld surface is bright and smooth. Of course, deep penetration laser
welding also has some limitations, such as high requirements for workpiece assembly,
high processing costs, and limited welding depth, especially compared with the depth of
electron beam welding.

In deep penetration laser welding, the formation of a keyhole indicates that the
coupling mode of laser energy and material has changed; that is, the laser energy absorption
has changed from material surface absorption to material interior absorption. The formation
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and maintenance of the keyhole is the key to realizing deep penetration welding. At present,
there are still many defects in deep penetration laser welding, such as weld depression,
spatter and multi-humps, which hinder the further development of this technology. The
occurrence of defects is closely related to the keyhole behavior caused by the melting,
evaporation and flow of the molten pool during the welding process. Therefore, it is of
great significance to study the formation and maintenance mechanisms of the keyhole in
deep penetration laser welding so as to optimize the welding process and improve the
weld quality. However, it is difficult to directly observe the complete keyhole shape inside
the metal, due to the opacity of metal, and the pressure balance inside the keyhole is even
more difficult to detect directly.

1.1. Keyhole Observation and Theoretical Research

Many scholars have made achievements in keyhole observation and theoretical re-
search on energy and mechanics in keyholes. Arata et al. [1] tried to capture the side shape
of the keyhole from the vertical direction of the welding speed using X-ray, and directly
observed the fluctuation of the keyhole. Dowden et al. [2–6] successfully built theoretical
models of the open keyhole and the blind keyhole, studied the energy balance and pressure
balance in the keyhole during the formation and maintenance of the keyhole, explored the
generation of thermal stress during laser welding of thin plates, determined mathemati-
cally that the viscous resistance related to steam movement was one of the factors causing
the violent movement of the keyhole and molten pool, and established a mathematical
model to describe the axial movement of the molten pool along the keyhole wall. Semak
et al. [7,8] took pictures of the keyhole and the molten pool with a high- speed camera. It
was calculated that the metal vapor induced by the laser was significantly larger than the
surface tension and static pressure of the molten pool, thus promoting the flow deformation
of the molten pool to generate the keyhole. When the keyhole reached a certain size, it
would gradually close under the action of surface tension and static pressure, and the
process showed a certain periodicity. Kim et al. [9] used a high-speed camera to observe
the influence of zinc coating on the morphology of the keyhole in the laser welding process.
It was found that, due to the existence of the zinc coating, under the strong evaporation
of zinc, the bottom of the keyhole was basically open, while the bottom of the keyhole of
the ungalvanized steel tended to close. This phenomenon shows that when considering
the pressure balance in the keyhole, the influence caused by the evaporation of elements
contained in the material needs to be carefully considered. In order to estimate the key-
hole depth in the actual welding process, Lankalapalli et al. [10] established a penetration
model of a two-dimensional conical keyhole and linked the penetration depth with the
incident power. Solana et al. [11] established an axisymmetric model of multiple reflections
inside the keyhole, and ensured the model took into account the inverse bremsstrahlung
absorption. In Pecharapa’s study [12], the phase transformation of materials in the welding
process was taken into account, and a relatively good theoretical model was obtained. In the
study by Strömbeck [13], the multiple reflection of the laser in the keyhole was described
as the self-focusing of the laser welding system, and a model with higher temperature at
the bottom of the keyhole was obtained. Fabbro and Chouf [14] investigated the uniform
motion of the keyhole along a straight line, considered the multiple reflection and inverse
bremsstrahlung absorption inside the keyhole, and linked the drilling rate of the laser beam
with the moving speed of the keyhole. Then, a high-speed camera was used to observe the
flow of the molten pool, and it was found that the interaction between the steam plume
and the molten pool was the reason for the change of flow characteristics [15–17]. In the
experiment, the welding speed was changed from slow to fast, and it was found that the
inverse of the keyhole depth and the welding speed were almost linear [18].

With in-depth study of the keyhole, researchers can obtain a clear image of the keyhole
in the laser welding process. The results obtained from direct observation experiments
of the keyhole have become the basis for studying the characteristics of the keyhole. Jin’s
team used the sandwich method to directly observe the keyhole [19–22], and constructed
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a three-dimensional multi reflection model of the keyhole. It was found that most of
the positions of the rear wall of the keyhole were not irradiated by the laser. In order to
maintain the energy balance inside the keyhole, the energy required for the rear wall of
the keyhole would be transmitted from the front wall to the rear wall by the molten pool
flow [23–25]. By using the sandwich method, Cheng et al. [26,27] found that, compared
with Fresnel absorption, the inverse bremsstrahlung absorption of laser energy by keyhole
plasma played a major role in absorbing laser energy, and the electron temperature inside
the keyhole was uneven and distributed in the radial and depth directions. Li et al. [28]
observed that the steam flowing upward and downward inside the keyhole formed a steam
vortex after meeting, and the fluctuation of steam flow and pressure were the key factors
leading to the fluctuation of the keyhole. Zhang et al. [29] used the modified sandwich
method to observe the keyhole, and summarized the formation of the keyhole into three
stages: the fast-drilling stage, the slow-drilling stage, and the quasi-steady state stage. They
believe that the key factor to make the width of the molten pool enter the quasi-steady state
was the balance between the rotation of the vortex and the lateral flow around the keyhole.
Others believe that the steam recoil pressure generated by the energy reflected from the
front wall of the keyhole to the rear wall is the main driving force for the deformation of
the rear wall of the keyhole, and the rear wall collapses due to large surface tension and
hydrostatic pressure during the oscillation of the keyhole [30].

1.2. Numerical Simulation of Keyhole

Numerical simulation is used to study the characteristics of keyholes. Wang et al. [31]
established a three-dimensional heat source model, composed of a rotating Gaussian
volume heat source and a double ellipsoidal heat source, to simulate the keyhole in the
laser welding process. The numerical simulation results showed that the eddy currents
formed at the top and bottom of the weld pool were conducive to the overall heat transfer.
Cho et al. [32] simulated the flow of the molten pool at the initial stage of the keyhole
formation, and found that, in the initial stage, the flow direction in the center of the molten
pool appeared as axisymmetric oscillation, which was closely related to the recoil pressure,
the cooling and the surface tension. Huang et al. [33] theoretically studied the correlations
between the surface area, the volume of the keyhole, the welding speed and the surface
tension coefficient, and believed that the surface tension controlled the oscillation period
of the keyhole. Bedenko et al. [34] conducted one-dimensional simulation research on the
dynamics of keyhole plasma during laser welding, and pointed out that the keyhole plasma
had a periodic shielding effect on laser radiation, which caused the absorption of laser
energy by workpiece materials to alternately attenuate or stop, resulting in the pressure
and temperature oscillations. Pang et al. [35] proposed a mathematical model to describe
the dynamic coupling behavior of the keyhole and the weld pool, and pointed out that
the surface tension had a great influence on the period of keyhole depth oscillation. The
oscillation of the plume ejected from the keyhole was closely related to the instability of the
keyhole, and the oscillation frequency was the same as the oscillation period of the keyhole
in the depth direction. Li et al. [36] simulated the laser welding of aluminum alloy under
sub-atmospheric pressure. The numerical results showed that, compared with atmospheric
pressure, the keyhole became wider and deeper, and the hump smaller. With the decrease
of environmental pressure, the eddy current on the rear wall of the keyhole decreased or
even disappeared, which was conducive to improving the stability of deep penetration
laser welding and suppressing the generation of defects. Cunningham, Mayi studied the
transformation of the welding mode, and found that there was a clear threshold for the
sudden change from the conduction mode to the keyhole mode. During the transformation
process, a semicircular pit appeared in the weld pool. Its depth and energy balance were
determined by the effect of the recoil pressure on the weld pool [37,38]. Zou et al. [39]
believed that during the welding process only the front wall of the keyhole was exposed
to the laser beam, and the absorbed energy at the rear wall was mainly absorbed by
plasma radiation and multiple reflection of the laser. The depth of the keyhole was mainly
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determined by the drilling behavior caused by the first absorption of laser energy at the
front wall of the keyhole. The molten pool flow around the keyhole and the behavior of
the keyhole were studied by some scholars [40–42]. The surface tension is considered to be
the main driving force for the molten pool flow. The reduction of the size at the entrance
of the keyhole leads to the increase of the shear stress of the steam, which accelerates the
formation of spatter. The bubbles are generated by the collapse of the front and rear walls
of the keyhole. Based on the pressure balance of the keyhole, Huang et al. [43] analyzed the
relationship between the steam plume and the keyhole fluctuation, and believed that the
change of the total pressure led to the fluctuation of the keyhole size, and the fluctuation of
the plume led to the fluctuation of the hydrodynamic pressure in the keyhole.

At present, many scholars have studied the keyhole and generally agree that the
formation and maintenance of the keyhole is the result of the combined effect of energy
balance and pressure balance inside the keyhole. The study of energy balance in the keyhole
is relatively comprehensive. Due to the keyhole being hidden in the weld pool during
deep penetration laser welding, and the pressure in the keyhole being difficult to measure,
most of scholars analyze and judge the pressure balance result in the keyhole on the basis
of the energy balance, or conduct theoretical simulation research according to empirical
formulae, so the conclusions obtained may lack the support of actual experimental data.
Several experimental observation methods of keyhole research have been summarized in
ref. [44]. Numerical simulation research is mainly aimed at the parameters that are difficult
to detect in actual experiments, such as temperature field, pressure distribution, molten
pool flow, etc., but the final results need to be confirmed by experimental results.

Limited by the existing technical means, it is difficult to directly detect the pressure
inside the keyhole during deep penetration laser welding of metals, which results in dif-
ficulties in analyzing the influence of the pressure inside the keyhole and the physical
properties of the material on the formation and maintenance of the keyhole. During real
deep penetration laser welding of metal, a Gaussian laser can be used to irradiate the work-
piece, and a keyhole surrounded by molten metal forms inside the metal. The formation
and maintenance of the keyhole depends on pressure balance. When a convergent nozzle is
used, a gas jet with a Gaussian velocity distribution can form. If the gas jet is directly used
to impact on the liquid, under certain conditions, a keyhole can be formed in the liquid.
The formation and maintenance of the keyhole are also related to pressure balance. In this
paper, the authors attempted to develop an effective experimental method to study the
influence of pressure on the keyhole shape by means of producing an analogy keyhole in
liquid materials by blowing focused high-speed gas. So, an analogy method of keyhole
formation, namely a keyhole formed by a gas jet impinging on liquid, was used to simulate
the keyhole in deep penetration laser welding. Both the analogy welding and real deep
penetration laser welding were carried out on liquid and a modified sandwich structure,
respectively. In the analogy welding, liquid was used to simulate the molten pool, and the
gas jet was used to simulate the vapor. In order to be as close as possible to the real molten
metal material in welding, several materials were used in the analogy welding, including
liquid alloy material at normal temperature. The behaviors of the keyhole in analogy
welding and real deep penetration laser welding were intuitively observed, respectively,
and the influences of relevant parameters on the behavior of the keyhole explored. If the
behavior of the keyhole, such as keyhole shape, was similar in analogy welding and real
deep penetration laser welding, it might offer a way to study the relationship between
the pressure in the keyhole, together with the physical properties of the material and the
keyhole shape, in deep penetration laser welding, instead of directly detecting the pressure
in the keyhole.

2. Materials and Methods
2.1. Interaction between Gas Jet and Liquid

The flow formed by gas jetting from the orifice, nozzle or slit is called the gas jet. In this
experiment, the fundamental reason for the formation of the keyhole was the interaction
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between the gas jet and liquid. A keyhole can form when high speed gas impinges on
a liquid surface. The surface tension of the liquid is tangent to the liquid surface at the
boundary and has the ability to shrink the liquid surface. The surface tension T can be
expressed as [45]:

T = σLb (1)

where σ is the surface tension coefficient, and Lb is total length of boundary.
Due to the existence of surface tension, when the liquid surface is no longer flat, the

additional pressure ∆P on the liquid surface caused by the surface tension can be expressed
as [46]:

∆P = σ

(
1

R1
+

1
R2

)
(2)

where R1 and R2 are the radius of curvature of the liquid surface, which is positive when
the liquid surface is convex and negative when the liquid surface is concave.

The comprehensive pressure P on the gas–liquid interface can be expressed as [47,48]:

P = Pa + Pd + ∆P + Ps (3)

where Pa is atmospheric pressure, Pd is dynamic pressure generated by gas jet, ∆P is
additional pressure caused by surface tension, PS is hydrostatic pressure at the position of
liquid surface.

The study of a gas jet impinging on liquid is common in the metallurgical industry.
The diagram of the keyhole formed by the gas jet impinging on the liquid surface is shown
in Figure 1. In the figure, a rectangular coordinate system O-xy was established; p0, T0
and ρ0 are, respectively, the pressure, temperature and density in the nozzle, while p1, T1
and ρ1 are, respectively, the pressure, temperature and density at the nozzle outlet. The
temperature and density of the jetted gas are Tg and pg, respectively. The distance between
the nozzle outlet and the liquid level is H, the keyhole depth is h0, the radius of curvature
at the depth h on the keyhole wall is R. The normal of a point on the keyhole wall is n, the
outlet diameter of the nozzle is D.
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In many studies of the gas jet–liquid system, the keyhole depth h0, dependent on the
jet action, was derived. The balance equation on the keyhole wall can be expressed as [49]:

ρgv2
g

2
= ρLgh0 +

2σL
Rkh

(4)

where ρg is the gas density at the liquid surface, vg is the velocity of the gas in the jet prior
to the collision with the surface of the liquid, ρL and σL are the density and the surface
tension coefficient of the liquid, h0 is the keyhole depth, Rkh is the radius of curvature of
the liquid surface at the keyhole depth h0.

2.2. Pressure Balance in the Keyhole Formed in Laser Welding

In the interaction between the gas jet and the liquid, the hydrodynamic pressure
generated by the Marangoni effect and eddy current are ignored. In the following study, it
was assumed that the hydrodynamic pressure was ignored, and then the comprehensive
pressure Pw on the keyhole, when maintaining dynamic balance in a quasi-steady state,
could be expressed as [50]:

Pw = Pa + Pv + ∆P + Ps (5)

where Pv is the vapor pressure of the material.

2.3. Experimental Setup

The keyhole behavior was observed by using the experimental setup described in
Figure 2 in both analogy welding and real deep penetration laser welding with the sandwich
method. In Figure 2a, the experimental setup was mainly composed of a nozzle, an acrylic
container, a high-speed camera and corresponding instruments. The acrylic container
contained liquid materials. The high-speed camera was placed on the side of the container,
and its lens direction was perpendicular to the moving direction of the nozzle. Argon was
used as the gas source in the experiment. After passing through the reduction valve and
the gas flow controller, the gas inside the gas source was ejected from the nozzle outlet at a
certain flow rate, impacting on the surface of the liquid and forming a keyhole therein. In
addition, the nozzle was fixed on an ABB Robot to realize the movement. The high-speed
camera used in the experiment was a NAC MEMRECAM HX-7S.
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Figure 2. Diagram of the keyhole behavior observation experimental setup: (a) Keyhole obser-
vation in analogy welding; (b) Keyhole observation in real deep penetration laser welding with
sandwich method.

In order to analyze the influence of different material properties on keyhole behavior,
water, NaCl solution and an alloy of Ga–In–Sn were selected as the liquid materials in the
experiment. The viscosity and surface tension coefficients of the materials are shown in
Table 1. The variation of surface tension coefficient of NaCl solution with concentration is
shown in Figure 3.
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Table 1. Viscosity and surface tension coefficient of materials [51–56].

Material Viscosity (cp) Surface Tension Coefficient (mN/m)

Water 1 71.4
NaCl solution 1~2 71.4~78.7
Ga-In-Sn alloy 2.4 718
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In Figure 2b, the experimental setup was mainly composed of transparent heat-
resistant glass, a workpiece, a high-speed camera and corresponding instruments. The
glass and workpiece were put together and clamped by a clamp. The high-speed camera
was placed on the side of the workpiece, and several attenuation elements were installed
on the lens to reduce the light intensity and avoid damaging the photosensitive elements
inside the high-speed camera. A fiber laser was employed in the experiment, model IPG
YLS-4000-CL. The workpiece was made of SUS 304.

2.4. Procedure

During the experiment in analogy welding, the gas flow was regulated by the gas flow
controller. When the initial velocity of the gas jet changed, keyholes with different shapes
formed in the liquid. The experiments included the following components:

(1) The liquid surface was suddenly impacted by the gas jet, and the formation process
of the keyhole recorded by the high-speed camera. The gas flow changed, and the
change of keyhole depth when the nozzle was stationary was recorded.

(2) The nozzle moved horizontally relative to the container at a certain speed v to simulate
the laser welding process. The corresponding parameters of analogy welding (moving
speed, gas flow rate, distance between nozzle outlet and liquid level, etc.) changed,
and the behavior of the formed keyhole was recorded.

(3) Different liquid materials were used, and the above experimental process was repeated
for each, and the behavior of the keyhole recorded.

(4) During the experiment in real deep penetration laser welding with the sandwich
method, the position of the laser head was adjusted so that the center of the laser
beam was located at the interface between the workpiece and the glass. The laser
beam was moved at a constant speed along the interface, and the keyhole behavior in
welding recorded.

3. Results and Discussion
3.1. Keyhole Formation Process

In this process, the nozzle was stationary, the gas flow rate was 82 mL/min, the
diameter of nozzle outlet was 0.2 mm, and the distance between nozzle outlet and liquid
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level was 5 mm. The adopted high speed camera frame rate was 10,000 fps. The gas velocity
V at the nozzle outlet depended on the gas flow rate. The gas velocity V could be expressed
as [57]:

V =
4q

πD2 (6)

where q is the gas flow rate, and d is the diameter of nozzle outlet.
The formation of the keyhole in analogy welding is shown in Figure 4. It can be seen

that under the action of the gas–liquid two-phase flow, at first, a shallow pit formed in the
liquid surface, as shown in Figure 4a,b, and then a keyhole was drilled in the downward
direction, as shown in Figure 4c–h, and, finally, a certain keyhole depth was reached and
maintained, as shown in Figure 4i–l.
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Figure 4. Formation of keyhole in analogy method: (a) No keyhole formed at 0 ms; (b) Keyhole at 1 ms;
(c) Keyhole at 2 ms; (d) Keyhole at 3 ms; (e) Keyhole at 4 ms; (f) Keyhole at 5 ms; (g) Keyhole at 6 ms;
(h) Keyhole at 7 ms; (i) Keyhole at 8 ms; (j) Keyhole at 9 ms; (k) Keyhole at 10 ms; (l) Keyhole at 11 ms.

When the nozzle was stationary, the variation of keyhole depth with time or gas
velocity is shown in Figure 5. Figure 5a shows the variation of keyhole depth with time in
Figure 4. It can be seen that during the keyhole formation process, the change of keyhole
depth had the characteristics of rapid increase to gradual stabilization, and the keyhole
depth would eventually be maintained near a certain value. According to the variation of
keyhole depth, the formation process of keyhole in the experiment could be divided into
three stages:

(1) Fast-drilling stage.
(2) Slow-drilling stage.
(3) Quasi-steady state stage.

Materials 2022, 15, x FOR PEER REVIEW 9 of 19 

 

 

When the nozzle was stationary, the variation of keyhole depth with time or gas 
velocity is shown in Figure 5. Figure 5a shows the variation of keyhole depth with time 
in Figure 4. It can be seen that during the keyhole formation process, the change of 
keyhole depth had the characteristics of rapid increase to gradual stabilization, and the 
keyhole depth would eventually be maintained near a certain value. According to the 
variation of keyhole depth, the formation process of keyhole in the experiment could be 
divided into three stages: 
(1) Fast-drilling stage. 
(2) Slow-drilling stage. 
(3) Quasi-steady state stage. 

In the fast-drilling stage, the keyhole depth increased rapidly, and the drilling rate 
could reach 320 mm/s. When the keyhole depth approached the maximum value, it 
entered the stage of slow-drilling, at which time the change rate of keyhole depth 
gradually decreased. Then it entered the quasi-steady state stage, and the keyhole depth 
was dynamically maintained around a certain value. There were many similarities in 
behavior between the keyholes observed in the analogy welding and the keyholes 
obtained in the real laser welding process [25,37,38]. 

 
Figure 5. The variation of keyhole depth: (a) Keyhole depth with time; (b) Keyhole depth with gas 
velocity. 

From Figure 5b, it can be seen that the keyhole depth was positively correlated with 
the gas velocity. In this experiment, the dynamic pressure of the gas jet was the driving 
force for the formation of the keyhole, which was similar to the effect of the vapor 
pressure generated by the evaporation of materials in laser welding. Gas flow rate used 
to analogize laser power may be of significance to the study of laser welding. 

At the initial stage of keyhole formation, the dynamic pressure of the gas jet was 
greater than the surface tension and hydrostatic pressure, so the keyhole depth changed 
significantly at this stage. With increase of keyhole depth, the gas dynamic pressure 
directly acting on the liquid surface also decreased, while the hydrostatic pressure 
increased. Moreover, the curvature radius of the curved surface at the bottom of the 
keyhole decreased, and the additional pressure caused by the surface tension increased. 
Therefore, the growth rate of the keyhole depth gradually decreased, and, finally, the 
keyhole depth oscillated near an equilibrium point. 

3.2. Keyhole in Analogy Welding 
In analogy with laser welding, the corresponding parameters (moving speed, gas 

flow rate, the distance between nozzle outlet and liquid level, etc.) were considered. 
  

Figure 5. The variation of keyhole depth: (a) Keyhole depth with time; (b) Keyhole depth with
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In the fast-drilling stage, the keyhole depth increased rapidly, and the drilling rate
could reach 320 mm/s. When the keyhole depth approached the maximum value, it en-
tered the stage of slow-drilling, at which time the change rate of keyhole depth gradually
decreased. Then it entered the quasi-steady state stage, and the keyhole depth was dynami-
cally maintained around a certain value. There were many similarities in behavior between
the keyholes observed in the analogy welding and the keyholes obtained in the real laser
welding process [25,37,38].

From Figure 5b, it can be seen that the keyhole depth was positively correlated with
the gas velocity. In this experiment, the dynamic pressure of the gas jet was the driving
force for the formation of the keyhole, which was similar to the effect of the vapor pressure
generated by the evaporation of materials in laser welding. Gas flow rate used to analogize
laser power may be of significance to the study of laser welding.

At the initial stage of keyhole formation, the dynamic pressure of the gas jet was
greater than the surface tension and hydrostatic pressure, so the keyhole depth changed
significantly at this stage. With increase of keyhole depth, the gas dynamic pressure
directly acting on the liquid surface also decreased, while the hydrostatic pressure increased.
Moreover, the curvature radius of the curved surface at the bottom of the keyhole decreased,
and the additional pressure caused by the surface tension increased. Therefore, the growth
rate of the keyhole depth gradually decreased, and, finally, the keyhole depth oscillated
near an equilibrium point.

3.2. Keyhole in Analogy Welding

In analogy with laser welding, the corresponding parameters (moving speed, gas flow
rate, the distance between nozzle outlet and liquid level, etc.) were considered.

3.2.1. Effect of Moving Speed on Keyhole

The horizontal moving speed of the nozzle was set, while other parameters remained
unchanged. The obtained keyhole shapes, at different moving speeds, are shown in Figure 6.
It can be seen that when the nozzle moved horizontally, the shape of the keyhole bent
to different degrees with the change of the moving speed of the nozzle, and the bending
direction was the opposite direction of the moving speed.
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Figure 6. Keyhole during horizontal movement of nozzle: (a) Keyhole with nozzle moving speed of
100 m/s; (b) Keyhole with nozzle moving speed of 110 m/s; (c) Keyhole with nozzle moving speed of
120 m/s; (d) Keyhole with nozzle moving speed of 130 m/s; (e) Keyhole with nozzle moving speed
of 140 m/s.

A bending keyhole is shown in Figure 7a. The angle between the keyhole drilling
speed and keyhole moving speed was used to define the bending angle of the keyhole.
The tangent value of angle θ was used to characterize the bending degree of the keyhole,
and the larger the value, the more curved the keyhole was. The tangent of angle θ was
expressed as:

tan θ =
vh
vd

(7)

where vh and vd are the moving speed and drilling speed of the keyhole, respectively.
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Figure 7. Bending keyhole: (a) Angle of bending keyhole; (b) Segmentation of bending keyhole.

According to Formula (2), it can be seen that the shape of the keyhole was directly
affected by the convexity–concavity of the keyhole wall. In the horizontal direction, the
keyhole was always forced to close by the surface tension, while in the vertical direction,
due to the change of the keyhole curvature, the effect of the surface tension also changed.

In Figure 7b the bending keyhole was divided into the top part, the middle part and
the bottom part.

The part with a smaller radius of curvature at the keyhole inlet is marked as the
keyhole top part, the part in the middle of the keyhole, where it is relatively smooth in the
vertical direction, is marked as the keyhole middle part, and the concave liquid surface
at the bottom of the keyhole is marked as the keyhole bottom part. The resultant force
directions of the surface tension in the transverse direction and the longitudinal direction
are indicated by FH and FL, respectively.

At the keyhole top part, the radius of curvature of the front and rear walls of the
keyhole differed, as the surface tension kept the keyhole open in the longitudinal direction,
and tended to close the keyhole in the transverse direction. A dynamic balance formed, due
to the surface tension, dynamic pressure and hydrostatic pressure. The radius of curvature
of the keyhole front wall in the longitudinal direction was small, and the effect of surface
tension significant. This was because the gas jet directly acted on the front wall during
the keyhole motion, resulting in greater gas dynamic pressure, while the larger radius of
curvature of rear wall was related to the flow characteristics of the liquid.

At the keyhole middle part, the front and rear wall differed greatly. From the longitu-
dinal perspective, the direct effect of the dynamic pressure on the front wall was relatively
significant, which increased the liquid flow velocity along the wall of the keyhole. The
wall had a large radius of curvature and was concave in shape. The longitudinal resultant
force of surface tension had a closing effect on the keyhole, but the effect was not obvious.
However, a part of a convex shape appeared in the rear wall, as the effect of the surface
tension in the longitudinal direction here was the same as that of the gas dynamic pressure
to maintain the keyhole opening.

At the keyhole bottom part, the shape was concave, the curvature radius of the keyhole
was small, and the effect of surface tension was significant. The gas pressure was the main
driving force to maintain the keyhole opening, while the hydrostatic pressure and surface
tension tended to close the keyhole.

As shown in Figure 6, it can be seen that, at different moving speeds, the keyhole
appeared to have different bends, and so was the keyhole depth. The effect of the change of
moving speed on the keyhole depth is shown in Figure 8a. It can be seen that the keyhole
depth decreased with increase of the nozzle moving speed, and the relationship between
the two was almost linear. The relationship between the bending degree of the keyhole
and the moving speed of the nozzle is shown in Figure 8b. The result shows that the
bending degree of the keyhole increased with the moving speed of the nozzle, and the
relationship between them was also approximately linear. It was obvious that the nozzle
moving speed had a linear relationship with the keyhole depth and keyhole bending degree,
which indicated that there was a certain correlation between the keyhole depth, keyhole
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bending degree and the nozzle moving speed. The effect of nozzle moving speed variation
in the analogy welding was similar to the effect of welding speed variation in real deep
penetration laser welding.
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Figure 8. Effect of nozzle moving speed on keyhole: (a) Effect on keyhole depth; (b) Effect on
keyhole bending.

3.2.2. Effect of Distance between Nozzle Outlet and Liquid Level on Keyhole

The nozzle was stationary, the gas flow rate was 81.5 mL/min, the distances between
nozzle outlet and liquid level were 3 mm, 4 mm, 5 mm, 6 mm and 7 mm, respectively.
The variation of keyhole depth with time is shown in Figure 9. It can be seen that when
the distance reduced, the keyhole drilling rate in the fast-drilling stage also increased, but
when the quasi-steady state stage was reached, the fluctuation of the keyhole would also
become more violent. The change of the distance between nozzle outlet and liquid level
was actually the change of the gas velocity on the liquid surface and the change in the
gas–liquid interaction area. The effect of distance variation in the analogy welding was
similar to the effect of defocusing variation in deep penetration laser welding.
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3.2.3. Effect of Material Properties on Keyhole

As shown in Figure 3, the surface tension coefficient of NaCl solution was linearly
correlated with solute concentration. The surface tension coefficient is an important param-
eter in Formula (4). A series of NaCl solutions with different surface tension coefficients
were prepared, which were impacted by certain gas flows, respectively. The obtained
keyhole depth of each solution at the quasi-steady state stage with different surface tension
coefficients is shown in Figure 10. Obviously, the keyhole depth was negatively correlated
with the surface tension coefficient.
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According to Formula (2), the effect of surface tension was related to the radius of
curvature, so the smaller the radius of curvature, the greater the influence of surface tension.
When NaCl solutions with different mass fractions were used in the experiment, the density
changed little, and it was considered to be a constant. The surface tension had the ability to
close the keyhole, by calculation, and it could be seen that the additional pressure caused
by the surface tension was much greater than the hydrostatic pressure at the bottom of the
keyhole, so it could be considered that the surface tension of the material was the main
factor determining the maximum depth of the keyhole.

Considering that the keyhole in laser welding is surrounded by molten metal, liquid
metal material was selected as the experimental material for the analogy welding. For
experimental safety, the alloy of Ga–In–Sn was selected as unselected mercury. Figure 11
shows the keyhole shape in the Ga–In–Sn alloy and the keyhole is outlined with red line.
The keyhole in Figure 11a was obtained when the gas flow was 300 mL/min and the
distance between nozzle outlet and liquid level was 3 mm. It can be seen that when the
selected material physical properties were relatively close to those of the real molten pool
material, the keyhole shape obtained by the analogy welding was similar to an inverted
cone with a wide upper part and a narrow lower part.
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Figure 11. Keyhole in Ga–In–Sn alloy: (a) Stationary keyhole; (b) Dynamic keyhole.

When the nozzle was moved at a horizontal speed of 30 mm/s, the keyhole obtained
is shown in Figure 11b. The front wall of the keyhole bent in the opposite direction of the
moving speed, and the bending degree increased with increase in the moving speed.

When the distance between nozzle outlet and liquid level changed, the drawn curve of
the maximum depth of the keyhole is shown in Figure 12. The effect of distance variation
on keyhole depth in liquid metal was similar to the effect of defocusing variation in
laser processing.
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Figure 12. Keyhole depth in Ga–In–An alloy corresponding to different distance of nozzle.

The properties of liquid metal Ga–In–Sn alloy were similar to those of molten metal in
welding. It may be of reference significance to explore the keyhole formed by gas blowing
in analogy welding to study the keyhole in laser deep penetration welding.

3.3. Keyhole in Real Deep Penetration Laser Welding with Sandwich Method

The keyhole behavior in real deep penetration laser welding with the sandwich method
was captured by the high-speed camera. The adopted camera frame rate was 10,000 fps,
and several attenuation elements were used. The set laser power was 2500 W and the
defocusing was 0 mm. Different welding speeds were set, and the obtained keyholes are
shown in Figure 13. It can be seen that all keyholes at different welding speeds were bent
in the opposite direction of the welding speed. A straight line passes through the top point
of the keyhole front wall and is tangent to the keyhole front wall. The angle θ between
that straight line and the vertical line is defined as the bending angle of the keyhole. The
relationship between welding speed and keyhole depth and keyhole bending angle is
shown in Figure 14. Comparing Figure 8 with Figure 14, it can be seen that the variation
rules of keyhole depth and keyhole bending were basically the same in the analogy welding
and in real welding. During a welding process, the variation of keyhole depth is shown in
Figure 15. Comparing Figure 15 with Figure 5a, it can be seen that the variation trend of
keyhole depth was similar. The stages of keyhole depth change in Figure 15 could still be
divided into fast-drilling stage, slow-drilling stage and quasi-steady state stage.
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Figure 16a shows the keyhole obtained in real deep penetration laser welding when
the defocusing was 5 mm, and Figure 16b shows the keyhole in analogy welding when
the distance between nozzle outlet and liquid level was 5 mm. It can be seen that the two
keyholes were very similar, both of them being slightly slender in shape. The front and
rear walls in the keyhole middle part were smooth, while the bottoms of the two keyholes
were curved and semicircular. In addition, the dynamic behavior of the two keyholes was
similar. For example, the keyholes bent in the opposite direction of the welding speed, and
the faster the speed was, the greater the bending degree was, and the smaller the keyhole
depth was.

The main driving force of the keyhole generated by deep penetration laser welding is
the vapor pressure generated by material evaporation of laser irradiated materials, while
the force generating the keyhole in the analogy welding is mainly the dynamic pressure
generated by the gas jet. Comparing Formula (3) with Formula (5), it can be seen that the
composition of comprehensive pressure in the two kinds of keyholes is similar in form
despite that the physical meanings being different. Mechanical properties influence the
characteristics of keyholes. There are many similarities in the shape and dynamic behavior
of keyholes obtained by analogy welding and real deep penetration laser welding, and the
influence of process parameters on them is also similar. The study of keyhole formation
and the maintenance mechanism obtained by analogy welding is helpful to understand the
relevant mechanism in the real deep penetration laser welding process.
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Figure 16. Obtained keyhole: (a) Keyhole in real deep penetration laser welding; (b) Keyhole in
analogy welding.

4. Conclusions

In this paper, the keyholes in analogy welding and deep penetration laser welding
were directly observed, and the effects of experimental parameters and material properties
on the behavior of the keyholes were studied. The keyhole formed by gas blowing was
compared with the keyhole generated in deep penetration laser welding. The following
conclusions could be made:

(1) In the analogy welding and real deep penetration laser welding with the sandwich
method, the pressure balance on the keyhole is similar in form. The gas dynamic
pressure acting on the liquid in analogy welding and the vapor pressure caused by
the evaporation of the laser irradiated material in deep penetration laser welding
both promote the opening of the keyhole, while the hydrostatic pressure and surface
tension promote the closing of the keyhole.

(2) When the process parameters in the analogy welding and real laser welding are used
to study the influence on the keyhole, the behavior of the keyhole in the analogy
welding is similar to that obtained in the real deep penetration laser welding.

(3) Studying the keyhole formation and maintenance principle in analogy welding may
be helpful to deeply understand the keyhole formation and maintenance mechanism
in real deep penetration laser welding.
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Nomenclature

T Surface tension
σ Surface tension coefficient
Lb Total length of boundary
∆P Additional pressure
R1 Radius of curvature
R2 Radius of curvature
P Comprehensive pressure on gas-liquid interface
Pa Atmospheric pressure
Pd Dynamic pressure generated by gas jet
PS Hydrostatic pressure
p0 Gas pressure in the nozzle
T0 Gas temperature in the nozzle
ρ0 Gas density in the nozzle
p1 Gas pressure at the nozzle outlet
T1 Gas temperature at the nozzle outlet
ρ1 Gas density at the nozzle outlet
Tg Temperature of jetted gas
ρg Density of jetted gas
H Distance between nozzle outlet and liquid level
h0 Keyhole depth
R Radius of curvature at the depth h on the keyhole wall
n Normal of a point on the keyhole wall D Outlet diameter of the nozzle
vg Velocity of the gas in the jet prior to the collision with the surface of the liquid
ρL Density of liquid
σL Surface tension coefficient of liquid
Rkh Radius of curvature of the liquid surface at the keyhole depth h0
Pw Comprehensive pressure in keyhole in laser welding
Pv Vapor pressure of the material
v Movement speed
V Gas velocity at the nozzle outlet
q Gas flow rate
θ Angle
vh Moving speed of keyhole
vd Drilling speed of keyhole
FH The resultant force directions of the surface tension in the transverse direction
FL The resultant force directions of the surface tension in longitudinal direction
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Abstract: This paper explains the use of remote ultrasound vibration at the optimum position and
frequencies to vibrate plates under welding, with the aim of initiating cavitation in the molten
pool area. It has been shown in the literature that ultrasound cavitation changes microstructure
morphology and refines the grain of the weld. In practice, the plates are excited through narrow-band
high-power ultrasound transducers (HPUTs). Therefore, a theoretical investigation is carried out to
identify the plate-mode shapes due to the ultrasound vibration aligned with the frequency bandwidth
of HPUTs available in the marketplace. The effect of exciting the plate at different locations and
frequencies is studied to find the optimum position and frequencies to achieve the maximum pressure
at the area of the fusion zone. It was shown that applying the excitation from the side of the plate
produces an order of 103 higher vibration displacement amplitude, compared with excitation from
the corner. The forced vibration of cavitation and bursting time are studied to identify vibration
amplitude and the time required to generate and implode cavities, hence specifying the vibration-
assisted welding time. Thus, the proposed computational platform enables efficient multiparametric
analysis of cavitation, initiated by remote ultrasound excitation, in the molten pool under welding.

Keywords: vibration assisted welding; power ultrasonic; cavitation

1. Introduction

Most manufacturing processes, such as laser welding, additive manufacturing, and
casting, are essentially based on the phenomenon of total fusion of material, followed by
rapid solidification. The material’s structure in the final phase and its mechanical and
electrical properties strongly depend on the solidification phase [1,2]. This is especially
evident when the material consists of an alloy of metals or even a combination of two
dissimilar materials, such as in the case of lap joining (by laser welding) of specific con-
nectors to battery cells, for the manufacturing of battery packs for electric vehicles [3].
The difference in melting points between different types of metals leads to the coexistence
of liquid and solid phases and subsequently to the agglomeration of particles of similar
nature, which ideally should be dispersed homogeneously throughout the liquid phase
during solidification [4,5].

The presence of voids and gas, and the grain size variability, are phenomena frequently
observed that cause the final material’s properties to deteriorate, leading to problems such
as hot cracking and, subsequently, fragile connection [6]. Ultrasonic processing of molten
materials is the primary technique that helps to improve the microstructure by grain
refinement. The vibration can be transmitted to the molten pool in two ways: vibration of
the workpiece [7–9] or tool vibration [10–12]. Four mechanisms, cavitation, acoustic flow,
mechanical effect, and thermal effect, are produced in the fusion zone during ultrasonic
vibration. One of the remarkable applications of high-power ultrasound on molten metal
is the creation of cavitation in the melt. Acoustic cavitation is a powerful phenomenon
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promoting melt microheterogeneity and the main processes of degassing and fine filtration
in light alloys. The acoustic cavitation in the molten pool contributes to the fragmentation
and shaping of intermetallic compounds, which is the leading cause for the degradation
of the properties [13]. Four mechanisms are involved in acoustic cavitation: acoustic
streaming, microstreaming, microjets, and microstreams.

The associated phenomenon is described as follows. The cavitation bubble expands
and contracts in the molten pool until it is exposed to the high-pressure region from the
ultrasound wave and then implodes. The implosion of a bubble generates a high-pressure
acoustic wave called a shock wave and a local hot spot at a very high temperature. The other
mechanisms, such as acoustic streaming, microstreaming, microstreamers, and microjets,
are followed by the implosion of the cavitation [14].

The effect of vibration and waves on the creation of a cavitation bubble has been
presented in several studies [15,16]. The emission of the shock wave due to the collapse of a
cavitation bubble attached to a rigid wall was investigated by Brujan et al. [17]. Their results
indicated that a significant portion of the shock wave is dissipated within 100 µm from
the bubble wall. Ultrasound cavitation can burst under the compression of the ultrasound
wave sooner than they fill with dissolved gas in the melt. Typically, the bubble threshold
for collapsing increases as the frequency of ultrasound increases; 1.2 atm at 20 kHz, 1.8 atm
at 140 kHz, 3 atm at 1 MHz, and 5.8 atm at 5 MHz [15,16].

Several studies were carried out to characterise the effect of ultrasonic waves on inert
tungsten gas (TIG) welding [18–21]. It was shown by Sun et al. [18] that there is a 300% in-
crease in the penetration rate compared with conventional TIG welding. The increase in the
penetration results from increased arc push force via ultrasound, leading to the oscillation
in the plasma arc. Ultrasonic-assisted laser welding has been studied by several scholars,
for example, [22–26]. Finite element modelling and a laser Doppler vibrometer were used
to estimate the ultrasonic energy propagation on the workpiece by Tarasov et al. [26]. An
improvement in the microstructure, microhardness, and tensile strength of the 321 stainless
steel weld was reported when ultrasonic vibration is transmitted into the welding zone.
Lei et al. [25] reported that the weld porosity decreased from 4.3% to 0.9% with a reduction
in its average size. Teyeb et al. [27] showed experimentally that weld strength increased
by 26% when the laser welding was assisted by ultrasonic vibration. Deeper penetration
is reported by Woizeschke et al. [28] and Radel [29] when laser welding is assisted by
ultrasonic vibration, which is due to the heating effect of ultrasonic vibration.

The effect of using different ultrasound power on the porosity of a welding joint
is experimentally investigated by Yin et al. [30]. The results showed that appropriate
ultrasonic energy significantly increases the grain state of the weld. The tensile strength
of a welded joint increased by approximately 12% compared with conventional welding.
Increasing the ultrasonic power beyond the appropriate level can degrade the tensile
strength. As the ultrasound melt treatment before solidification notably affects refining and
solidification in light alloys, the welding can be called microcasting.

In this paper, the theoretical vibration of the plate coupled with cavitation vibration
in the molten area is presented. As the HPUTs available in the marketplace can excite
the plate in a region of narrow band frequency, a simulation study was carried out to
understand the wave propagation and modes in the structures at the desired frequencies.
An objective of this study is to find the optimum position to remotely vibrate the centre of
the plate with the maximum amplitude and hence generate ultrasound capitations in the
molten pool area. The cavitation phenomenon that occurs during the solidifying phase is
the origin of the microstructure improvements in the joints. Therefore, further theoretical
investigations were conducted to find the cavitation vibration at the molten pool area,
initiated and vibrated by the remote excitation of the plate. Such a theoretical investigation
can help to find the position, frequency, and time for vibration-assisted welding.
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2. Theoretical Modelling

This section provides theoretical explanations of the plate’s vibration under ultrasonic-
guided wave propagation and its interactions with the ultrasound cavitation in the fusion
zone. As shown in Figure 1, part of the ultrasound-guided wave travelling in the plate
leaks or refracts into the liquid. When the sound pressure of the UGW (ultrasonic-guided
waves) exceeds the cavitation threshold, several microbubbles are generated in the fluid
close to the solid–fluid boundary. As the ultrasound excites the plate, the microbubbles are
subjected to positive and negative pressure. They expand and contract under negative and
positive pressure, respectively [31,32].

Materials 2023, 16, x FOR PEER REVIEW 3 of 10 
 

 

initiated and vibrated by the remote excitation of the plate. Such a theoretical investigation 

can help to find the position, frequency, and time for vibration-assisted welding. 

2. Theoretical Modelling 

This section provides theoretical explanations of the plate’s vibration under ultra-

sonic-guided wave propagation and its interactions with the ultrasound cavitation in the 

fusion zone. As shown in Figure 1, part of the ultrasound-guided wave travelling in the 

plate leaks or refracts into the liquid. When the sound pressure of the UGW (ultrasonic-

guided waves) exceeds the cavitation threshold, several microbubbles are generated in 

the fluid close to the solid–fluid boundary. As the ultrasound excites the plate, the mi-

crobubbles are subjected to positive and negative pressure. They expand and contract un-

der negative and positive pressure, respectively [31,32]. 

 

Figure 1. Leakage of the guided wave into the fluid. The water boils due to low local pressure, which 

generates cavitation. 

2.1. Ultrasonic Plate Vibration 

Modelling of plate vibration has been studied extensively since 1787 [33]. Most of the 

relevant background theory on the free and forced plate vibration can be found in the 

reference work by Leisaa [34]. Owing to the presence of the higher order matrices, the 

virtual approach is suggested by Sung et al. [35–37] in a series of studies, making it com-

putationally less expensive to estimate the response of the plate. In this study, the theo-

retical modelling from Vlasov [38] is used to obtain the mode shapes of the plate at the 

desired frequency region. Based on the principle of virtual work, the steady-state trans-

verse displacement, ξ��, �	 of a full clamped plate subjected to harmonic point excitation 

at ξ��’, �’	 is: 

ξ��, �	 =  
� � � Ψ����, �	Ψ����′, �′	
������ + 2���� + ���� − ������� 

!

�"�

!

�"�
 (1)

where 
�  is the force amplitude, B is the bending stiffness � = Eh�/12(1 − v�), E  is 

Young’s modulus, v is the Poisson ratio, �� is the plate density and � is the angular fre-

quency. 

The eigenfunctions can express the shape function associated with the plate: 

'��(�, �) = (�(�))�(�). (2)

The (�  and )�  parameters can be expressed by Bessel and Hankel functions, re-

spectively: 

(�(�) = + ,��-
. / − +(0�)

1(0�) 1 0��
., , 

)�(�) = + 20��
34 5 − +(0�)

1(0�) 1 20��
34 5, 

(3)

Figure 1. Leakage of the guided wave into the fluid. The water boils due to low local pressure, which
generates cavitation.

2.1. Ultrasonic Plate Vibration

Modelling of plate vibration has been studied extensively since 1787 [33]. Most of
the relevant background theory on the free and forced plate vibration can be found in
the reference work by Leisaa [34]. Owing to the presence of the higher order matrices,
the virtual approach is suggested by Sung et al. [35–37] in a series of studies, making it
computationally less expensive to estimate the response of the plate. In this study, the
theoretical modelling from Vlasov [38] is used to obtain the mode shapes of the plate at the
desired frequency region. Based on the principle of virtual work, the steady-state transverse
displacement, ξ(x, y) of a full clamped plate subjected to harmonic point excitation at
ξ(x′, y′) is:

ξ(x, y) = F0

∞

∑
m=1

∑∞
n=1

Ψmn(x, y)Ψmn(x′, y′)
B(I1 I2 + 2I3 I4 + I5 I2 − ρsω2 I2 I6)

(1)

where F0 is the force amplitude, B is the bending stiffness B = Eh3/12
(
1− v2), E is Young’s

modulus, v is the Poisson ratio, ρs is the plate density and ω is the angular frequency.
The eigenfunctions can express the shape function associated with the plate:

Ψmn(x, y) = ϑm(x)ζn(y). (2)

The ϑm and ζn parameters can be expressed by Bessel and Hankel functions, respectively:

ϑm(x) = J
(

Bmx

a

)
− J(βm)

H(βm)
H

βmx
a,

,ζn(y) = J
(

βny
b

)
− J(βm)

H(βm)
H
(

βny
b

)
, (3)

where: J(s) = cosh(s) − cos(s) and H(s) = sinh(s) − sin(s), and βn is the n-th root of
cosh(β)cos(β) = 0. The I parameter in the denominator of Equation (1) can be expressed by:

I1 =

a∫

0

ϑ
′′′
m ϑmdx, I2 =

b∫

0

ζ2
n dy, I3 =

a∫

0

ϑ
′′
mϑmdx, I4 =

a∫

0

ζ
′′
n ζndx, I5 =

b∫

0

ζ
′′′
n ζndy I6 =

a∫

0

ϑ2
mdx. (4)
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The natural frequency of the plate can be estimated using the eigenfunctions:

ωmn =

√
B
ρs

√
I1 I2 + 2I3 I4 + I5 I6

I2 I6
. (5)

A high-power ultrasound transducer (HPUT) can generate ultrasonic compressional
vibration at a narrow band frequency. It is advantageous to select the transducer to align
with the resonance frequency of the plate that can generate the high-pressure acoustic wave
in the fusion zone of the weld.

Figure 2 shows a 25 cm× 25 cm× 0.1 cm clamped aluminium alloy plate-mode shape
with alloy density ρs = 2800 kg/m3, Poisson ratio ν = 0.33 and Young modulus E = 72.5
GPa, subjected to unit force at the locations illustrated in Figure 3. Although in ultrasonic
melting treatment different frequency bandwidth are employed to excite the plate, in this
study the plate-mode shapes are plotted for the frequency 20 kHz, subjected to a unit force
at the locations illustrated in Figure 3.
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Figure 2. A clamped-plate vibration-mode shape subjected to unit force excitation at the (a) corner,
(b) side and (c) centre of the plate at 20 kHz. The excitation locations are illustrated in Figure 3.

As illustrated in Figure 2, at the excitation point the displacement reaches its maximum
value. Although using a vibration close to the tip of the laser head is preferable, it might not
be practical to be very close to the laser head due to the heating produced in the welding
zone area. Another approach is to use a fixed location for the ultrasound to vibrate the
fusion zone area remotely. As illustrated in Figure 2b,c when the plate is subjected to
excitation from the side, the displacement amplitude is an order of 103 higher compared to
the corner excitation.
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Ahmed et al. [27] used an ultrasound transducer at the side of a plate to transmit the
ultrasound vibration into the molten pool. In this study, the effect of a single transducer
on the plate displacement is plotted at the frequencies used by Teyeb et al. [27]: 19, 28 and
40 kHz. The excitation location is highlighted by a red arrow in Figure 3. For the excited
plates, shown in Figure 4, the one subjected to 40 kHz has a mode shape where the middle
of the plate has a minimum displacement amplitude compared with the other frequencies.
The maximum displacement is associated with the plated subjected to 20 kHz excitation.
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Figure 4. Excitation from the side using a single transducer at (a) 20, (b) 28 and (c) 40 kHz. The
excitation location is highlighted by a red arrow in Figure 3.

2.2. Coupling of the Plate Vibration and the Fusion Area Pressure

To identify the pressure in the fusion zone, it is assumed that the vibration is applied to
a semicylinder. The relation between internal pressure coefficient Pf and the circumferential
displacement of a cylinder W can be expressed by [39]:

Pf =
−2Bs

1−
(

αs − α f

)2
W
a

, (6)

where Bs and a is the bulk modulus of the semifluid and the cylinder radius, respectively.
The αs = ksa and α f = k f a, where ks and k f are the axial wave number of the semifluid
dominated wave and the semifluid wavenumber respectively. The pressure within the
semifluid can be described by a Bessel function of order zero:

p = Pf J0(kr
sa), (7)

where the kr
s parameter is the radial wavenumber and is related to the semifluid wavenum-

ber k f by: (kr
s)

2 = k2
f − k2

s .
The pressure variation in the molten pool is plotted in Figure 5 using the displacement

value associated with the centre of the plate shown in Figure 4, assumed 10−11 (m). As
illustrated in Figure 5, the optimum frequencies for exciting the plate are approximately 20
and 28 kHz. Considering the results shown in Figures 4 and 5, it is recommended to use
either a 20 or 28 kHz transducer.
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2.3. Cavitation Dynamics

Cavitation is referred to the generation of cavities and the subsequent oscillation
behaviour due to exceeding the binding force between the melt molecules [40]. The
cavitation threshold in the melt is given by [41]:

PB = P0 − Pv +
2

3
√

3




(
2σ
R0

)3

P0 − Pv +
2σ
R0




1
2

, (8)

where P0 is the liquid static pressure, Pv is the vapour pressure in the cavitation and σ

is the surface tension coefficient of the melt. The R0 parameter is the initial radius of
the cavitation.

The relationships between the initial radius of cavitation and the sound field frequency
fr can be expressed by [42]:

fr =
1

2πR0

[
3γ
ρf

(
P0 +

2σ

R0

)
− 2σ

ρfR0

] 1
2
, (9)

where γ is the specific heat capacity of the fluid and ρf is the fluid density.
By assuming the physical parameters Pv = 2000 Pa, σ = 0.910 N/m, P0 = 0.101 MPa,

R0 = 10 µm, and actual cavitation threshold PB = 155,411 Pa, Equations (8) and (9) are
plotted in Figure 6. As seen in Figure 6, increasing the frequency gives a smaller cavity
but requires a higher pressure to initiate it. The required pressure to initiate cavitation is
100 times higher than the maximum value illustrated in Figure 5. Hence, using a mobile
transcoder close to the area where the welding operation is happening is recommended to
achieve the desired displacement level, as shown in Figure 2c.

The behaviour of cavities has been extensively studied and is covered in several
literature references [40,42,43]. In this study, the oscillation of a vapour-gas cavity in an
incompressible liquid is governed by the Nolting–Neppiras equation:

R
..
R +

3
2

.
R

2
+ 4µ

.
R
R
+

2σ

R
= (p 0 − Pv +

2σ

R0

)(
R0

R

)3
− p0 + pv + pA sin(ωt) (10)

where R,
.
R,

..
R are cavitation radius and its first and second derivative. The R0, σ and µ

terms are the initial radius of the cavity, the surface tension of the melt and the viscosity of
the melt. The p0, pv and pA parameters are ambient pressure, sound pressure and vapour
pressure, respectively.
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Figure 6. Changes to the cavitation (a) radius and (b) threshold pressure with respect to the excitation
frequency.

The pressure relapsed by imploding the cavitation is proportional to the acoustic
pressure of the melt. The higher the acoustic pressure of the melt, the higher the acoustic
wave released by the cavitation. The critical radius can be estimated by:

Pg + Pv − P0 =
2σ

R
, (11)

where Pg + Pv is the total pressure inside the bubble.
The pressure distribution around the ultrasound cavitation was studied by [43], and

the results indicated that the pressure reaches its maximum value at about 1.58 R from the
cavitation bubble. It is shown in [44] that the weld’s penetration and width increased when
pulsed ultrasound was employed.

Changes to the cavitation radius and the wall velocity are plotted in Figure 7, using
Equation (10). As seen from the plots, the ultrasound cavitation oscillation happens up
to approximately 100 milliseconds. The cavitation radius and the wall velocity can reach
approximately 0.004 mm and 30 m/s, respectively. The pressure distribution around the
cavitation bubble was studied in [43], and the results indicated that the pressure reaches
its maximum value at about 1.58 R from the cavitation bubble. Based on the results
shown in Figure 7a, the effect of the shock wave from each ultrasound cavitation would be
approximately 6.3× 10−3 mm in the molten pool area. Depending on the width and the
depth of the fusion zone, different cavitation numbers should be initiated to have ultrasonic
grain refining.
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3. Conclusions

This work aimed to investigate using remote-power ultrasonic vibration to improve
the laser welding process. Therefore, an efficient modelling approach combining the plate
vibration method and the cavitation oscillation method was employed to analyse the forced
vibration of cavitation in the welding pool. The proposed method provided an accurate
tool for selecting the excitation position on the plate and the frequency range required to
generate cavitation in the molten pool.

Time and frequency domain studies showed that for respective frequencies of 22,
32 and 40 kHz, the displacement reached at least a level of 0.1 pm, which can excite the
semifluid in the fusion zone and burst the microbubbles.

The duration of the solidifying phase should be around 0.1 s, which corresponds
to 200 cycles of ultrasound at 20 kHz. Theoretically, this is sufficient time to make the
bubbles expand and burst in the semifluid. Hence, grain refinement and better shaping of
intermetallic can be achieved.

Future study includes manufacturing laser-welded testing specimens under ultrasonic
vibration and evaluating improvements in microstructure based on welding times and
ultrasound power.
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Abstract: The International Maritime Organization (IMO) is tightening regulations on air pollutants.
Consequently, more LNG-powered ships are being used to adhere to the sulfur oxide regulations.
Among the tank materials for storing LNG, 9% nickel steel is widely used for cryogenic tanks and
containers due to its high cryogenic impact toughness and high yield strength. Hence, numerous
studies have sought to predict 9% nickel steel welding distortion. Previously, a methodology to derive
the optimal parameters constituting the Goldak welding heat source for arc welding was developed.
This was achieved by integrating heat transfer finite element analysis and optimization algorithms.
However, this process is time-consuming, and the resulting shape of the weld differs by ~15% from
its actual size. Therefore, this study proposes a simplified model to reduce the analysis time required
for the arc welding process. Moreover, a new objective function and temperature constraints are
presented to derive a more sophisticated heat source model for arc welding. As a result, the analysis
time was reduced by ~70% compared to that previously reported, and the error rates of the weld
geometry and HAZ size were within 10% and 15% of the actual weld, respectively. The findings of
this study provide a strategy to rapidly predict welding distortion in the field, which can inform the
revision of welding guidelines and overall welded structure designs.

Keywords: flux core arc welding; 9% nickel steel (ASTM A553-1); Goldak welding heat source model;
Evolutionary optimization algorithm; simplification model

1. Introduction

As the effects of climate change accelerate, air pollution is becoming a major environ-
mental problem. Therefore, the International Maritime Organization (IMO) has continued
to tighten regulations on air pollutants, such as sulfur oxides (SOx) and nitrogen oxides
(NOx), to reduce air pollution emanating from ships. From 2020, marine fuel’s maximum
permitted sulfur content has been reduced to 0.5% from 3.5% globally. Tier II regulations
on nitrogen oxide (NOx) emissions have been in effect since 2011. Meanwhile, Tier III
regulations, which apply only to Emission Control Areas (ECA), have been in effect since
2016. Consequently, ships operating in ECAs must be equipped with certified Tier III
engines [1–3].

The shipping industry developed measures to adapt to these regulations, including
using low-sulfur fuel, installing scrubbers, and operating LNG-powered ships [4,5]. Among
these measures, LNG-fueled ships are gaining increased attention from shipowners as they
significantly reduce air pollutant emissions, including SOx and NOx. They are also more
cost-effective than ships that use conventional fuels, which is advantageous regarding over-
all operating costs [6,7]. Compared to heavy fuel oils, liquefied natural gas (LNG) reduces
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the emission of NOx by 85–95%, CO2 by 20%, and SOx by ~100%, enabling shipowners
to comply with IMO environmental regulations [8,9]. When extracted, LNG fuel exists as
natural gas and occupies a large volume. However, when cooled to temperatures below
−163 ◦C (−261 ◦F), LNG undergoes liquefaction, and its volume is reduced to approx-
imately 1/600th of its gaseous state [10–14]. Therefore, it is essential to develop tanks
suitable for storing LNG fuel.

The IGC code specifies the materials that are suitable for use in storage tanks, including
304L stainless steel, 316L stainless steel, aluminum 5038-O, high manganese steel, 36%
nickel steel, and 9% nickel steel, which have cryogenic toughness and a low thermal
expansion coefficient. Among them, 9% nickel steel is widely used for producing the
cryogenic equipment and containers of LNG ships [15]. However, certain issues persist,
including high-temperature-induced cracking of the weld metal and heat-affected zone,
and magnetism-induced arc blow during welding, a crucial process in cryogenic equipment
and container production [16]. Hence, many studies have sought to improve the 9% nickel
steel welding efficiency. For instance, Kim et al. performed butt welding via shielded metal
arc welding (SMAW), submerged arc welding (SAW), and flux-cored arc welding (FCAW)
on 9% nickel steel. They then performed impact testing at cryogenic temperature (−196 ◦C)
and compared the results [16]. Meanwhile, Pyo conducted BOP tests on four shielding
gases using fiber laser welding with 9% nickel steel and compared the penetration and HAZ
depth through cross-sectional analysis [17]. Park et al. performed butt welding with super-
TIG using Alloy625 filler metal and FCAW using Alloy600 filler metal on 9% nickel steel.
They then compared the welds by conducting mechanical tests [18]. Xu et al. applied deep
penetration keyhole tungsten inert gas (K-TIG) welding on 9% nickel steel. They analyzed
the relationship between the grain size of martensite and the mechanical properties of the
weld via cryogenic (−196 ◦C) impact tests and microstructure investigation [19]. Gook
et al. performed analyses on Ytterbium fiber laser welding after preheating 9% nickel
steel. Through cryogenic (−196 ◦C) impact testing, they established the optimal preheating
temperature range to produce a sufficiently high-impact toughness comparable to the base
metal [20].

FCAW has exhibited high efficiency as it has been used to develop welded wires
with toughness and strength equivalent to the base metal. In turn, FCAW research is
underway on cryogenic materials. For instance, Kim performed FCAW using hot steroid
series DW-709SP filler metal on 9% nickel steel and achieved weld reliability through
tensile, bending, hardness, and cryogenic (−193 ◦C) impact testing, as required for WPS
approval [21]. Meanwhile, Mu et al. used DW-N625 filler metal on 9% nickel steel and
performed crack tip opening displacement (CTOD) testing at room temperature (23 ◦C)
and cryogenic temperature (−193 ◦C); they also observed the microstructure microscop-
ically. Precipitation from TCP and carbides was observed on the weld, confirming that
the number of precipitates depending on the welding conditions affected the fracture
toughness. They also found that crack propagation caused by precipitation often occurs at
cryogenic temperatures [22]. Additionally, Park et al. measured the bead geometry, area,
and hardness of welds created via FCAW on 9% nickel steel. They found that the hardness
varies depending on the ratio of wires mixed in the weld. Moreover, the weld quality
decreases when the mixing ratio is ≥15.0%; the optimal welding conditions were derived
using the multi-objective optimization (MOO) algorithm [23]. Moshtaghi et al. studied
the FCAW and SMAW welding behavior of Ni addition ferritic weldments, confirming
that applying FCAW increases the density of high-angle grain boundaries compared to
SMAW [24].

Welding involves melting a localized area of material. The weld zone rapidly reaches
a high temperature and then rapidly cools through heat transfer to a low-temperature area
with a large volume. This drastic temperature change alters the material’s mechanical
properties and causes residual stress and distortion of the welding, resulting in increased
cost and time spent due to the need to select the proper welding conditions and equipment.
In addition, the strength and dimensional accuracy of the welded structure is reduced.
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Therefore, many analytical studies have been conducted to reduce the required trial and
error through finite element analysis. For example, Kim et al. conducted a 2D finite element
analysis to investigate the residual stress and temperature distribution while welding 9%
nickel steel plates. The finite element analysis results were consistent with the actual weld
geometry and temperature distribution; the resulting residual stress was most apparent
in the longitudinal direction of the weld line [25]. Manurung et al. performed multipass
GMAW on a T-shaped structure comprising low manganese carbon steel and compared the
weld temperature distribution and thermal distortion with 3D finite element analysis [26].

Meanwhile, Deng et al. performed CO2 welding on a thin panel structure made of
570 MPa thermo-mechanical control press (TMCP) steel. They then developed a welding
distortion prediction method by comparing and analyzing the effects of thermal distortion,
welding heat input, and sequence through 3D finite element analysis [27]. García-García
et al. performed butt welding of 5.8 mm twinning-induced plasticity (TWIP) steel plates
via the GTAW process. The temperature distribution according to the heat input was
confirmed through 3D finite element analysis and was compared with the microstructure
results of the welded specimens [28]. Moreover, Pyo et al. estimated the parameters
of the arc heat source based on the results of applying FCAW to 9% nickel steel [29].
Collectively, this research was performed to establish a methodology to derive the main
parameters constituting the welding heat source for each welding condition using bead-
on-plate experiments, heat transfer finite element analysis, and optimization algorithms.
However, the global optimization algorithm had to perform the time-consuming process of
comparing 2000 candidates, while the size of the actual fusion zone and the analysis result
differed by ~14%. This difference was caused by controlling only the heat-affected zone
(HAZ) size through the objective function and not the fusion zone size.

Therefore, this study proposes a simplified model to address the slow analysis speed
and presents precise objective functions and constraints to derive an arc welding heat
source model comprising the fusion zone and HAZ sizes. Based on this model, the main
parameters of the heat source were derived for three welding conditions, including those
from the previous study. The derived heat source and weld geometry were determined
experimentally and subsequently compared and analyzed; the differences between the
simplified analysis model and the 3D-based full model were also compared. The simplified
analysis model reduced analysis time by >70% compared to the previous study. Moreover,
the error rates of the weld geometry and HAZ size compared to the actual weld were
within 10% and 15%, respectively. Deriving an arc welding heat source model with a
sophisticated fusion zone facilitated the prediction of welding distortion that occurs during
arc welding with a small error rate. Hence, the findings of this study may help establish
guidelines for welding in the field with 9% nickel steel and evaluate the changes in the
welding location and structure design in consideration of the amount of distortion caused
by thermal contraction or expansion. Given that this method uses analytics to predict
welding distortion, the associated cost will be reduced as it will facilitate troubleshooting
within the design stage, avoiding the requirement for actual experiments.

2. Welding Experiments and Results
2.1. Welding Materials and Conditions

This study used 9% nickel steel (ASTM A553-1) [30], and bead-on-plate (BOP) welding
was performed using the FCAW process. The dimensions of the test specimen plates
were 150 mm (W) × 200 mm (L) and were 15 mm thick. Welding was performed by
fixing the ends of the four corners. Figure 1 shows a schematic diagram, including the
welding direction. The wire used in the experiment was AWS A5.14 ERNiMo-8 (KOBELCO,
TG-S709S, Changwon-si, Korea) with a diameter of 1.2 mm. Table 1 shows the chemical
composition of ASTM A553-1 [30], and Table 2 presents its mechanical properties [30].
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Figure 1. Schematic diagram of welding.

Table 1. Chemical composition of base metal and filler wire (wt.%) [30].

C Si Mn S P Ni Fe

Parent material 0.05 0.67 0.004 0.003 0.25 9.02 Bal.

Welding consumables 0.02 0.02 0.1 0.001 0.001 69.8 Bal.

Table 2. Mechanical properties of 9% nickel steel [30].

Yield Strength (MPa) Tensile Strength (MPa) Elongation (%) Hardness (HV)

651.6 701.1 26.6 243

Welding conditions included current, voltage, and welding speed, the main variables
that affect heat input. The voltage was fixed at 15 V and the welding speed at 0.4 m/min;
the experiment was conducted by changing only the current. Table 3 shows the welding
conditions, including the shielding gas.

Table 3. FCAW parameters and experimental condition.

Case Current (A) Voltage (V) Welding Speed (m/min) Shielding Gas (L/min)

Case 1 150 25 0.4 18

Case 2 160 25 0.4 18

Case 3 170 25 0.4 18

2.2. Cross-Section Analysis Results

FCAW welding was performed with a 600 A class welding machine (ProPAC,
HYOSUNG, Mapo-gu, Seoul, Republic of Korea) comprising a torch, weld feeder, direct
welding carriage, and rail. After BOP welding with the FCAW equipment, the specimens
were cut transversely at the center point of the weld line to observe the weld geometry.
The cut sections were sprayed with 90% ethanol and 10% nitric acid, and the shape of the
weld was analyzed using an optical microscope (EGVM 35B, EG Tech, Anyang, Republic of
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Korea) to measure the main welding parameters (bead width, bead height, HAZ width,
and HAZ height). Figure 2 shows the parameter measurement locations for each case, and
Table 4 and Figure 3 shows the measurements. As a result of cross-sectional analysis, it
was confirmed that the measurement parameters increased every time the current value
increased by 10A. Bead Height increased by ~6.51%, bead width by ~18.00%, HAZ depth by
~12.39%, and HAZ width by ~9.73%. The size of the fusion zone and HAZ area increased
as the magnitude of the current increased. The difference might be due to the increase in
heat input.
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Case Bead Height
(mm)
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(mm)
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(mm)

HAZ Width
(mm)

Case 1 2.90 9.68 4.14 15.74

Case 2 3.09 11.35 4.66 16.64

Case 3 3.29 13.48 5.23 18.92
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3. Deriving the Heat Source Model
3.1. Process for Deriving the Heat Source

The process comprised BOP welding, measuring the weld geometry, and deriving the
heat source results. Abaqus (Ver. 2020, Dassault Systems Simulia Corp, Johnston, RI, USA)
was used as the finite element analysis program for heat transfer analysis. Considering the
previously reported high reliability of Fortran user subroutines [31–35], they were used to
implement the moving heat source (Fortan Ver. 17.0, Intel, San Jose, CA, USA).

Welding heat transfer analysis requires temperature-specific mechanical properties
of the material, especially data at high temperatures. As the Jmatpro program has been
used to derive the mechanical properties of metals [36,37], it was employed in this study to
derive temperature-specific physical properties of 9% nickel steel. In addition, heat transfer
analysis was performed by applying physical property data according to temperature to
the analysis model. Figure 4 shows the thermal conductivity, specific heat, and density by
temperature (25–2500 ◦C). A sharp decrease in density values was observed around the
melting temperature of approximately 1500 ◦C for 9% nickel steel.
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A finite element analysis model was constructed based on the experiments, and a
moving heat source was applied to the center of the 150 mm wide, 200 mm long, and 15 mm
thick sample to analyze the welding process. For 3D analysis, the mesh size was set to 2 mm,
and ~90,000 meshes were used. Its accuracy was lower than a 2D model with a mesh size
of 0.8 mm. Hence, as more than 2000 comparative analyses are required in this study, the
2D shell model was simplified to shorten the analysis time (Figure 5). The simplified model
had a DC2D4 type mesh with a 4-node linear heat transfer quadrilateral and ~7000 meshes.
The analysis quality was validated using a previously reported method [38]. The optimal
arc heat source derived by the algorithm was applied to the 3D and 2D models to perform
heat transfer analysis and compare the results. The convective heat transfer coefficient was
set to 10 W/m2K, the emissivity to 0.8, and the air temperature to 20 ◦C [29].
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3.2. Simplifying the Heat Transfer Analysis Model

Due to the difficulty associated with conducting experiments in the field, welding
heat transfer analysis is often used to identify trends. However, the heat transfer analysis
performed in previous studies are time intensive due to the large number of meshes,
impeding the ability to rapidly identify trends in the field. Our previous study used a
model with a 0.15 mm mesh and ~9000 meshes. However, in this study, the mesh size was
reduced to 0.80 mm, and the count was increased to ~1200 to increase the analysis speed.
Moreover, the model was simplified by ~80% compared to the previous study to compare
and analyze the temperature distribution of the weld. As a result, the error rate of the weld
geometry was ~20%, and the error rate of the HAZ size was ~7% compared to the previous
experimental values. Meanwhile, in this study, the weld geometry and the HAZ size
error rates were within 10% and 15% of the experimental values, respectively. Moreover,
the analysis time decreased by more than 70%. More specifically, the previous model
required 1680 s to analyze one model while the simplified model required 420 s. Therefore,
applying a simplified model was considered more appropriate to identify trends and was
used in the current study to derive the heat source. Figure 6 compares the simplified and
previous models.
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3.3. Goldak Model Heat Source

The Goldak double ellipsoid model (Figure 7) is the most used heat source model
in finite element analysis of arc welding, defined by the governing Equations (1)–(5). In
Equations (2) and (3), the parameters af, ar, b, and c are independent so that they can have
different values for the front and back heat sources. Appropriate parameter values are
required to simulate a geometry similar to the actual heat source; hence, many studies have
sought to estimate these values. Farias et al. proposed a new heat source geometry based
on Goldak’s double ellipsoid model and applied a genetic algorithm to estimate the heat
source for arc welding [39,40]. Meanwhile, Pyo used adaptive simulated annealing (ASA)
to estimate the arc welding heat source [41].
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Q: Effective heat energy
µ: Welding efficiency
V: Voltage
I: Current
ff: Fraction of heat deposited at the front ellipsoid
fr: Fraction of heat deposited at the rear ellipsoid
v: Velocity of heat source
af, ar, b, c: Dimension parameters (Shown in Figure 7)

4. Optimization Algorithm
4.1. Software

The optimization algorithm program used in this study was Isight (Ver. 2020, Dassault
Systems Simulia Corp, Johnston, RI, USA), designed by the same company that created
Abaqus. Many studies have been conducted to design optimization algorithms using
Isight [42–45].

4.2. Algorithm Process

Heat transfer analysis was repeated by altering six parameters, including the welding
efficiency and the Goldak model parameters. It was, therefore, necessary to determine the
parameter value with the closest temperature distribution based on comparing the analysis
results with the actual HAZ size in Table 4. To find the optimal parameters of the arc heat
source, the evolutionary optimization algorithm (Evol) method was applied (Figure 8) [46].
Evol is an evolutionary algorithm-based method that randomly adds normally distributed
values to each design variable and applies mutation (standard deviation of the normal dis-
tribution) to identify the optimal value. The parental generation is randomly selected, and
mutation operations are used to generate offspring. After evaluating the results produced
by the mutations, the most suitable results replace the parents of the next generation; this
process is repeated to converge with the objective function. In this way, Evol can solve
problems with nonlinear constraints as it does not require any information other than that
derived from the object evaluation method. As such, it has been used in many optimization
processes [47,48].
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4.3. Limiting Parameter Temperature Range

Based on the test results in Table 4, a 1.0 mm offset between the weld bead and HAZ
boundary and inside and outside the HAZ border was applied to the model. In the previous
study, temperatures were checked at five points at the offsets inside (Q1–5) and outside (P1–5)
the HAZ; however, the temperature at the fusion zone was not recorded. Consequently,
it was impossible to control or accurately predict the size of the fusion zone. Therefore,
in this study’s analysis model, the temperatures were checked at two weld points (W1–2),
five points at the offsets inside (Q1–5) and outside (P1–5) the HAZ, and five points at the
HAZ boundary (T1–5) (Figure 9). The weld points were at locations completely melted in
the cross-sectional analysis (Figure 2), the end of the bead, and where the centerline of the
bead met the base metal. Adding weld points reduces the range in finding an appropriate
solution for the multivariate function and helps derive an arc welding heat source with a
precise weld.

Materials 2023, 16, x FOR PEER REVIEW 10 of 21 
 

 

an appropriate solution for the multivariate function and helps derive an arc welding heat 
source with a precise weld. 

 
Figure 9. Offset shape, temperature checking position, definition of distance to heat source. 

The following temperature constraints were assigned to derive a highly consistent 
heat source through the optimization algorithm: the weld point must exceed 1450 °C and 
the inner offset point must reach 600 °C at least once, while the outer offset point cannot 
exceed 600 °C. The temperatures of both the inner and outer offset constraints were set to 
600 °C as carbon steel has an Ac1 point where its structure changes at temperatures above 
600 °C. Therefore, 600 °C was selected as the temperature that separates the HAZ, and 
1450 °C was applied for the fusion zone as melting occurs above this temperature. In the 
previous study, the sum of the differences between the maximum values of the inner and 
outer points was set as the objective function. However, as the offset interval widens, the 
range of the objective function value widens and becomes less consistent. Therefore, in 
this study, the HAZ boundary point was included in the objective function, and Equation 
(6) was applied by setting the value obtained by subtracting 600 °C from the sum of the 
maximum values as the objective function, as follows: 

Objective funtion =  Min ෍|T୘୬ − h|୩
୬ୀଵ  (6)

TTn: Temperature of HAZ Border Line check point n 
n: Number of check point (n = 1, 2, 3, 4, 5) 
k: Total number of check points (k = 5) 
h: HAZ boundary temperature 

4.4. Setting Variables and Ranges 
This study sought to identify the optimal values of the parameters that minimize the 

objective function while satisfying the temperature constraints. There were six parameters 
in total. The parameters of the Goldak model, welding efficiency, and distance from the 
heat source were set as variables. As shown in Table 5, the upper bound was increased to 
find an optimal solution within a wide range. The welding efficiency was set to 5% (±2.5%) 
with 0.8 as the reference value. The variables af, ar/af, b, and c were set to a relatively wide 
range. The distance to the heat source range was within the bead stacked on the upper 
part of the base metal, and Table 6 shows the values set as the bead’s height for each case 
in Table 4. Additionally, Figure 9 presents the distance to heat source locations and ranges. 

  

Figure 9. Offset shape, temperature checking position, definition of distance to heat source.

The following temperature constraints were assigned to derive a highly consistent
heat source through the optimization algorithm: the weld point must exceed 1450 ◦C and
the inner offset point must reach 600 ◦C at least once, while the outer offset point cannot
exceed 600 ◦C. The temperatures of both the inner and outer offset constraints were set to
600 ◦C as carbon steel has an Ac1 point where its structure changes at temperatures above
600 ◦C. Therefore, 600 ◦C was selected as the temperature that separates the HAZ, and
1450 ◦C was applied for the fusion zone as melting occurs above this temperature. In the
previous study, the sum of the differences between the maximum values of the inner and
outer points was set as the objective function. However, as the offset interval widens, the
range of the objective function value widens and becomes less consistent. Therefore, in
this study, the HAZ boundary point was included in the objective function, and Equation
(6) was applied by setting the value obtained by subtracting 600 ◦C from the sum of the
maximum values as the objective function, as follows:

Objective funtion = Min
k

∑
n=1
|TTn − h| (6)

TTn: Temperature of HAZ Border Line check point n
n: Number of check point (n = 1, 2, 3, 4, 5)
k: Total number of check points (k = 5)
h: HAZ boundary temperature
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4.4. Setting Variables and Ranges

This study sought to identify the optimal values of the parameters that minimize the
objective function while satisfying the temperature constraints. There were six parameters
in total. The parameters of the Goldak model, welding efficiency, and distance from the
heat source were set as variables. As shown in Table 5, the upper bound was increased to
find an optimal solution within a wide range. The welding efficiency was set to 5% (±2.5%)
with 0.8 as the reference value. The variables af, ar/af, b, and c were set to a relatively wide
range. The distance to the heat source range was within the bead stacked on the upper part
of the base metal, and Table 6 shows the values set as the bead’s height for each case in
Table 4. Additionally, Figure 9 presents the distance to heat source locations and ranges.

Table 5. Variables and ranges.

Variable Lower Bound Upper Bound

µ (W/W) 0.78 0.82
af (mm) 1.0 15.0

ar/af (mm/mm) 1.5 7.0
b (mm) 1.0 20.0
c (mm) 1.0 15.0

Table 6. Distance to heat source ranges.

L (Distance to Heat Source, mm)

Lower Bound Upper Bound

Case 1 0 2.90
Case 2 0 3.09
Case 3 0 3.29

5. Results and Analysis
5.1. Deriving the Heat Source Parameters and Heat Transfer Analysis Results

Approximately 2000 candidates were compared using Isight. The parameter with the
smallest objective function was derived and selected as the optimal value. Table 7 shows
the derived parameter values, all were within the bound range established in Table 5. In
addition, Table 7 shows a comparison between parameters from previous studies.

Table 7. Derived heat source parameters.

Variable
Value

Case 1 Case 2 Case 3

µ (W/W) 0.82 0.81 0.82
af (mm) 2.96 1.84 7.72

ar/af (mm) 5.79 6.56 7
b (mm) 13.92 19.62 11.26
c (mm) 4.64 1.84 1.00
L (mm) 2.09 3.09 3.29

The welding heat input differed for each case (Table 3). The ar and c parameters,
constituting the heat source, showed a tendency, while af and b did not. This might have
been caused by the offset range of 1.0 mm. Hence, the correlation between the heat input
amount and the heat source parameter cannot be shown.

Navid et al. derived the optimal parameters of the Goldak heat source using the
artificial neural network (ANN) method and compared the actual experimental results
with the simulation results. They confirmed that the cross-section of the actual welding
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and simulation results were similar. However, the optimal parameters of the Goldak heat
source derived from the ANN were also difficult to correlate with welding conditions [50].

Table 8 shows the values at the temperature constraint points obtained from the heat
transfer analysis. Under all conditions, the maximum temperature at the outer offset P1-3
points did not exceed 600 ◦C, while those at all of the inner offset Q1-3 points were above
600 ◦C. The maximum temperature at the weld point was >1450 ◦C, and the temperature
was ~600 ◦C at the HAZ boundary.

Table 8. Maximum temperature at each checkpoint per welding condition.

Temperature (◦C)
Value

Case 1 Case 2 Case 3

P1 546.83 522.86 266.03
P2 413.66 389.53 407.15
P3 419.67 391.85 458.52
Q1 877.38 684.56 643.07
Q2 787.20 830.43 821.43
Q3 876.75 909.68 994.34
M1 1450.84 1701.07 1474.87
M2 2117.31 2692.81 3302.30
T1 705.26 596.45 425.85
T2 586.05 586.16 592.86
T3 618.90 612.57 691.02

5.2. Heat Transfer Analysis Results by Welding Conditions

Figures 10–12 show the results of analyzing heat transfer in each case as time elapsed.
The results were then compared from 0.1 s before the heat source arrived to 4.0 s after the
heat source passed. In addition, the maximum HAZ width and HAZ depth were measured
to compare the experimental and analytical results and obtain the error rate. The maximum
HAZ width of Cases 1 and 2 was reached the instant the heat source arrived, and the
maximum HAZ depth was reached 4.0 s after the heat source passed. The maximum HAZ
width in Case 3 also was reached 1.0 s after the heat source arrived, and the maximum
HAZ depth was reached 4.0 s after the heat source passed.

The maximum HAZ width and depth were measured from the heat transfer anal-
ysis results applying the simplified model for each case, and compared with the actual
experimental results in Table 4 (Table 9).

Table 9. HAZ dimension and comparison.

Value

HAZ Width HAZ Depth

FEM
(mm)

Experiment
(mm)

Difference
(%)

FEM
(mm)

Experiment
(mm)

Difference
(%)

Case 1 16.05 15.74 1.96 4.75 4.14 14.73
Case 2 15.84 16.64 4.81 5.20 4.66 11.59
Case 3 18.50 18.92 2.22 5.77 5.23 10.33

Case 1 had the smallest HAZ width error rate (1.96%), however, all cases had error
rates within 4.81% and HAZ depth error rates within 14.73%. Hence, the 1.0 mm offset
range significantly affects the HAZ depth measurement, which is relatively small compared
to the HAZ width measurement. To find a more precise heat source model, reducing the
offset range may reduce the error rate.
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Figure 10. Temperature distribution by timeline before and after welding of Case 1. Times were (a) 
−0.1 s (before the heat source arrives); (b) 0 s (when the heat source is directly above); (c) 0.5 s 
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Figure 10. Temperature distribution by timeline before and after welding of Case 1. Times were
(a) −0.1 s (before the heat source arrives); (b) 0 s (when the heat source is directly above); (c) 0.5 s
elapsed; (d) 1.0 s elapsed; (e) 2.0 s elapsed; (f) 4.0 s elapsed.
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Figure 11. Temperature distribution by timeline before and after welding of Case 2. Times were (a) 
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Figure 11. Temperature distribution by timeline before and after welding of Case 2. Times were
(a) −0.1 s (before the heat source arrives); (b) 0 s (when the heat source is directly above); (c) 0.5 s
elapsed; (d) 1.0 s elapsed; (e) 2.0 s elapsed; (f) 4.0 s elapsed.
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Figure 12. Temperature distribution by timeline before and after welding of Case 3. Times were (a) 
−0.1 s (before the heat source arrives); (b) 0 s (when the heat source is directly above); (c) 0.5 s 
elapsed; (d) 1.0 s elapsed; (e) 2.0 s elapsed; (f) 4.0 s elapsed. 

The maximum HAZ width and depth were measured from the heat transfer analysis 
results applying the simplified model for each case, and compared with the actual exper-
imental results in Table 4 (Table 9). 

Figure 12. Temperature distribution by timeline before and after welding of Case 3. Times were
(a) −0.1 s (before the heat source arrives); (b) 0 s (when the heat source is directly above); (c) 0.5 s
elapsed; (d) 1.0 s elapsed; (e) 2.0 s elapsed; (f) 4.0 s elapsed.
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5.3. Comparing the Heat Transfer Results between the Original Dimension Model and the
Simplified Model

The original dimension model was simplified, as shown in Figures 5 and 6, and the
optimal heat source parameter values were derived by applying the optimization algorithm
and objective function to the simplified model. Therefore, it is necessary to compare and
verify the original dimension model and the simplified model. The default mesh size of the
original dimension model was set to 2 mm and 1 mm within 10 mm on both sides from
the center of the weld. The DC3D8R element was used as the mesh type; hence, an 8-node
linear heat transfer brick and reduced integration were applied. The mesh count for Cases
1, 2, and 3 were 90,300, 90,900, and 91,900, respectively. The temperature distribution was
checked 1.6 s after the heat source passed at 18 mm, 86 mm, and 186 mm of the original
dimension model and compared with the simplified model. Figure 13 shows the positions
for checking the temperature distribution. Figures 14–16 show the comparison of Cases 1,
2, and 3 results, respectively (4-node linear heat transfer quadrilateral).
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Figure 14. Comparison of temperature distribution of Case 1 and Original dimension model 1.6 s 
after the heat source has passed (a) Simplified model with fine meshes; (b) 18 mm position of origi-
nal dimension model; (c) 86 mm position of original dimension model; (d) 186 mm position of orig-
inal dimension model. 
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Figure 14. Comparison of temperature distribution of Case 1 and Original dimension model 1.6 s
after the heat source has passed (a) Simplified model with fine meshes; (b) 18 mm position of original
dimension model; (c) 86 mm position of original dimension model; (d) 186 mm position of original
dimension model.
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Figure 14. Comparison of temperature distribution of Case 1 and Original dimension model 1.6 s 
after the heat source has passed (a) Simplified model with fine meshes; (b) 18 mm position of origi-
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Figure 15. Comparison of temperature distribution of Case 2 and Original dimension model 1.6 s
after the heat source has passed (a) Simplified model with fine meshes; (b) 18 mm position of original
dimension model; (c) 86 mm position of original dimension model; (d) 186 mm position of original
dimension model.
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more sophisticated analysis model while ensuring high speed. 

Table 10. HAZ size comparison between the original dimension and simplified models 

Figure 16. Comparison of temperature distribution of Case 3 and Original dimension model 1.6 s
after the heat source has passed (a) Simplified model with fine meshes; (b) 18 mm position of original
dimension model; (c) 86 mm position of original dimension model; (d) 186 mm position of original
dimension model.

When visually comparing the temperature distribution of the simplified model and
the original dimension model, it was confirmed that the sizes of the melted zone and HAZ
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area were similar until 1.6 s after the heat source passed. However, the measurement results
for HAZ width and HAZ depth showed a slight difference. This is attributed to the original
dimension model being a 3D model where heat transfer occurs in all directions.

Table 10 shows the HAZ width and HAZ depth compared to the simplified model
when the heat source passes through the 18 mm, 86 mm, and 186 mm points of the original
dimension model. In all cases, the size at 186 mm was significantly larger than at 18 mm.
This is attributed to the heat generated by the heat source, indicating that heat transfer
occurs effectively as the heat source moves. Subsequently, we compared the average
measurements of the original dimension model based on the values from the simplified
model as a reference. In Case 1, HAZ width and HAZ depth showed error rates of 11.01%
and 12.75%, respectively. In Case 2, the error rates were 13.49% and 11.97%, and 12.63% and
9.53% in Case 3. All error rates were confirmed to be within 14%. Hence, it is considered
advantageous to apply the simplified model in field scenarios where speed is crucial.
Considering that the results from the simplified model are slightly higher than the actual
experimental results (Table 9), we can conclude that the original dimension model provides
heat transfer results with higher consistency. However, there is a need to develop a more
sophisticated analysis model while ensuring high speed.

Table 10. HAZ size comparison between the original dimension and simplified models.

Value

Variables

Simplified
Model
(mm)

Original Dimension Model (mm) Difference
(%)18 mm 86 mm 186 mm

HAZ
Width

Case 1 13.83 12.25 12.28 12.39 11.01
Case 2 14.70 12.60 12.71 12.84 13.49
Case 3 16.89 14.62 14.70 14.95 12.63

HAZ
Depth

Case 1 4.42 3.80 3.87 3.90 12.75
Case 2 4.68 4.09 4.11 4.16 11.97
Case 3 5.70 5.05 5.18 5.24 9.53

6. Conclusions

This sought to improve the slow interpretation speed, which hinders the procurement
of arc welding heat sources, by applying optimization algorithms. More specifically, we
aimed to improve the interpretation speed by devising simplified interpretation models.
In addition, temperature constraints were added to compensate for the shortcomings of
existing studies, and a new objective function was proposed to ensure consistency. The
primary findings are summarized as follows:

(1) The heat transfer analysis results show that the optimal parameters of the Goldak
model derived by the optimization algorithm satisfied all temperature constraints.

(2) The model applied in the previous study was simplified to speed up the analysis
process, which increased the analysis speed by about 70%.

(3) A heat source model that melts the entire weld bead was derived through the temper-
ature constraints of the weld point, and a consistent HAZ area was simulated through
a new objective function.

(4) By comparing the HAZ width and HAZ depth of the simplified model with the actual
weld cross-sections, the HAZ width and depth exhibited maximum differences of
4.81% and 14.73%, respectively.

(5) By comparing the heat transfer analysis results between the simplified model and the
original dimension model, the HAZ width and depth showed maximum differences
of 13.49% and 12.75%, respectively.

(6) This study applied a simplified model based on the HAZ size to rapidly derive optimal
heat source parameters and identify the weld geometry through heat transfer analysis,
which was considered to save time.
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Abstract: High-speed electric motors, e.g., axially laminated anisotropic synchronous reluctance
motors (ALA-SynRM), use a solid rotor manufactured by joining alternating layers of magnetic and
non-magnetic metallic sheets. The strength of the dissimilar metallic joints is critical for the rotor’s
ability to withstand the operating conditions of the high-speed electrical machine. In this work,
various dissimilar metallic joint configurations that can be used in high-speed ALA-SynRM rotors
are studied by analyzing the shear strength, microstructure, hardness, and composition of the joints.
Metallic joints of structural steels and Inconel® alloys fabricated by vacuum brazing and hot isostatic
pressing (HIP) are studied. Finite element analysis (FEA) was performed to calculate the maximum
shear stress of the joints that were subjected to various high speed operating conditions. The shear
strength of the test specimens was measured and compared with FEA results. The microstructure
and chemical composition of the joints were studied by using optical microscopy, scanning electron
microscopy (SEM) and energy dispersive spectroscopy (EDS) on SEM. The results show that the
hot isostatic pressed S1100MC-IN718 joint achieved the highest ultimate shear strength (233.3 MPa)
followed by vacuum brazed S355MC-IN600 joint (230.1 MPa) and HIP S355-IN718 (203.5 MPa),
thereby showing that vacuum brazing and HIP can be viable manufacturing methods to fabricate a
high-speed ALA-SynRM rotor.

Keywords: iron alloys; nickel alloys; shear strength; microstructure; grains and interfaces; finite
element analysis

1. Introduction

High-speed (HS) electrical machine (EM) technologies offer a viable solution for the
needs of future electromechanical energy conversion systems. A key benefit of high-speed
technology is its higher power density, which decreases the size of high-speed systems
and reduces the need of raw materials. Moreover, high-speed machines exhibit greater
efficiency than electrical machines with lower rotational speeds [1]. Typical applications for
HS-EM are, for example, gas turbines, flywheel energy storage systems, high-speed spindle
applications, turbomolecular pumps, gas compressor applications, as well as industrial air
compressors and air blowers [2]. An important aspect of electromagnetic design and manu-
facturing of such high-speed technology is rotor dynamics, which influences robustness and
efficiency, and consequently the economics of the rotating electrical machine. High-speed
rotating electrical machines are electrical machines with rotor surface speed greater than
100 m/s [3] and high rotational speed with respect to the power of the electrical machine [2].
The maximum operation speed of a HS-EM is governed by the mechanical robustness of
its rotor at high speeds [4], thermal losses in the rotor and in the stator occurring at high
switching frequencies [5], and gas friction losses at rotor surface speed over 300 m/s [6].
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Typically, high-speed electrical machines can be classified by machine type and
rotor structure into induction machines (IM), permanent magnet synchronous machines
(PMSM) and switched reluctance machines (SRM) [7]. Synchronous homopolar ma-
chines [8] and synchronous reluctance motors (SynRM) [9] are also applicable to be used
in high-speed applications.

Each of the high-speed electrical machine types listed above has a unique rotor struc-
ture which makes the machine particularly suitable for specific application. The strengths
and weaknesses of the various high-speed electrical machine types are described in [4]. As
a summary, it can be concluded that induction machines are generally suited for high-speed
applications due to the mechanical robustness of the IM rotor. However, the efficiency
of the IM rotor is decreased by rotor joule losses. Switched reluctance machine rotors
are simple and robust constructions, but the requirement of a large airgap reduces their
efficiency. Permanent magnet synchronous machines have high power density and effi-
ciency; however, the mechanical robustness of the rotor, which is affected by the magnet
encapsulation, may be a limiting factor in high-speed applications.

To overcome some of the limitations of conventional high-speed rotors noted above, an
axially laminated anisotropic synchronous reluctance motor (ALA-SynRM) was presented
in [7]. The ALA-SynRM rotor is a solid rotor structure made from multiple alternating
magnetic and non-magnetic metal sheets that provide the necessary flux paths for the
electromagnetic field. A key benefit of the ALA-SynRM rotor is its simplicity. Unlike PMSM
rotors, the ALA-SynRM rotor does not require rare earth permanent magnets. Moreover,
there is no need for the complicated squirrel-cage structure found in IM rotors, which can
limit the maximum rotational speed of the rotor by decreasing the rigidity of the rotor [10].

Typical methods for bonding dissimilar metals sheets includes brazing and high and
low temperature solid-state welding processes, such as explosion welding and hot isostatic
pressing (HIP), all of which can be used to manufacture ALA-SynRM rotors [11]. The
brazing process is described as a process where the parent materials to be bonded are
heated to a temperature that is lower than the melting temperature of the parent materials
but higher than the melting temperature of the braze alloy [12]. As the braze alloy melts in
the joint, capillary forces and the wetting action cause the braze alloy to flow throughout
the joint area and, on cooling, to create a permanent bond between the workpieces. In the
explosion welding process, an explosive charge is used to accelerate the parts to be bonded
to high speeds of up to several hundreds of meters per second. The parts collide with each
other and solid bonding of the two metal pieces occurs at the point of impact [13]. The HIP
process is used as a solid-state diffusion welding process to bond dissimilar materials and to
sinter powder metal components with fully isotropic material parameters [14]. The joint is
formed by deforming and diffusing the joint area using high temperature and pressure [15].

Recently, the electromagnetic properties of ALA-SynRM rotors manufactured by
mechanically bonding the laminated rotor structure have been studied in [16–18] and all
aforementioned researchers highlight similar or higher rotor efficiency compared to other
rotor structures. These studies, however, consider only ALA-SynRM rotors manufactured
by mechanically joining, e.g., with screws, the alternating magnetic and non-magnetic
metallic sheets. Using external elements to construct the ALA-SynRM rotor can lead to
a complicated construction process in terms of manufacturing and may compromise the
structural integrity of the rotor in high-speed applications [19]. The utilization of metal-
to-metal bonding methods, i.e., brazing, explosion welding and hot isostatic pressing,
to manufacture ALA-SynRM rotor structures has not been widely studied. While the
feasibility of a brazed ALA-SynRM rotor was studied in [20], it was primarily focused on
describing the electromagnetic performance of the brazed ALA-SynRM rotor with little
consideration given to joint strength and structure.

The detailed analysis of EM rotors structural performance and its applicability in high-
speed operations in [21] highlighted the importance of effective bonding of the dissimilar
materials. Accordingly, this article investigates dissimilar metal joints suitable for use in
construction of the rotor of an ALA-SynRM. The mechanical properties, such as shear
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strength, and microstructural aspects of the joints made from several different materials
are studied. The paper begins by giving an overview of the structure of an ALA-SynRM
rotor. The subsequent section introduces the experimental methods used to determine
the shear strength of the joints followed by finite element analysis of the stresses that the
rotor is subjected to during its operation. Finally, the shear strength measurements and the
corresponding microstructural aspects are discussed. The paper concludes by reprising key
findings from the work.

2. Materials and Methods

During operation of an electrical machine, the rotor is subjected to mechanical loads
caused by the rotational motion of the rotor and electromagnetic forces created by the
electrical machine. Additionally, the rotor may be subjected to thermal loads due to varying
operational temperature. The mechanical robustness of the rotor is often the limiting factor
for high rotational speeds.

In the case of an ALA-SynRM rotor, the rotor is constructed from multiple magnetic
and non-magnetic sheets bonded to each other. A two-pole ALA-SynRM rotor cross section
is shown in Figure 1. In the ALA-SynRM rotor, the magnetic sheets act as a flux path and
the non-magnetic sheets act as insulators that guide the electromagnetic flux [22]. The
strength of the joint combining the sheets depends on the strength of the parent material
and the joint integrity which are studied using experiments and simulations as explained
in the following sections.

Figure 1. Cross section of ALA-SynRM rotor (according to [7]).

2.1. Experiments
2.1.1. Materials

This study focuses on the strength and structure of the following three bimetallic joint
combinations: (i) vacuum brazed joint of structural steel S355MCD and non-precipitation
hardened Inconel® 600, (ii) hot isostatically pressed structural steel S355MC and precipi-
tation hardened Inconel® 718, and (iii) ultra-high strength structural steel S1100MC and
precipitation hardened Inconel® 718. Material pairs for this research were selected based
on existing literature [23], as well as the aim of studying the possibilities of using ultra-
high strength structural steel in the construction of an ALA-SynRM rotor. The chemical
composition of the parent materials and braze alloy for vacuum brazing of this study are
presented in Appendix A Table A1.

Table 1 presents the thickness, yield strength, ultimate tensile strength, elongation,
hardness, and delivery state of the materials and braze alloy studied at a temperature
of 20 ◦C in the delivery state as indicated in the material certificates. For S1100, Inconel® 600,
Inconel® 718, and braze alloy CW021A, yield strength is 0.2% proof stress (Rp0.2).
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Table 1. Mechanical properties of the parent materials based on material certificates.

Material Thickness
(mm)

Yield
Strength

(MPa)

Tensile
Strength

(MPa)

Elongation
(%) Hardness Delivery State

S355MC 3.00 402 487 34 (A45) 155 (HV3/10) 1 Thermomechanically formed
S355MCD 6.00 421 490 34 (A50) 155 (HV3/10) 1 Thermomechanically formed
S1100MC 4.00 1166 1363 9.0 (A5) 453 (HV3/10) 1 Thermomechanically formed
S1100MC 6.00 1144 1374 9.0 (A5) 453 (HV3/10) 1 Thermomechanically formed

Inconel® 600 3.00 327 691 48.1 (A50) 86.2 (HRBW) Soft annealed
Inconel® 718 3.17 419 878 53 92 (HRBW) Annealed
Inconel® 718 3.71 450.2 903 50.4 95.3 (HRB) Annealed

CW021A 0.100 98 247 36 (A50) - Soft annealed
1 measured value (Struers Durascan, HV3/10, Denmark).

2.1.2. Bonding Processes

Figure 2 shows the shape of the billet used to construct the ALA-SynRM rotor and the
shape of the test specimens extracted from the rotor billet.

Figure 2. Structure of the billet for ALA-SynRM rotors and test specimens (dimensions in mm, not
to scale).

Table 2 describes the bonding methods and test specimens used in this study. Test
specimens to study HIP bonding were manufactured from the excess material of the billets
used to manufacture the ALA-SynRM rotors (Figure 2). To study the vacuum brazed joint,
a separate test billet was manufactured after the manufacturing of the rotor billet, since
the rotor billet did not provide enough test specimens to study the joint. The vacuum
brazed test specimen contains only thick magnetic sheets to provide a more favorable test
procedure in practice.
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Table 2. Test specimens and their bonding methods and process parameters.

Test specimen Material Thickness (mm) Bonding Method Temperature (◦C)
and Dwell Time (h)

Pressure at
Maximum

Temperature
(MPa)

A
S355MCD 6.00 Vacuum brazing 1100/0.5 0.0001Inconel® 600 3.00

B
S1100MC 4.00, 6.00 Hot isostatic pressing 1150/5 101Inconel® 718 3.17

C
S355MC 3.00, 6.00 Hot isostatic pressing 1150/4 101Inconel® 718 3.17

D S355MC 6.00 - - -

E S1100MC 4.00 - 1100/5 -

F Inconel® 718 3.71 - 1100/5 -

G Inconel® 600 3.00 - 1100/1 -

H S355MCD 6.00 - 1100/1 -

Control specimens D, E, F, G and H were included in the experiment. Specimen D was
used to validate the shear strength test setup by measuring the shear strength of a parent
material with known strength properties. Control specimens E, F, G and H were used to
determine the tensile strength of the parent materials after heat treatment similar to the test
specimens used in the bonding processes.

Manufacturing of the rotor and test specimen billets began by cutting the metal
plates to suitable shapes with a fiber laser. After preparation, the cut plates were sent to
companies specializing in the vacuum brazing and hot isostatic bonding processes. For test
specimen A, the rate of heating in the brazing process was 314 ◦C/h before 30 min dwell
time at a brazing temperature of 1100 ◦C. In the brazing atmosphere, the pressure was less
than 0.0001 MPa during the brazing process. The cooling cycle lasted 2 h, during which the
test piece cooled down to 950 ◦C in the first hour and to room temperature in the second
hour. A copper braze alloy with thickness of 100 µm was utilized in the vacuum brazing
while the strength and ductility of the braze alloy material was considered to be suitable on
this application.

Authors in [23] suggested that HIP should be used when bonding Inconel® 718 because
vacuum brazing of Inconel® 718 and S355 structural steel was experimented with copper
braze alloy and results were unsatisfactory. Thus, the material pairs including Inconel® 718
in this research are bonded by HIP. In the HIP process, the rate of heating was 164 ◦C/h
and the rate of pressure increase was 14.4 MPa/h. The rate of cooling was 192 ◦C/h and
the rate of pressure decrease was 16.3 MPa/h. The HIP process was performed in an
argon-protected atmosphere. After successful bonding, all test specimens were visually
inspected before machining to a shape suitable for the test setup.

The control specimens E and F were exposed to a high temperature of 1100 ◦C for a
long time (5 h) to simulate the effect of long-term exposure to high temperature simulating
HIP process. The control specimens G and H were exposed to a similar temperature as in
the vacuum brazing for one hour to simulate the temperature cycle of vacuum brazing. All
control specimens were encapsulated in individual argon protected atmospheres during
exposure to high temperature.

2.1.3. Experimental Testing

When assessing the strength of a joint, either the normal or the shear strength can
be studied. Due to the structure of the ALA-SynRM rotor, the latter is the focus of this
research. Shear stress along a lap joint can be evaluated by using test specimen geometry as
demonstrated in [24] or directly induce shear stress on the test specimen with a dedicated
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test setup as in [25]. In this study, a test setup adopted from [25] was created and Figure 3
illustrates the test setup and the principle of operation.

Figure 3. Test setup for the shear strength (a) experimental setup; (b) schematic drawing.

In the study, the test specimen was carefully placed such that the joint was located
between the upper and lower die. In each test, the structural steel was located under the
upper die and, respectively, Inconel® was always on top of the bottom die.

The shear strength of the joints was determined using a universal testing machine
(Matertest Oy FMT-250, Finland) equipped with a servo-hydraulic cylinder with a maxi-
mum force capacity of 250 kN. Test specimens were subject to a load which was gradually
increased up to the breaking point with the strain rate indicated in Table 3. The universal
testing machine was equipped with a calibrated load cell (Interface Inc. 1020AF-125KN-B,
USA), which allowed the force exerted to be recorded during the test. The servo-hydraulic
cylinder was equipped with a position transducer (Curtiss-Wright Corp., Penny & Giles
VRVT100, United Kingdom), which allowed the displacement of the die during the tests to
be recorded. The universal testing machine was also used to determine the ultimate tensile
strength of the control specimens E, F, G and H.

Table 3. Test and test specimen details.

Test Specimen Test Type Material Bonding Method Width
(mm)

Height
(mm)

Gauge
Length (mm)

Strain Rate
(s−1)

A
Shear S355MCD Vacuum brazing 50 10 - 0.001Inconel® 600

B
Shear S1100MC Hot isostatic pressing 36 5 - 0.002Inconel® 718

C
Shear S355MC Hot isostatic pressing 50 6 - 0.002Inconel® 718

D Shear S355MCD - 50 6 - 0.002

E Tensile S1100MC - 30 4 50 0.0002

F Tensile Inconel® 718 - 30 3.71 50 0.0002

G Tensile Inconel® 600 - 30 3 50 0.0002

H Tensile S355MCD - 30 6 50 0.0002

Metallographic samples were prepared and etched using 4% Nital for 10 s for structural
steel samples and 10% oxalic acid with 30 V/2 A DC-current for Inconel samples. The
microstructure of the specimens was examined with a stereo microscope (Meiji Techno
IM7530, Japan). The microhardness of the specimens was measured with a micro hardness
tester (Struers Durascan, HV3/10, Denmark). A scanning electron microscope (Hitachi
SU3500, Japan) was used to study the composition of the joint area in greater detail.
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2.2. Finite Element Simulations

The design parameters for the rotor under study are as follows: maximum rotational
speed of 24,000 rpm and nominal power of 12 kW. The laminate layer thicknesses and
configuration are shown in Figure 4. The materials initially considered for the finite element
(FE) study of the laminated rotor are S355 steel for the magnetic material and Inconel® 718
for the non-magnetic material, due to the following reasons. In addition to the excellent
electromagnetic performance, this material pair has very similar structural properties,
which minimizes the difference in thermal growth under thermal load and, in general, the
overall strain difference between the laminated sheets. In addition, the availability and
price of the materials are favorable. Finite element analysis (FEA) was performed also for
other material pairs shown in Table 3. The material properties used in FEA are shown in
Table 4. The software used for finite element analysis was Ansys Workbench 2021 R2.

Figure 4. Main dimensions and laminate layer configuration of the laminated rotor. (Dimensions in
millimeters, not to scale.)

Table 4. Material properties used in finite element analysis of the laminated rotor [26–29].

Material Density (kg/m3)
Elastic Modulus

(GPa)
Poisson’s Ratio

(-)

Thermal
Expansion

(1/◦C)

S355 7800 210 0.30 12.0× 10−6

Inconel® 718 8190 200 0.29 12.5× 10−6

S1100 7850 210 0.30 11.0× 10−6

Inconel® 600 8470 214 0.32 10.4× 10−6

Based on the CAD geometry depicted in Figure 4, a finite element (FE) model was
generated to be able to solve the stresses the structure experiences under certain loading
conditions. The rotational velocity was set to nominal speed 24,000 rpm, and the estimated
thermal condition was included in the model by applying constant 300 ◦C increase from
the initial condition. To maintain the size of the numerical problem feasible for solution,
bonding material layers and the thermal loading cycle during the bonding process were
excluded from the analysis. Instead, the laminated layers were directly connected using
fixed constraints to simulate perfect bonding of laminated layers. Mesh density was
adjusted to have a minimum of two element layers in the direction of thickness in each
laminate, resulting in a total of 1,103,000 nodes in a mixed hexahedron dominant mesh
having a total of 353,000 quadratic elements. This particular mesh density was utilized to
optimize the computational time with the hardware resources available and it was deemed
appropriate for the purposes of comparative analysis of the joints. In all the finite element
analyses, the model geometry and the mesh density were kept unchanged, to be able to
focus the analysis only on the behavior of different materials under the stresses.
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3. Results
3.1. Experiments
3.1.1. Shear Strength and Hardness

The data gathered during the shear strength tests was analyzed and used to assess
the shear behavior of the bimetallic joints. The engineering value of the shear stress was
determined by dividing the force exerted on the test piece by the cross-section area of
the test piece. Due to the nature of the test setup, only the displacement of the upper die
(Figure 3b) could be recorded from the data provided by the position transducer in the
servo-hydraulic cylinder. To obtain shear stress versus the displacement of the die, the
displacement was normalized with the specimen thickness similarly as [30].

Figure 5 presents the shear stress-normalized displacement for the test specimens, and
Tables 5 and 6 show the results of the shear strength of the joints and the ultimate tensile
strength of the control specimens, respectively.

Figure 5. Shear stress-normalized displacement of test specimens: (a) S355-IN600 vacuum brazed;
(b) S1100-IN718 HIP; and (c) S355-IN718 HIP.

Table 5. Shear strength of the test specimens (n = number of samples).

Test Specimen Material Bonding Method n Mean Ultimate Shear
Strength (Mpa)

Standard Deviation of
the Ultimate Shear

Strength (Mpa)

A
S355MCD Vacuum brazing 12 230.1 5.5Inconel® 600

B
S1100MC Hot isostatic pressing 12 233.3 15.7Inconel® 718

C
S355MC Hot isostatic pressing 12 203.5 15.5Inconel® 718

D S355MCD - 10 300.3 13.3

Table 6. Tensile strength of the control specimens (n = number of samples).

Test Specimen Material n Mean Ultimate Tensile
Strength (Mpa)

Standard Deviation of the
Ultimate Tensile Strength (Mpa)

E S1100MC 5 755.3 20.2
F Inconel® 718 5 1317.5 17.2
G Inconel® 600 5 740.9 30.5
H S355MCD 5 352.7 27.1
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According to the shear strength tests, the shear strength of the vacuum brazed
S355-Inconel® 600 joint and S1100-Inconel® 718 HIP joint is almost equal regardless of
the different bonding methods and different parent materials. It is noteworthy that the
joint configuration S355-Inconel® 718 HIP produced the lowest shear strength of the study.

Test specimen D was used to determine the shear strength of the parent material
S355MCD as a reference for the test setup. The results showed an ultimate shear strength
of 300.3 Mpa (n = 10, SD = 13.3 Mpa). The material certificate for S355MCD showed an
ultimate tensile strength of 490 Mpa (Table 1). Considering the von Mises yield criterion,
the measured ultimate shear strength of the parent material is slightly higher than the
theoretical value (490 MPa× 1√

3
≈ 285 MPa).

Figure 6a–c describe the macro structure and micro hardness profile (HV3/10) of
the joint in the vacuum brazing and HIP test specimens. The microhardness profile of
the S355MCD-IN600 test specimen does not exhibit major changes in the hardness of the
materials compared to the hardness at delivery state. Only minor loss of hardness compared
to the delivery state can be noted in the structural steel S355MCD. However, the hardness
profile of the S1100MC-IN718 test specimen displays a significant change in the hardness
compared to the delivery state of the parent materials. The hardness of Inconel® 718 shows
high increase in hardness compared to the parent material in the delivery state and the
hardness of structural steel S1100MC is less than half of the original hardness as given in
Table 1. The joint configuration of structural steel S355MC-IN718 exhibits similar behavior
to the S1100MC-IN718 test specimen.

Figure 6. Macroscopic structure of the joints and microhardness (HV3/10): (a) S355-IN600 vacuum
brazed; (b) S1100-IN718 HIP; and (c) S355-IN718 HIP.

3.1.2. Microstructure

Figure 7 shows the microstructures of the parent materials in the delivery state and
after bonding. Additionally, average grain size (PL) of each parent material in the delivery
state and after bonding was determined using a mean linear intercept procedure following
standard SFS-EN ISO 643:2020. Due to the complex microstructure of structural steel
S1100MC, the average grain size in the delivery state could not be determined by using the
mean linear intercept method.
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Figure 7. Microstructures of the test specimens (np = number of intersections).

All the test specimens show considerable change in the microstructures before and
after the joining processes. For structural steel S355MC, the fine-grained ferrite–pearlite
microstructure has changed to a coarse-grained ferrite–pearlite microstructure following
the vacuum brazing and hot isostatic bonding processes. The microstructure of the as-
delivered thermomechanically formed S1100MC steel is a mixture of bainite and martensite
with retained austenite islands scattered along grain boundaries [31], but after the HIP
bonding, the microstructure is coarse-grained ferrite–pearlite.

The microstructure of Inconel® 718 as-delivered state is solid solution austenite (γ)
with minor phases γ′, γ”, and δ [32]. After the HIP bonding, the microstructure has a small
grain size in the joint area and relatively large grain size farther away from the joint area.
Twinning is also apparent in the microstructure, which is identified by the straight lines
across the grains. Inconel® 600 has an austenitic microstructure with titanium nitride and
titanium carbide precipitates in the soft annealed state [28]. After the vacuum brazing, the
microstructure of the Inconel® 600 has a very large grain size, similar to the Inconel® 718
test specimen.

Scanning electron microscopy (SEM) was used to gain a better understanding of
the chemical composition of the joint; see Figures 8–10. The chemical composition was
determined by energy dispersive spectroscopy (EDS) using secondary electron (SE) detector.
The amounts of different alloying elements, in weight percentage, in each joint is presented
with a color legend.

Figure 8. Micrographs of the structure and composition in weight % of the S355MCD-IN600 joint
area: (a) iron (b) copper (c) nickel (d) chromium (e) manganese (f) silicon.
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Figure 9. Micrographs of the structure and composition in weight % of the S1100MC-IN718 joint
area: (a) iron (b) chromium (c) nickel (d) aluminium (e) titanium (f) niobium (g) molybdenum
(h) manganese (i) silicon.

Figure 10. Micrographs of the structure and composition in weight % of the S355MC-IN718 joint
area: (a) iron (b) chromium (c) nickel (d) aluminium (e) titanium (f) niobium (g) molybdenum
(h) manganese.

3.2. Finite Element Simulations

The results of the FE analysis are shown in Figure 11 using an S355MC-Inconel®

718 material pair. Maximum shear stress was selected as the parameter for study as it
indicates the minimum required shear strength for the laminated joint. In Figure 11a, the
simulation results show the maximum shear stress in the structure to be no greater than
37 MPa. This result defines the minimum shear strength required for the joining of two
different materials used, and it will be compared against the experimental results. The
maximum shear stress was selected for this comparison as it indicates the magnitude of
the overall shear stress more clearly than shear stress in the XZ-plane under the current
loading conditions. A clear difference in the maximum shear stress distribution of the two
materials is seen in Figure 11a, as the non-magnetic Inconel® 718 is under almost two times
greater shear stress than the magnetic S355 steel. This result can be explained by the greater
density of Inconel® 718, and thus, a greater centrifugal load is experienced by this material.
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In addition, it also possesses a lower modulus of elasticity, resulting in greater strain in
Inconel® 718. Maximum principal stress is shown in Figure 11b. In this case, the magnetic
S355 is under greatest stress having an approximate maximum principal stress of 77 MPa.
This result indicates the minimum yield strength for the materials used. Additional stress
results with different material pairs are listed in Table 7.

Figure 11. Stress distributions of laminated rotor structure under centrifugal and thermal loads.
(a) Maximum shear stress distribution. (b) Maximum principal stress distribution.

Table 7. Stress results of rotor made of different material pairs.

Material Pair Maximum Shear Stress (MPa) Maximum Principal Stress (MPa)

(A) S355MC-Inconel® 600 59.4 (magnetic layer, center) 137.3 (non-magnetic layer)
(B) S1100MC-Inconel® 718 59.9 (non-magnetic layer) 116.5 (magnetic layer, center)
(C) S355MC-Inconel® 718 37.3 (non-magnetic layer) 76.61 (magnetic layer, center)

4. Discussion

None of the bonded test specimens A, B, and C achieved the same level of ultimate
shear strength as the parent materials (Table 5). For S1100MC, the theoretical shear strength
considering the von Mises yield criterion is about 790 MPa in its as-delivery state. With
the same considerations, the shear strengths of Inconel® 600 and Inconel® 718 are about
400 MPa and 510 MPa, respectively. Therefore, the shear strength of the joints was lower
than that of the parent materials, i.e., the measured shear strength of S355MCD (Table 5) and
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the theoretical shear strength of other parent materials in their delivery state. Moreover, it
is noteworthy that the ultimate shear strength of the joint in S1100-IN718 (test specimen B)
and S355-IN718 (test specimen C) is only 30 MPa higher in test specimen B although the
strength of the parent material S1100 is much higher in the delivery state as compared to
the S355 used in test specimen C.

In a study focused on describing the optimal vacuum brazing temperature of Inconel®

600 alloy when using AgCuTi braze alloy [25], it was stated that the shear strength reached
the highest value of 223.32 MPa at a brazing temperature of 865 ◦C if Inconel® 600 is bonded
by vacuum brazing. The study also drew attention to the profound effect of the process
parameters, mainly brazing temperature, on the strength of the joint. It is noteworthy that
the shear strength of 230.1 MPa of the vacuum brazed S355-IN600 joint shows that the
shear strength of IN600 is not affected significantly by joining with S355 steel, although
the braze alloy compositions and brazing process variables in the present study and in [25]
are different. In [23], the ultimate tensile strength for a vacuum brazed S355J0-Inconel®

600 joint was found to be 283 MPa. Vacuum brazing Inconel® 718 was studied in [33] by
examining γ-TiAl alloy/Inconel® 718 vacuum brazed joints. In the work, it is claimed
that vacuum brazing IN718 is possible with a suitable braze alloy. The braze alloy used
contained silver, copper, indium, and titanium, and the average shear strength achieved in
the study was 228 ± 83 MPa at a brazing temperature of 730 ◦C.

The shear stress-normalized displacement curves (Figure 5) showed that there is
some variation in the ductility of the joint since test specimen C shows different behavior
compared to test specimens A and B. The behavior of test specimen C changes from
linear elastic behavior to plastic region at lower shear stress. Overall, the ductility of test
specimen C is higher than the ductility of test specimens A and B, as rupture occurred at
a higher plastic strain. However, the ultimate shear strength of test specimen C is lower
compared to other test specimens. These findings need thus to be interpreted with caution
since this behavior could not be verified by actual measurement of the yield point with
the test setup used in this study. The failure of the specimens observed in Figure 5 can be
further confirmed by the study of the fracture surfaces (Appendix B). By observing the
fractured specimens, it can be stated that test specimen A has failed by brittle fracture which
is indicated by the very flat fracture surface. Test specimen B has failed by mixed fracture
mode, which is noticeable by mildly slanted edges and partly flat fracture surface in the
center of the specimen. Observing fracture surface of test specimen C, it can be stated that
the failure mode is ductile failure due to the highly slanted edges of the fractured specimen.

The FE analysis described in Section 3 indicates a maximum permissible shear stress
not to be greater than 37 MPa using the initial S355MC-Inconel® 718 material pair in the
studied ALA-SynRM rotor structure at the nominal rotational speed and at operational
temperature. Other material pair with S1100 and Inconel® 600 (material pairs A and B)
yields greater shear stresses, although no greater than 60 MPa. It is noticeable in Table 7
that the location of maximum stresses changes between the magnetic center laminate
layer and non-magnetic laminate layer with different material pairs, as illustrated for
S355MC-Inconel® 718 pair in Figure 11. Magnetic steels S355 and S1100 have very similar
material properties, as indicated in Table 4. The similar stress distributions in the laminate
layers with material pairs B and C can be explained by the presence of Inconel® 718, as
indicated in Table 7. In all material pairs, the material with a lower coefficient of thermal
expansion is under the greatest tensile stress. Since the relative change in the density is
smaller than the relative change in the coefficient of thermal expansion, it can be concluded
that the main contribution to the simulated stresses is due to thermal strain. The shear
strength values from the experimental tests support vacuum brazing and hot isostatic
pressing methods as suitable bonding processes for ALA-SynRM rotors since both methods
can achieve higher shear stress strength than the value predicted by FE analysis.

The microstructure and composition of the S355MC-IN600 vacuum brazed joint shows
little or no diffusion of the main elements of the respective parent materials to their coun-
terparts across the joint interface (Figure 8a,c). Additionally, a distinctive copper layer is
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present because of the copper braze alloy (Figure 8b). Manganese (Figure 8e) and silicon
(Figure 8f) show good diffusion to the copper braze alloy. In addition, nickel shows some
diffusion to the copper braze alloy (Figure 8c) whereas chromium (Figure 8d) and iron
(Figure 8a) have slightly less diffusion to the copper braze alloy. A thin line of a nickel
(Figure 8c) and chromium (Figure 8d) enriched area has also formed near the joint face of
the S355MC. Additionally, on the joint face of IN600, precipitates of Cr and Cu have formed
as indicated by the strong presence of chromium and copper in the same location in which
dark spots are visible in the micrograph (arrow in Figure 8a). These Cr-Cu precipitates form
alongside γ′ (Ni3Al, Ni3Ti) precipitates, whose presence is confirmed by the precipitate-like
morphologies seen in the Ni-rich region (arrow in Figure 8d).

In the S1100MC-IN718 joint, significant levels of aluminum, titanium, and niobium
(Figure 9d–f), which are the main elements of minor phases, viz. γ′ (Ni3Al, Ni3Ti) and γ”
(Ni3Nb) precipitates [32], are seen along the joint face of IN718, indicating the formation
of these precipitates. γ′ and γ” precipitates form in the joint area almost along a straight
line as seen in Figure 9d–f. The dark precipitates in S1100MC near the joint could be MnS
and SiC, based on the high intensity of Mn and Si visible in the respective composition
plots (Figure 9h,i).

In the S355MC-IN718 joint, the main elements of each parent material show very
little diffusion in the joint area (Figure 10a–c) and some aluminum, titanium, and niobium
enriched areas are present in the form of γ′ and γ” precipitates. Γ’ precipitates form along a
straight line near the joint surface more prominently than the γ” precipitates (Figure 10d–f).

The results in this study show that the long high temperature exposure during bonding
processes affects the microstructure of the materials in a significant manner. The long
exposure to temperatures above the recrystallization temperatures has caused changes in
the microstructure and mechanical properties. The structural steels (S355MC, S1100MC)
had reduced ultimate strength, whereas the ultimate strength of the Inconel® grades was
higher than the values specified by the manufacturers in the delivery state (Table 6).

All materials have exhibited grain growth due to the high temperature exposure. For
example, for Inconel® 600, grain growth begins at a temperature of 980 ◦C by coalescing
carbides in the microstructure. Exposure for 1–2 h at temperatures of 1090–1150 ◦C will
completely dissolve carbides and result in an increased grain size [28].

As the HIP process is carried out at 1150 ◦C for 5 h (Table 2), high strength phases such
as martensite and bainite revert to austenite, which then transforms to ferrite and pearlite
during the slow cooling of the joint. Moreover, at such high temperatures, significant
grain growth occurs. The sharp drop in hardness of S1100MC after the joining process
(Figure 6b) is attributed to the large austenite grain sizes and change in phase composition,
i.e., from high strength and hard phases such as martensite and bainite to a relatively soft
coarse-grained ferrite–pearlite mixture. Despite the loss of the lath martensitic structure
due to the long-time high temperature exposure during HIP, the shear strength of the
S1100MC-IN718 joint is slightly higher than the shear strength of the S355MC-IN718 joint
and almost the same as the strength of the S355MC-IN600 joint.

Although the HIP process temperatures for S1100-IN718 and S355-IN718 joints are the
same (1150 ◦C), the dwell time of the S1100-IN718 joint is longer compared to the other joint
(Table 2). This longer process time used for the S1100-IN718 joint enables the diffusion of
alloying elements, such as Al, Nb, Ti, much closer towards the joint region. This gives rise
to the formation and concentration of γ′ and γ′ ′ precipitates very near to the joint region
rather than in regions that are slightly farther away from the joint (Figure 9). Consequently,
this leads to depletion of alloying elements (Ti, Al, Nb) and a lack of evenly distributed
precipitates in the regions that are slightly farther away from the joint, thereby giving rise
to the observed sudden variations in the hardness of IN718 near the joint (Figure 6b). In
the S355-IN718 joint, due to a relatively lower dwell time, the alloying elements, such as
Al, Ti, Nb are more evenly distributed in IN718, consequently leading to even distribution
of the precipitates (Figure 10d–f). Therefore, no sudden drop in hardness near the joint is
observed (Figure 6c).
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5. Conclusions

In this work, dissimilar metal joints which can be used to bond alternating mag-
netic and non-magnetic metal sheets to manufacture a high-speed ALA-SynRM rotor
were studied. The material pairs and bonding types selected for study were vacuum-
brazed S355MCD-Inconel® 600 and hot isostatically pressed S1100MC-Inconel® 718, and
S355MC-Inconel® 718. Shear stress tests were performed to determine the shear strength
of the joints. Additionally, finite element analysis (FEA) of the ALA-SynRM rotor was
performed to predict the required strength of the joints at the nominal rotation speed of
the proposed rotor geometry. FEA showed that the material parameters (density, elas-
tic modulus, and thermal expansion ratio) affect the stresses that the rotor experiences
during operation. Material pair S355-IN718 generated the lowest stresses in this study.
FEA showed that the joints should have a shear strength of at least 60 MPa, 60 MPa, and
37 MPa for S355-IN600, S1100-IN718, and S355-IN718, respectively. FEA also showed that
the parent materials should have a minimum yield stress of at least 137 MPa, 117 MPa, and
77 MPa in S355-IN600, S1100-IN718, and S355-IN718, respectively.

In the experimental tests, the hot isostatic pressed S1100MC-IN718 joint achieved the
highest ultimate shear strength (233.3 MPa) followed by the vacuum-brazed S355MCD-IN600
joint (230.1 MPa) and the HIP S355-IN718 (203.5 MPa) joint. It is noteworthy that the strength
of ultra-high strength structural steels, like S1100MC, cannot be utilized when using bonding
processes that require long exposure to high temperature as the heat input affects the
microstructure of the parent material. However, the loss in strength and hardness of
S1100MC after bonding does not seem to affect the overall ultimate shear strength of the
S1100MC-IN718 joint compared to that of the S355MCD-IN600 joint. In conclusion, all
test specimens of the study meet the requirements set by the operation conditions and
geometry of the studied ALA-SynRM rotor. Therefore, it can be concluded that vacuum
brazing and hot isostatic pressing can be considered viable bonding methods to fabricate
high-speed ALA-SynRM rotors.
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Appendix B

Figure A1. Fracture surfaces of test specimens.
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Abstract: In the power plant boiler industry, dissimilar steel welding is widely used in the connec-
tion of thermal power generation units. As an important component of the unit, research on the
organizational properties of dissimilar steel welded joints has significant guidance for the life design
of the joint. For the long-term service state of TP304H/T22 dissimilar steel welded joints, the mi-
crostructure’s morphological evolution, the microhardness, and the tensile properties of tube samples
were analyzed using tests and numerical simulations. The results show that the microstructure of
each part of the welded joint was free of damaged features, such as a creep cavity and intergranular
cracks. The microhardness of the weld was higher than that of the base metal. In the tensile test,
the welded joints broke at the weld metal at room temperature and at the side of the TP304H base
metal at a temperature of 550 ◦C. The tensile fracture morphology demonstrated a change from a
ductile fracture to a hybrid fracture when the temperature rose. The fusion zone and base metal on
the TP304H side were the stress concentration areas of the welded joint, which easily sprouted cracks.
This study holds significant reference value in assessing the safety and reliability of dissimilar steel
welded joints in superheater units.

Keywords: dissimilar welded joints; microstructure; hardness; tensile properties

1. Introduction

Dissimilar material welding is widely used in various fields because, in some cases,
we need to use different types of materials and must join them together to form a complete
structure. When conducting dissimilar material welding, the most common welding mate-
rial used is dissimilar steel, and because of the different coefficients of thermal expansion,
chemical compositions, physical properties, and other significant differences of the steel,
the welded dissimilar steel is much more complex than when the same steel is welded.
Problems associated with dissimilar steel welding, such as carbon migration, poor metallur-
gical bonding in the fusion zone, relatively complex stress fields at joints, microstructural
deterioration, and the presence of cracks near the weld, severely affect the quality and
safety of the welded joint [1–4]. TP304H and T22 are common dissimilar steel welding
combinations in production. In thermal power generating units, many welded structures
are manufactured using welded austenitic stainless-steel and low-alloy steel dissimilar met-
als [5–7]. Such welded joints operate under different temperatures and pressures for long
periods, which necessitates the requirements of high temperature stability, high pressure
bearing capacity, and chemical stability. The main problem associated with this kind of
dissimilar steel welded joint is that the service life of the joint is shorter than the design life,
and failure is mainly due to the low plastic cracking along the weld interface [2]. This kind
of failure is usually sudden, and it easily causes damage to the welded structure, affecting
normal production and resulting in huge economic losses. It is of great significance to study
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Materials 2023, 16, 4474

the microstructure and properties of dissimilar steel welded joints to ensure the safe and
stable operation of units.

In the dissimilar steel welding process, because of changes to the metallurgical organi-
zation of the welded area or the generation of new metallurgical organizational arrange-
ments, the performance of welded joints usually degrades. In order to evaluate the quality
of welded joints, the microstructures of each zone of welded joints were obtained by optical
and scanning electron microscopy, and the reasons for the different microstructures of
dissimilar welded joints were studied [3]. Zhang [8] characterized semicircular and linear
layered textures in fusion zone and tensile fracture features based on the microstructure.
Ou [9] paid more attention to the evolutionary process of the microstructural morphology
of the welded joint and obtained the structure–property relationship of the joint. Zhai [10]
further investigated the effect of the microstructural evolution on the creep properties.
Mittal [11] selected different combinations of welding processes and welding materials and
evaluated the performance of the joint based on the microhardness and fracture results.
The failure mode of most of the welded structures was brittle fracture under low stress
levels, with little apparent plastic deformation before fracture. Battahar [12] found that the
presence of macroscopic defects or the location of cracks in mechanical structures was the
main source of fatigue crack initiation. Comprehensive studies by Wang [13] and Chen [14]
showed that the mechanism of crack initiation and propagation exists mainly in the fusion
line region, as shown in different microstructures in dissimilar welded joints. Sun [15]
mainly investigated the effects of chemical composition and grain size on near-threshold
fatigue crack growth behavior. In addition, some research focused on adjusting the strength–
toughness matching of welded joints. Aghajani Derazkola [16] analyzed the formation
mechanism of intermetallic compounds during dissimilar welding. Chen [17] increased
the tensile strength of dissimilar welded joints by reducing the content of intermetallic
compounds. Fan [2] analyzed failed dissimilar steel tube samples and found that the stress
concentration effect was the main reason for the cracking of the dissimilar steel weld before
the design life. For the study of the stress distribution pattern in welded joints, Zhang [18]
obtained the residual stress distribution in adjacent welded joints through numerical simu-
lation methods. Adomako [19] discussed the deformation mechanism of dissimilar welded
joints and predicted the tensile behavior of the welded joint. Therefore, the early failure
of welded joints can be avoided by analyzing the evolution of the microstructure and
diffusion mechanism of the elements, paying attention to the location of the area of the
stress concentration in the welded joints. The variation law of the temperature and stress
field during the welding process can be obtained, and the residual stress and deformation
behavior of welded joints can be predicted through the numerical simulation of welded
joints. Sun [20] discussed the crack propagation path based on the extended finite element
method. The results of the study confirmed the effectiveness of numerical simulation for
predicting the expansion of crack emergence in welded joints. The feasibility of using nu-
merical simulation to optimize the welding parameters and the reliability of the mechanical
property analysis of welded joints based on numerical simulation results has been verified
in the literature [21–25]. Therefore, based on previous studies, experimental and numerical
simulation methods were used in this study for predicting mechanical properties across
dissimilar material welded joints.

In this study, a welded joint of TP304H/T22 dissimilar steel, which has served for a
long time at the outlet of a secondary superheater of a 350 MW subcritical boiler, was taken
as the research object. The mechanical properties of the welded joint were analyzed. The
microstructure, microhardness, and tensile properties of each region of the welded joint
were studied using experiments. Additionally, the finite element method was utilized to
analyze the high-temperature tensile process of the welded joint. According to the stress
distribution law of the welded joint and the evolution of the microstructure of the welded
joint, the weak areas of the welded joint were obtained. This study provides a reference
for the reliability of dissimilar steel welded joints under long-term high-temperature and
high-pressure operation and the avoidance of early failure phenomena such as cracking.
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2. Experimental Materials and Methods

The TP304H/T22 dissimilar steel welded joint of a 350 MW subcritical boiler was
taken as the research object. The dissimilar steel welded joint was located on the roof of
the outlet section of the boiler superheater, and it had been continuously operated under
high-temperature and high-pressure conditions over a long period of time. The transverse
cross-sectional morphology of the welded joint is shown in Figure 1. The TP304H and T22
tube samples had diameters of Φ50.8 × 7.4 mm and Φ50.8 × 12.2 mm, respectively. The
chemical compositions are shown in Tables 1 and 2. Because of the different wall thickness
of the base metal on both sides, the dissimilar steel weld added a backing plate (T22). The
contact position between the backing plate and the base metal on both sides was not welded
together. A nickel-based alloy welding wire was selected as the welding material for the
dissimilar steel joints. The welding wire contained high amounts of Ni and Cr elements and
a certain amount of alloy elements, such as Nb, Mo, and Ti. Its linear expansion coefficient
was between pearlitic steel and austenitic steel, which can reduce the generation of thermal
stress, prevent the diffusion and migration of carbon near the fusion zone, and ensure the
weldability and performance of the joint [5]. The metallographic structure of the welded
joint of TP304H/T22 dissimilar steel was observed and analyzed with a ZEISS IMAGER
A1m metallographic microscope, and the metallographic structure of the base metal is
shown in Figure 2. It can be seen that the TP304H is a single austenite structure, and the
T22 consists of ferrite, pearlite, and granular bainite with uniform distribution. The two
dissimilar materials, TP304H and T22, are metallurgically compatible and easily form new
phase structures or metal compounds during the welding process. They have a certain
weldability and form good, welded joints.
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Figure 2. Microscopic morphology of the base metal: (a) TP304H; (b) T22.

The microstructure of the welded joint was observed using a Thermo Scientific Apreo
field-emission scanning electron microscope, and the second phase composition was an-
alyzed with X-ray energy-dispersive spectrometry (EDS). Specimens were prepared ac-
cording to standard metallographic procedures for steel, including embedding, grinding,
polishing, and solution etching, prior to observing the microstructure. A digital display
Vickers hardness tester was used to measure the Vickers microhardness on the specimen
surface at a fixed spacing of 1 mm. The rectangular tensile specimens with full wall thick-
ness were prepared and tested using an electronic universal tensile testing machine at room
temperature and 550 ◦C.

3. Microstructure of Welded Joints

In the dissimilar steel joint tube sample, a small amount of the precipitated phases
and inclusions in the base metal zone on the TP304H side were observed. Unevenly
sized equiaxial twins connected, and the austenite grains of the base metal at the melting
boundary directly contacted the welded molten pool cell to generate epitaxial nucleation,
as shown in Figure 3a. In addition, the homogenization caused by solid diffusion was
small due to the matrix of the fusion zone on the TP304H side still being austenite and the
structure being tightly arranged [9]. Close to the fusing line side, the austenite grains grew
epitaxially from the base metal to the weld recrystallization zone.

The microstructure of the heat-affected zone on the T22 side is shown in Figure 3b.
There were more evenly dispersed massive ferrite and a small amount of lathy ferrite. In this
area, the bainite morphology essentially disappeared and dispersed carbides precipitated
at the grain boundary. This was due to the existence of a large amount of chromium in
the T22 matrix, which caused the carbide to form a grain structure at high temperature.
Compared to the metallographic organization of the T22 base metal, the grain refinement
in the heat-affected zone had a better ability to resist crystallization cracks. In addition, as
the same material was used between the backing plate and the base metal, the welding and
fusion performance improved, and no damage characteristics, such as creep cavity and
intergranular cracks, were found, avoiding the fracture of joints caused by crystal cracks as
the source of fatigue cracks.

Figure 3c shows the microstructure of the center area of the weld. The weld metal
composition phase was mainly austenite with coarse grains, large spacing between dendrite
arms and cell crystals, and small chrome-rich carbides precipitated at the grain boundary,
among which some oxides were included to produce shrinkage holes [6].
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Figure 3. Microstructure of the welded joint: (a) TP304H side adjacent to the fusion line; (b) T22 side
heat-affected zone; (c) weld.

As shown in Figure 4a, the weld had white precipitates distributed in and at the
grain boundary, which were analyzed using EDS. The EDS spectrum results are shown in
Figure 4b. The mass fractions of the different elements are shown in Table 3. The elements
mainly detected include Fe, Cr, and Nb. Nb easily combined with C and N to form the
Nb (C, N) phase, which was diffusely distributed within the inner crystal and at grain
boundaries [26]. This was beneficial for improving the strength and impact toughness of
the welded joint. At the measurement point 02, the elements O, Al, and Ti were mainly
detected. Refer to the research results of other similar literature, where the higher oxygen
content in the weld metal could cause oxidative corrosion effects, which could lead to
cracks in the joint during future service processes [27]. Combined with Figure 3c, the
microstructure of the weld showed that the weld grain boundary precipitated tiny carbides,
and there was a tendency to interconnect into a chain, and the second phase particles with
small and many fine sizes inhibited the growth of grains by pinning grain boundaries [15],
which reduced the size of previously generated austenite grains and easily induced cracks
at the weld.
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Table 3. Normalized mass percentages of elements at different measurement point locations (%).

Locations C O Al Si Ti Cr Mn Fe Ni Nb Hg

02 9.55 34.97 26.94 - 18.38 2.22 1.58 - 6.35 - -
03 7.33 - - 2.34 2.69 15.41 3.31 10.43 26.25 32.23 -
04 5.52 - - 0.98 - 16.51 4.45 18.51 50.66 3.37 -
05 9.03 - - 0.51 - 14.23 3.72 17.26 53.86 1.40 -
06 2.75 - - 0.49 - 16.30 2.29 18.32 58.53 - 1.32

4. Mechanical Properties of Welded Joints
4.1. Hardness

The micro-Vickers hardness test was performed on the tube samples with a test load
of 10 kgf and a holding time of 12 s. The tube sample was utilized for microhardness
testing. The hardness value measurement numbering method started from the fusion
boundary R onwards to the weld or the direction of the base metal. M was used to
indicate the distribution of the measurement points on the base metal, H to indicate the
measurement points on the weld, and R to indicate the measurement points in the heat-
affected zone. The number represents the serial number of the measurement points, with
each measurement point having an interval of 1 mm. The Vickers hardness value test
results are shown in Figure 5. The average hardness of the TP304H base metal was 172 HV,
and the average hardness of the T22 base metal was 132 HV. According to DL/T 438-
2016 “Technical Supervision Regulations for Metals in Thermal Power Plants”, the hardness of
TP304H is required to be 147–202 HV, and the hardness of T22 is required to be 131–189 HV.
The weld zone was made of NiCrFe-2, which has good strength and plasticity at high
temperature. The test results show that the hardness of the base metal on both the T22 and
TP304H sides met the standards, with the average hardness of T22 being close to the lower
limit of the standard and the average hardness of TP304H being moderate.
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Figure 5. Vickers hardness distribution of the TP304H/T22 dissimilar welded joint.

As shown in Figure 5, the hardness values of the specimen in the TP304H base
metal zone were similar to those in the fusion line, indicating that no phenomena such as
interdiffusion and new phase generation occurred between the two parts. The chemical
composition, as shown in Table 2, and the microstructure, as shown in Figure 3a, further
prove this conclusion. The average value of the hardness of the specimen in the TP304H
base metal was lower than the average value of the hardness in the weld. The hardness of
the specimen increased abruptly in the weld zone due to the hindrance of the dislocation
slip of the grain boundary in the heat-affected zone on the TP304H side (Figure 3a). The
difference in the hardness values between the weld and the base metal might lead to joint
cracking. The heat-affected zone on the T22 side had higher hardness values than the T22
base metal, with an average hardness value of 137 HV. The metallographic organization of
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the heat-affected zone on the T22 side (Figure 3b) showed that the grain size in the heat-
affected zone was smaller compared to the base metal, and the hardness at this location
increased because of the fine grain strengthening effect. The maximum hardness of the
welded heat-affected zone also reflects the strength of the welded heat-affected zone. The
higher the strength, the poorer the toughness and plasticity, and the easier it is to produce
or extend cracks [11]. The lower hardness value of the base metal on the T22 side indicates
that there is some degree of damage to the pipe during use, and the decrease in the hardness
value is mainly caused by carbide spheroidization [28].

4.2. Tensile Properties at Different Temperatures

Four samples at the same position on the pipe sample were cut with the weld seam
as the center to make full-thickness rectangular tensile samples, numbered 1, 2, 3, and
4. The tensile properties of the welded joints at room temperature (RT) and 550 ◦C are
shown in Table 4, and the stress–strain curves are shown in Figure 6. Specimens 1 and 2
were high-temperature tensile specimens, and specimens 3 and 4 were room-temperature
tensile specimens. The high-temperature tensile specimens were fractured at different
locations on the TP304H side. Specimen 1 was fractured on the TP304H side of the base
metal, indicating that the strength of the joint was higher than that of the carbon steel base
metal. The tensile fracture morphology was rosy red, the fracture plane was at an angle of
approximately 45◦ to the tensile axis, and the fracture was wedge shaped. Specimen 2 was
broken along the fusion line on the TP304H side, and the fracture morphology was also
rosy red. Bai conducted high-temperature tensile tests on unserved joints, and the results
showed that all joints fractured on the low-alloy side [7]. In this study, high-temperature
tensile tests were performed on welded joints after long-term service, which fractured on
the austenite side. All room-temperature tensile specimens fractured at the weld on the
TP304H side. The fracture morphology was gray–white, and the plastic deformation at the
fracture site was large.

Table 4. Tensile properties of the TP304H/T22 welded joint specimens.

Specimen Tensile Strength (MPa) Standard Tensile Strength
(GB/T 5310-2017) (MPa) Fracture Positions

1 (HT) 389 ≥381 (TP304H at high temperature) TP304H side base metal
2 (HT) 334 TP304H side fusion line
3 (RT) 476 ≥515 (TP304H at room temperature) Welding seam
4 (RT) 330 ≥415 (T22 at room temperature) Welding seam
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Compared with the fracture positions of the tensile test, the plastic deformation of the
welded joints at 550 ◦C was significantly lower than the deformation at room temperature.
This was because the dislocation slip of the grains was prone to occur at high temperatures.
In addition to the cross-slip of the spiral dislocation, new dislocation was activated by stress,
leading to dynamic recovery and softening [8]. The austenitic–low-alloy steel dissimilar
welded joints were used as pressure-bearing parts of the thermal power generating units.
At some interfaces and microcracks inside the crystal, thermal stress and tissue stress caused
stress concentration, resulting in dislocations [4]. This effect became more obvious with
the increase in tensile temperature, which led to the weakening of the strain strengthening
effect, accelerating the uniform plastic deformation period, as well as reducing the uniform
plastic deformation period. As a result, the specimen produced local plastic deformation
earlier, that is, the phenomenon of “retraction neck”.

The tensile fracture microstructures of the joint specimens at different temperatures
are shown in Figure 7. The fracture location of the room temperature tensile joint occurred
in the center of the weld, and there was a large area of dimples on the fracture. These
dimples were closely distributed and mostly equal axial or slightly elongated dimples
(Figure 7a), showing typical ductile fracture characteristics. The high-temperature tensile
fracture was mainly composed of dimples, cleavage planes, and slip. In the local part,
when the external stress gradually increased, there was a “retraction neck” phenomenon.
When it shrank to a certain extent, tearing occurred, resulting in the overall fracture of the
weld and forming dimples [17]. Moreover, Figure 7b indicates that the fracture mechanism
of the high-temperature tensile specimens was a mixed tough–brittle fracture.
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5. Numerical Simulation of High-Temperature Tension of Welded Joints

An axisymmetric finite element model of the welded joint was established for the
numerical simulation analysis. The physical parameters of the TP304H/T22 dissimilar steel
welded joints used for the numerical simulation are shown in Table 5. Mesh division was
performed using CAX4R linear reduced integration elements. The finite element model
comprised 3492 nodes and 3302 elements. To simulate the real unidirectional tensile test of
the welded joint of the TP304H/T22 dissimilar steel at 550 ◦C, the temperature field was
predefined in the tensile region of the welded joint model. One end of the welded joint
model was constrained, and a displacement load was applied to the other end. Figure 8
demonstrates the results of the numerical simulation and the tensile test.
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Table 5. Physical properties of the TP304H/T22 welded joint at 550 ◦C.

Material Density
(t/mm3)

Expansion
(◦C−1) Poisson Ratio Young’s

Modulus (MPa)
Yield Stress

(MPa) Plastic Strain

T22 7.8 × 10−9 1.46 × 10−5 0.3 169,000
105 0
210 0.02

TP304H 7.8 × 10−9 1.86 × 10−5 0.31 156,000
159 0
320 0.02

N06600 7.8 × 10−9 1.5 × 10−5 0.31 182,000
240 0
560 0.02
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In actual working conditions, the superheater pipeline is mainly subjected to circum-
ferential tension caused by high-temperature and high-pressure steam, as well as bending
stress and axial tensile stress caused by secondary stress [2]. The stress concentration
effect increases the local stress value, which is the weak position of the joint. The stress
distribution of welded joints should be paid more attention. Based on the distribution law
of equivalent stress in unidirectional tensile, the danger zone of a welded joint was defined
to avoid cracking due to the stress concentration during service. In Figure 8b, two high
stress zones can be observed in the TP304H base metal and the TP304H side weld fusion
zone of the joint. According to the finite element simulation, the maximum equivalent
stress concentrated on the base metal of TP304H at the initial stage of loading, and the effect
of stress concentration played a dominant role. In the middle and late stages of loading,
because of the different properties of the materials in each section, nonuniform deformation
occurred in the tensile process, and the maximum equivalent stress appeared in the weld
fusion zone of the TP304H side. The interaction between the different materials at the weld
position was more obvious. In the actual damage process, the damage would preferentially
appear in the two high stress zones and then evolve into microcracks, which together with
the macroscopic crack propagation would lead to the fracture of the specimen, as shown in
Figure 8a.

6. Conclusions

In this study, the microscopic morphology, microhardness, and tensile properties
of TP304H/T22-type dissimilar steel welded joints in long-term service conditions were
analyzed, and the following conclusions were obtained:

(1) No damage features, such as creep cavities and intergranular cracks, were found in
the microstructure of the welded joints. On the side of the TP304H close to the fusion
line, austenite grains grew from the base metal matrix to the weld recrystallization
zone. The microstructure of the heat-affected zone (HAZ) on the T22 side was refined,
which provided the HAZ with better crack initiation resistance.
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(2) The microhardness test results show that tube sample weld zone and base metal
had a significant hardness difference. The microstructure analysis revealed that the
strong resistance of the grains to dislocation movement during deformation and the
significant increase in dislocation proliferation resulted in the highest hardness values
at the weld and that crack initiation and propagation were more likely to occur.

(3) The high-temperature tensile test of the welded joint showed that fracture occurs in
the base metal, or the TP304H side fusion zone. In addition, the numerical simulation
results also show that in the actual high-temperature tensile process, in those two parts
of the high stress area, damage defects were prone to initiation. The high-temperature
tensile fracture morphology indicates that the fracture form was a mixed fracture.
The joint fractured at the weld under room-temperature tensile tests, and the fracture
showed the characteristics of a ductile fracture.

(4) The tensile test results showed that the welded joints fractured at different locations
after a long period of service than those unserved. Combined with the numerical
simulation results, the weak position of the welded joints of the in-service dissimilar
steel was clarified. This is a reference for the safe and stable operation of in-service
dissimilar steel welded joints.
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Abstract: Martensitic low-alloy steels are widely used in machine construction. Due to their declared
weldability, arc welding is most often used to join elements made of this type of steel. However,
the high temperature associated with welding causes unfavourable changes in the microstructure,
resulting in reduced abrasion resistance. Therefore, it is important to know the tribological properties
of the welded joint. This article presents the results of a study on the abrasion wear resistance of a
welded joint of an abrasion-resistant steel. This study tested a welded joint of an abrasive-resistant
steel produced by the arc welding method. Wear testing of the welded joint was carried out under
laboratory conditions by the ball-cratering method in the presence of abrasive slurry on the cross-
section of the welded joint. Based on the test results, the change in the abrasive wear rate of the
material as a function of the distance from the welded joint axis was determined. It was also found
that the thermal processes accompanying welding caused structural changes that increased the wear
rate index value. Adverse changes in the tribological properties of a welded material persist up to a
distance of approx. 20 mm from the weld centre.

Keywords: wear testing; welded joint; abrasive wear; ball-cratering method

1. Introduction

Low-alloy martensitic steels, thanks to their workability and weldability as declared
by their manufacturers and their resistance to abrasive wear, are widely used in the mining,
agricultural, and transport industries for operating parts exposed to abrasive wear [1,2].
Due to the aforementioned functional properties of this steel type, machinery users often use
these materials to shape machine operating parts from them, according to their needs, while
usually using welding techniques. However, despite the declared weldability of these steel,
adverse changes in the microstructure, caused by welding, are observed in the welding
area [3–7], resulting in a reduction in the abrasion resistance commonly associated with
hardness [8–11]. A change in the hardness of high-strength materials under the influence
of welding is a widely analysed issue in the literature [3,12–16]. Previous studies [14,15,17]
demonstrated that welding processes adversely affected resistance to abrasive wear within
the weld metal material zone and the heat-affected zone through structural changes in these
areas. The analysis of changes in the microstructure of materials under the influence of
welding processes was carried out in detail [5,12–14,16,17] and concerns individual areas of
the joint, from the base material (BM), through the heat-affected zone (HAZ) to various joint
zones. Despite the accurate testing of the microstructure of individual zones of a welded
joint, their tribological properties are no longer studied in such detail. Under laboratory
conditions, methods of the type “rubber wheel-dry abrasive”, based on standards ASTM
G65 [18] and GOST 23.208-79 [19], are commonly used to assess the wear resistance of
welded joints [15–17]. Since the size of the test area using these methods can amount
to several cm2, the testing covers multiple zones of the welded joint at the same time.
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Therefore, the abrasive wear resistance determined by these methods is a result of the
wear resistance of individual areas of the joint. If an accurate assessment of the tribological
properties of individual zones of a welded joint is required, methods should be used in
which the area covered by a single test falls within one tested joint zone. A method for
testing the abrasive wear rate, which satisfies this requirement, is the ball-cratering method.

The ball-cratering method is an abrasive wear test method which is widely used
for the assessment of the abrasive wear rate of a wide range of construction materials,
e.g., metals [20], ceramics [21], polymers [22,23], and thin coatings [24]. A characteristic
property of the ball-cratering method is the formation of small wear marks, which are
used to determine the abrasive wear rate for a material. This property of the ball-cratering
method can be used to analyse the abrasive wear resistance of individual zones in the
cross-section of a welded joint [25].

The aim of this work is to assess the suitability of the ball-cratering method for the
analysis of wear resistance of a welded joint in its cross-section. This study aimed to
determine changes in abrasive wear resistance of the cross-section of a welded joint of
low-alloy martensitic steel, depending on the distance from the weld centre.

2. Materials and Methods
2.1. Welding Process

The joint was prepared using one of the commercially available low-alloy martensitic
steels (ESTI s.r.l., Idro, Italy). The chemical composition, as declared by the manufacturer,
and the strength properties of the test steel are provided in Table 1.

Table 1. Declared chemical composition and strength properties of test steel.

Chemical Element C Si Mn P S Cr Ni Mo B

Content [%] 0.28 0.35 1.40 Max. 0.30 Max. 0.03 0.50 0.30 0.25 Max.
0.004

Declared hardness HB 470–530 (over the entire profile thickness after heat treatment)
Tensile strength Rm 1770 MPa

Yield point Re 1330 MPa

The 400 mm long sections were cut off from a ready-made ploughshare heat-treated
by the manufacturer, with dimensions of 0.11 m × 0.08 m and a thickness of 12 mm, made
from a low-alloy martensitic steel. The sections were then welded along the long side
using the butt weld. The process of solid wire welding in active gas shielding (MAG 135)
in the downhand position (PA) was used. A semi-automatic welding machine (KEMPPI
Fastmig KMS 400 A); 1.2 mm diameter Lincoln Electric SupraMig HD wire [26] (EN ISO
14341:2020) designed for welding in the manufacture of earthmoving, agricultural, and
mining machinery (typical chemical composition 0.08% C, 1.70% Mn, 0.85% Si); and C1
shielding gas (100% CO2) were used.

The following welding parameters were used:

• Welding current I = 230 A;
• Welding voltage U = 30 V;
• Welding speed for manual process about v = 0.35 m/min.

The heat introduced into the joint was calculated from the following formula [27]:

Q =
k·U·I·60
v·1000

[
kJ

mm

]
(1)

where Q is the line energy [kJ/mm]; U is the voltage (U = 30 V); I is the current (I = 230 A);
k is the thermal efficiency coefficient of the welding process (k = 0.8); and v is the welding
speed (v = 350 mm/min).
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The calculated heat input was equal to 0.946 kJ/mm. The manufacturer of the sheet to
be welded allows sheet thicknesses up to 12 mm to be welded without preheating. Due to
possible fluctuations in the welding speed, the heat input may exceed 1 kJ/mm. According
to the sheet metal manufacturer’s recommendations, if the heat input is between 1.0 and
1.69 kJ/mm, it is recommended to increase the preheating temperature by 25 ◦C above
the recommended preheating temperature. It was therefore decided to preheat the joined
sheets to 50 ◦C. The preheating process was carried out in a muffle furnace for 60 min.

The sealing run (1) was made first, followed by fill-up passes (2, 3) and one capping (4),
forming the face of the joint, made in subsequent stages of the welding process. The
application of interpass cooling to 225 ◦C was carried out in air. The temperature was
controlled using a pyrometer. The produced joint was not heat-treated.

2.2. Sample Preparation

The produced welded joint was cut transversely into 10 mm wide sections from which
specimens were prepared for metallographic testing as well as hardness and wear rate
testing. The testing of the hardness and wear rate of the produced joint was carried out at a
depth of 3 mm from the top edge of the sample (L1 line—Figure 1).
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Figure 1. Diagram of the welded joint under test: 1—sealing run, 2, 3—fill-up passes, 4—capping,
L1—hardness and wear rate test line.

The transverse surfaces were ground and polished using the Struers LaboPol-5 (Struers
S.A.S., Champigny-sur-Marne, France) polisher, and the specimens for metallographic
testing were additionally etched with nital (a 5% HNO3 alcoholic solution).

The assessment of the joint microstructure was carried out by light microscopy meth-
ods using a Keyence VHX 700 (Mechelen, Belgium) digital optical microscope.

The hardness of the welded joint was determined by the Vickers method in accordance
with standard ISO 6507-1:2018 [28] using a Wilson VH1150 (London, UK) with a load of
98.1 N and a load application time of 10 s. Hardness measurements were taken every 1 mm
along the L1 line (Figure 1). The hardness assessment was carried out for five specimens.

Abrasive wear rate testing was carried out by the ball-cratering method using a
tribometer with a fixed ball system (Łukasiewicz Institute for Sustainable Technologies,
Radom, Poland) (Figure 2).
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Figure 2. Schematic and general views of the test stand for testing the abrasive wear using the
ball-cratering method. 1—sample, 2—ball (counter-sample), 3—abrasive slurry feed, 4—sample
holder arm, 5—load, 6—counterweight, 7—pivot.

A 25.4 mm (1′′) diameter ball made of 100Cr6 steel, with a hardness of 58.6 HRC, was
used as the counter-specimen. The abrasive wear testing was carried out according to
standard EN-1071-6:2008 [27,29], using the following parameters:

• Friction assembly load: 0.4 N;
• Counter-specimen rotational speed: 150 rpm;
• Experimental run duration: 15 min;
• Sliding distance: 179.5 m.

The abrasive wear testing was carried out using an abrasive slurry prepared from
aluminium oxide (Al2O3) with a grain size of 3 µm (P.P.U.H. “KOS” Stanisław Kos, Koło,
Poland) and distilled water. The slurry volume concentration was approx. 2%. The slurry
was fed onto the friction assembly in an amount of 1 cm3/min. The ball and the test surface
were washed and degreased with ethyl alcohol each time.

Due to the limitations of the tribometer’s working area, the tribological test specimens
covered the welded joint from the weld axis to the base material. Test runs were made
every 2 mm along the line perpendicular to the joint axis, located 3 mm from the top edge
of the sheet being joined (L1 line in Figure 1), with a test area length of 30 mm. The testing
was carried out in six replications using six specimens.

The wear volume was determined based on the diameter of the obtained craters,
measured perpendicular and parallel to the direction of movement of the abrasive particles.
The crater diameters were measured using a digital optical microscope.

The wear volume was calculated using the following formula:

V =
π·b4

64·R
[
mm3

]
(2)

where R is the ball radius [mm] and b is mean crater diameter [mm].
The wear rate index was calculated using the Archard formula [29] (EN-1071-6:2008):

Wr =
V

S·N =
πb4

64·R·S·N
[
mm3·N−1·m−1

]
(3)

where Wr is the wear rate index [mm3 N−1 m−1], R is the ball radius [mm], b is the mean
crater diameter [mm], S is the friction distance [m], and N is the friction assembly normal
load [N].

3. Results and Discussion
3.1. Joint Microstructure

Several impacts with a concentrated heat source in the welding process resulted in
noticeable changes in the microstructure in both the base material and the welded joint. In
the test area, five zones with different microstructure morphologies were distinguished.
These zones are marked in Figure 3.
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Figure 3. A view of the welded joint section under study: BM—base material; ICH—intercritical
zone; HAZ—heat-affected zone; WZ-1 and WZ-2—weld zones; FL—fusion line; L1—testing line.

The base material (BM) (Figure 4a) exhibited a tempered martensite © microstructure
typical of low-alloy boron steels.
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Figure 4. The microstructure of distinguished areas of the welded joint: (a) base material, (b) partially
heat-affected zone (PHAZ), (c) heat-affected zone (HAZ), (d) weld zone within the fusion penetration
zone (WZ-2), (e) weld filling (WZ-1), (f) visible differences in the microstructure orientation in
zones WZ-1 and WZ-2; (TM—tempered martensite; LB—lower bainite; P—perlite; M—martensite;
F—ferrite).
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Occasionally, individual grains of lower bainite (LB) can also be discerned. The
heating process during welding and the rapid heat removal resulted in the transformations
of the martensite microstructure (Figure 4b) in the ICH area. The intercritical heat-affected
zone (ICHAZ) experiences a peak temperature between Ac1 and Ac3 and has a mixed
structure of fine re-austenitized grains and tempered martensite retained from the base
metal [30–32]. In the intercritical zone (ICH), the welded joint is characterised by the
presence of tempering martensite and troostite. The observed type of structure of the
intercritical zone of the welded joint is similar to that found in low-carbon low-alloy steels
subjected to underhardening quenching [33]. In the HAZ microstructure, areas of tempered
martensite and ferrite along with small areas of perlite were observed (Figure 4c).

The joint area, including the fill-up passes, is ferrite of varying morphology and
dispersion. Within the weld zone WZ-1, structures typical of varying temperatures and
cooling rates can be observed. The microstructure of this area is formed by acicular
ferrite with perlite areas (Figure 4d). In the WZ-2 zone (Figure 4e), which includes the
recrystallised area of the weld, acicular ferrite (F) is mainly found. In the WZ-2 area, as
a result of thermal effects caused by successive transitions of the welding process, a split
of the columnar microstructure into a (nearly) equiaxial (fragmented) microstructure was
observed, which is typical of the annealing that occurs during multi-run welding [34].
The fragmentation of the ferritic structure results from multiple recrystallisation of the
phase components of the joint and rapid heat removal. It should be noted that the clear
orientation of the microstructure towards rapid heat removal is noticeable in the WZ-1
zone (Figure 4f).

3.2. Joint Hardness

The obtained results (Figure 5) indicate a change in the mechanical properties of the
welded material, depending on the distance from the weld centre.
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Figure 5. Hardness profile of one of the tested welded joint specimens.

Within the weld area, the lowest hardness values (230 HV10) were noted in relation to
the material not subjected to heat impact. The lowest hardness values were noted in WZ-1
and WZ-2 zones, which have values approx. 2.5 times lower than the hardness of the base
material (approx. 600 HV 10). This should be associated with the fact that the WZ-1 and
WZ-2 zones consist mainly of ferrite phases with different morphologies and small areas of
perlite. The local increase in hardness near the fusion line and its subsequent decrease in
the HAZ are linked to the changes in the material microstructure in this area of the joint,
resulting from the welding process [34].

An increase in hardness near the fusion line results from the supercritical temperature
of this area reached in the welding process and the rapid heat removal. In the heat-affected
zone, pearlite and tempered martensite appear, resulting in an increase in hardness. The
decrease in the hardness of the material located further away from the fusion line is due
to the lower heating temperature of this area resulting in the further tempering of the
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martensite. This phenomenon occurs in welded joints of low-alloy steel not subjected to
subsequent heat treatment [3,12,14,35].

3.3. Abrasive Wear Resistance

Figure 6 shows examples of craters obtained within different zones of the test welded joint.
Figure 7 shows the obtained results for the abrasive wear rate index for the welded

joint, depending on the distance from the weld axis.
It can be noted that different values of the abrasive wear rate index were noted for the

distinguished areas of the test welded joint. The highest abrasive wear rate occurs in the
WZ-1 area located immediately near the weld axis, which is due to the low hardness of
this area, resulting from the greatest proportion of welding material in the weld material
as well as the greatest changes in the microstructure [34]. The WZ-2 zone, characterised
by a microstructural structure similar to that of the WZ-1 zone but with grains oriented
to a lesser extent, exhibits an abrasive wear rate lower than that for WZ-1. A decrease in
the wear rate can be seen approx. 5 mm from the weld axis. This area is the beginning of
the heat-affected zone where there is no impact of the additional material, and the wear
resistance is determined by the microstructure. Due to the presence of martensite in the
microstructure, the zone exhibits the greatest hardness and, thus, a lower wear rate than
that in the weld area [25,36]. An increase in the abrasive wear rate is then observed at
a distance of 7–9 mm from the weld centre, followed by its systematic decrease as the
distance from the joint axis increases.
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distance from the joint axis—(WZ-1); (b) 5 mm distance from the joint axis—(HAZ); (c) 23 mm
distance from the joint axis—(BM).
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When comparing the course of changes in the wear rate index and the hardness in the
cross-section of the welded joint as a function of distance from the weld centre, it can be
noted that there is a correlation between these quantities (Figure 8).
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The increase in hardness corresponds to the reduction in wear rate, which is in line
with the common view in the literature, resulting from the Archard equation that links
abrasive wear resistance to the hardness of the material, which is widely presented in the
literature [30–32,37–39]. The variations in the wear rate are due to the different heating
temperatures of the base material during the welding process. The closer to the joint
axis, the higher the tempering temperature of the martensite, which is consistent with the
literature [36,40]. The authors [40] report that there is a relation between the microstructural
transformation as well as the mechanical properties and the tribological response of low-
alloy wear-resistant martensitic steel during sliding wear.
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Figure 8. A comparison of the distribution of hardness and wear rate depending on the distance from
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It is worth noting that the observed changes in the microstructure in the test area
extend to approx. 10 mm (heat-affected zone boundary), while the abrasive wear rate being
more than twice as high as that for the base material was noted at a distance of 17 mm
from the weld centre. This indicates that the change in the tribological properties is already
noticeable despite the lack of observed changes in the microstructure.

Large fluctuations in the obtained values of the wear rate and hardness index were
also observed. This can be related to the accuracy of the positioning of the samples in the
tribometer and the manual welding process. The accuracy of the specimen positioning
overlapped with the variable weld width. Wear tests were carried out on untreated surfaces
and specimen alignment was based only on the distance from the weld joint axis. The test
specimens had a thickness of 10 mm, and such a distance separates the different tested
joint surfaces. Due to the manual welding process, the width of the weld being produced
can vary, and consequently, the boundaries of individual zones in the cross-section can
be located at different distances from the weld centre. This has resulted in the fact that
some test runs (despite efforts) may have been conducted in different sub-zones of the joint
under test.

Three different modes of abrasive wear can be distinguished, i.e., cutting, ploughing,
and wedge formation [41]. In all these modes, grooves are formed on the worn surface.
However, only the cutting mode leads to material removal, i.e., wear, while the ploughing
and wedge formation modes mainly lead to plastic deformation of the surface material.
Therefore, the resulting abrasive wear factor will depend on the dominant wear mode in
the actual abrasive contact. A high abrasive wear rate is the result of a combination of high
hardness, which reduces the penetration rate of the abrasive grains, and high fracture and
peel strength of the material [42].

In all the tested welded joint zones, the dominant wear process is ploughing, caused by
the action of sharp-edged abrasive grains on the material surface. Ploughing is accompanied
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by plastic deformation with an intensity that depends on the microstructure of the material
in the tested zone.

On the surface of the crater made in the area of the base material (approx. 23 mm from
the weld axis), scratches and grooves run parallel to the direction of abrasive travel along
the surface (Figure 9). The grooves are narrow and shallow, and there is only occasional
slight plastic deformation of the material in the form of indentations and material spreading
in their area. The cutting of irregularities is the main abrasive wear type in this case [25,36].
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Figure 9. The surface of the crater made 23 mm from the axis of the welded joint.

As the test area approaches closer (remaining outside the HAZ) to the axis of the
welded joint, the grooves become deeper. However, they do not lose their orientation in
relation to the direction in which the abrasive moves across the surface of the specimen.
The plastic deformation of the material is slightly increased due to the decreasing hardness
value of the material [36] (Figure 10).
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Figure 10. The surface of the crater made 12 mm from the axis of the welded joint.

Approximately 5 mm from the axis of the welded joint, in the heat-affected zone (HAZ),
the depth of cracks and grooves decreases slightly (Figure 11). This can be explained by the
increased hardness of the microstructure. Furthermore, plastic deformation (pits) is visible
in the grooves, which is related to the presence of areas of ferrite in the microstructure [36].
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Figure 11. The surface of the crater made 5 mm from the axis of the welded joint.

In the WZ-1 and WZ-2 zones (0 to 4 mm from the welded joint axis), ploughing is still
the dominant wear process (Figure 12).

93



Materials 2024, 17, 2101Materials 2024, 17, x FOR PEER REVIEW 11 of 13 
 

 

 
Figure 12. The surface of the crater made 3 mm from the axis of the welded joint. 

The scratches and grooves on the specimen surface are characterised by varying 
depth and width. This is due to the different abrasive wear resistance of ferrite and pearl-
ite, and thus the different abrasive wear mechanisms taking place. The perlite bands are 
subjected to wear by the shearing of irregularities, while the ferrite is mainly subjected to 
wear by furrowing with local plastic deformation of the material. The furrows are deep 
and pushed material is visible at their edges. The plastic deformation takes the form of 
sharp-edged pits and is more severe than in the HAZ. This is due to the pressing of hard 
abrasive grains into the relatively soft material [36]. 

Analysis of the surfaces of the test specimens showed that the softer microstructures 
are subjected to abrasive wear mainly due to furrowing. In the case of harder and more 
brittle structures, material loss is caused by micro-cutting, which further smooths the 
worn surface [36]. 

Welded joints of low-carbon martensitic steels with boron micro-additives, which are 
the subject of this study, should be heat-treated. Heat treatment of a welded joint can pro-
long the life of machine components exposed to abrasive wear. 

4. Conclusions 
This study’s results show that the thermal processes accompanying welding reduce 

the hardness of the material and increase the wear rate index value. These changes mostly 
affect the weld area and the heat-affected zone. The weld area of the welded joint proved 
to be the least resistant to abrasive wear. The wear rate index for this area proved to be 
greater by 5–8.5 times than that for the base material, with higher values noted closest to 
the weld centre. The heat-affected zone (HAZ) exhibits a variable abrasive wear rate. In 
the HAZ area located closest to the weld, a sudden decrease in the wear rate to a value 2.5 
times higher than that for the base material was observed, followed by its subsequent in-
crease to a value five times higher (approx. 9 mm from the weld centre) than that for the 
base material. Adverse changes in the tribological properties of a welded material persist 
up to a distance of approx. 20 mm from the weld centre. 

Figure 12. The surface of the crater made 3 mm from the axis of the welded joint.

The scratches and grooves on the specimen surface are characterised by varying depth
and width. This is due to the different abrasive wear resistance of ferrite and pearlite, and
thus the different abrasive wear mechanisms taking place. The perlite bands are subjected
to wear by the shearing of irregularities, while the ferrite is mainly subjected to wear by
furrowing with local plastic deformation of the material. The furrows are deep and pushed
material is visible at their edges. The plastic deformation takes the form of sharp-edged
pits and is more severe than in the HAZ. This is due to the pressing of hard abrasive grains
into the relatively soft material [36].

Analysis of the surfaces of the test specimens showed that the softer microstructures
are subjected to abrasive wear mainly due to furrowing. In the case of harder and more
brittle structures, material loss is caused by micro-cutting, which further smooths the worn
surface [36].

Welded joints of low-carbon martensitic steels with boron micro-additives, which
are the subject of this study, should be heat-treated. Heat treatment of a welded joint can
prolong the life of machine components exposed to abrasive wear.

4. Conclusions

This study’s results show that the thermal processes accompanying welding reduce
the hardness of the material and increase the wear rate index value. These changes mostly
affect the weld area and the heat-affected zone. The weld area of the welded joint proved
to be the least resistant to abrasive wear. The wear rate index for this area proved to be
greater by 5–8.5 times than that for the base material, with higher values noted closest to
the weld centre. The heat-affected zone (HAZ) exhibits a variable abrasive wear rate. In
the HAZ area located closest to the weld, a sudden decrease in the wear rate to a value
2.5 times higher than that for the base material was observed, followed by its subsequent
increase to a value five times higher (approx. 9 mm from the weld centre) than that for the
base material. Adverse changes in the tribological properties of a welded material persist
up to a distance of approx. 20 mm from the weld centre.
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Due to the relatively small wear marks created by the ball-cratering method, it can be
applied to accurately assess the abrasion resistance of selected areas of a welded joint in its
cross-section.
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17. Tomków, J.; Czupryński, A.; Fydrych, D. The Abrasive Wear Resistance of Coatings Manufactured on High-Strength Low-Alloy
(HSLA) Offshore Steel in Wet Welding Conditions. Coatings 2020, 10, 219. [CrossRef]

18. ASTM G65; Standard Test Method for Measuring Abrasion Using the Dry Sand/Rubber Wheel Apparatus. ASTM: West
Conshohocken, PA, USA, 2021.

19. GOST 23.208-79; Ensuring of Wear Resistance of Products. Wear Resistance Testing of Materials by Friction against Loosely Fixed
Abrasive Particles. GostPerevod: Moscow, Russia, 1979.

20. Marques, F.; da Silva, W.M.; Pardal, J.M.; Tavares, S.S.M.; Scandian, C. Influence of Heat Treatments on the Micro-Abrasion Wear
Resistance of a Superduplex Stainless Steel. Wear 2011, 271, 1288–1294. [CrossRef]

21. Antunes, P.V.; Ramalho, A. Study of Abrasive Resistance of Composites for Dental Restoration by Ball-Cratering. Wear 2003, 255,
990–998. [CrossRef]

95



Materials 2024, 17, 2101

22. Farfán-Cabrera, L.I.; Gallardo-Hernández, E.A.; de la Rosa, C.S.; Vite-Torres, M. Micro-Scale Abrasive Wear of Some Sealing
Elastomers. Wear 2017, 376–377, 1347–1355. [CrossRef]

23. Ligier, K.; Olejniczak, K.; Napiórkowski, J. Wear of polyethylene and polyurethane elastomers used for components working in
natural abrasive environments. Polym. Test. 2021, 100, 107247. [CrossRef]

24. Silva, F.; Martinho, R.; Baptista, A. Characterization of Laboratory and Industrial CrN/CrCN/Diamond-Like Carbon Coatings.
Thin Solid Film. 2014, 550, 278–284. [CrossRef]

25. Ligier, K.; Bramowicz, M.; Kulesza, S.; Lemecha, M.; Pszczółkowski, B. Use of the Ball-Cratering Method to Assess the Wear
Resistance of a Welded Joint of XAR400 Steel. Materials 2023, 16, 4523. [CrossRef] [PubMed]

26. EN ISO 14341:2020; Welding Consumables Wire Electrodes and Weld Deposits for GAS shielded Metal Arc Welding of Non Alloy
and Fine Grain Steels. Classification. International Organization for Standardization: Geneva, Switzerland, 2020.

27. ISO 15614-1:2017; Specification and Qualification of Welding Procedures for Metallic Materials Welding Procedure Test. Interna-
tional Organization for Standardization: Geneva, Switzerland, 2017.

28. ISO 6507-1:2018; Metallic Materials Vickers Hardness Test. International Organization for Standardization: Geneva, Switzerland,
2018.

29. EN-1071-6:2008; Advanced Technical Ceramics—Methods of Test for Ceramic Coatings—Part 6: Determination of the Abrasion
Resistance of Coatings by a Micro-Abrasion Wear Test. CEN—European Committee for Standardization: Brussels, Belgium, 2008.

30. Francis, J.A.; Mazur, W.; Bhadeshia, H.K.D.H. Review type IV cracking in ferritic power plant steels. Mater. Sci. Technol. 2006, 22,
1387–1395. [CrossRef]

31. David, S.A.; Siefert, J.A.; Feng, Z. Welding and weldability of candidate ferritic alloys for future advanced ultrasupercritical fossil
power plants. Sci. Technol. Weld. Join. 2013, 18, 631–651. [CrossRef]

32. Wang, Y.; Kannan, R.; Li, L. Correlation between intercritical heat-affected zone and type IV creep damage zone in grade 91 steel.
Metall. Mater. Trans. A 2018, 49, 1264–1275. [CrossRef]
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36. Łętkowska, B.; Dudziński, W.; Frydman, S. Abrasive wear for selected grades of low-carbon boron steels at different states of heat
treatment. Q. Tribol. 2012, 4, 151–166.

37. Liu, Y.; Liskiewicz, T.W.; Beake, B.D. Dynamic changes of mechanical properties induced by friction in the Archard wear model.
Wear 2019, 428–429, 366–375. [CrossRef]

38. Hsu, S.M.; Shen, M.C.; Ruff, A.W. Wear prediction for metals. Tribol. Int. 1997, 30, 377–383. [CrossRef]
39. Napiórkowski, J.; Lemecha, M.; Konat, Ł. Forecasting the Wear of Operating Parts in an Abrasive Soil Mass Using the Holm-

Archard Model. Materials 2019, 12, 2180. [CrossRef] [PubMed]
40. Li, C.; Deng, X.; Huang, L.; Jia, Y.; Wang, Z. Effect of temperature on microstructure, properties and sliding wear behavior of low

alloy wear-resistant martensitic steel. Wear 2020, 442, 203125. [CrossRef]
41. Hokkirigawa, K.; Kato, K. An experimental and theoretical investigation of ploughing, cutting and wedge formation during

abrasive wear. Tribol. Int. 1988, 21, 51–57. [CrossRef]
42. Rendón, J.; Olsson, M. Abrasive wear resistance of some commercial abrasion resistant steels evaluated by laboratory test

methods. Wear 2009, 267, 2055–2061. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

96



Citation: Zinke, M.; Burger, S.;

Jüttner, S. Processing of Haynes®

282® Alloy by Direct Energy

Deposition with Arc and Wire.

Materials 2023, 16, 1715. https://

doi.org/10.3390/ma16041715

Academic Editors: Swarup Bag and

Christ Prakash Paul

Received: 13 January 2023

Revised: 8 February 2023

Accepted: 16 February 2023

Published: 18 February 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

materials

Article

Processing of Haynes® 282® Alloy by Direct Energy Deposition
with Arc and Wire
Manuela Zinke 1,* , Stefan Burger 2 and Sven Jüttner 1

1 Institute of Materials and Joining Technology, Otto von Guericke University, 39106 Magdeburg, Germany
2 Bionic Production GmbH, 21339 Lueneburg, Germany
* Correspondence: manuela.zinke@ovgu.de

Abstract: Direct energy deposition with arc and wire (DED-AW) is a versatile, low-cost, and energy-
efficient technology for additive manufacturing of medium- and large-sized metallic components.
In this study, the effects of arc energy and shielding gas in cold metal transfer (CMT) welding of
walls and blocks on cooling time, mechanical properties, and macro- and microstructure have been
studied using precipitation-hardenable Ni-based superalloy Haynes® 282®. The arc energy and
consequently the cooling rate were varied by changing the wire feed rate and the travel speed.
As expected, increasing the arc energy leads to higher cooling times for the walls. Due to the 2D
thermal conduction, the thin walls cool down much slower than multi-layer welded blocks, but this
reduces the strength values only very slightly. While the walls have no sensitivity to the occurrence
of unacceptable seam irregularities, the multi-layer blocks show isolated seam defects, such as hot
cracks or lack of fusion. Despite shielding gas variation, the as-welded blocks show acceptable
strength properties at room temperatures (RT) and impact values at RT and −196 ◦C. However, the
use of an N-containing shielding gas results in lower elongation and notched bar impact energy.
Precipitation-hardened specimens tested at 871 ◦C exhibit a similar strength level to transverse tensile
specimens of gas metal arc welding (GMAW) welded joints on 12.7 mm thick plates with fracture in
the weld metal.

Keywords: additive manufacturing; Haynes® 282®; CMT process; shielding gas; cooling time;
mechanical properties; microstructure; PWHT

1. Introduction

In additive manufacturing (AM), parts are made from 3D model data by depositing
layer by layer of material [1]. It consists of seven process categories, including directed
energy deposition (DED) and powder bed fusion (PBF), both of which enable the generation
of near-full-density metal parts. In contrast to powder bed processes, in directed energy
deposition (DED), the feedstock (powder or wire) is melted by means of an arc, laser beam,
or electron beam and introduced directly into the molten pool [2]. In the literature, the
DED arc and wire technology (DED-AW) is also often referred to as wire arc additive
manufacturing (WAAM).

Modern high-temperature applications such as in gas turbines for the aerospace and
energy sectors would not operate safely without utilizing Ni-based superalloys, which
exhibit outstanding creep and oxidation resistance at elevated temperatures [3]. These
superalloys are strengthened by solid-solution and precipitation hardening brought by two
main types of precipitates: gamma-prime (γ′) and gamma-double-prime (γ′′) [4].

HAYNES® 282® (HY282, Ni-19Cr-10Co-8.5Mo-1.5Al-2.1Ti) is a precipitation-hardenable
nickel-based superalloy developed for the above high-energy applications in the operating
temperature range of 649 to 927 ◦C. It achieves its properties through a relatively low
γ′-phase volume fraction of 19% and by solid-solution strengthening through additions of
Mo, Cr and Co. In addition, Co also influences the solubility of the elements in the gamma
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matrix, Cr provides a high oxidation and hot corrosion resistance, and Mo is responsible
for the excellent creep resistance. The microstructure of this alloy also includes MC, M6C,
and M23C6 carbides, which also play a role in strengthening [5,6]. The welds of HY282
also show excellent solidification and HAZ liquid cracking resistance, which has been
demonstrated by Varestraint testing and Gleeble hot ductility tests [7]. Many studies [8–12]
report on the successful processability of this material by conventional welding.

In terms of the additive manufacturing of HY282, the investigations focus on electron
or laser beam powder bed fusion (PBF) [13–17] and DED with laser [18]. Few publications
are available for WAAM with this alloy, although it is of interest for medium and large-
size components in high-temperature applications of aircraft engines and industrial gas
turbines. Thus, in [19,20], the influence of different build-up strategies for the gas tungsten
arc welding (GTAW) of block and cylinder parts of this material on the recrystallization
behavior and grain structures, as well as different heat treatment strategies on the carbide
development and γ′-precipitation, were investigated. Investigations on the influence of
different arc energies and shielding gas mixtures during additive CMT arc welding with
HY282 on the mechanical properties and microstructure, on the other hand, are not yet
available.

Cold metal transfer (CMT) is a modified GMAW process that provides low arc energy
and controlled material deposition. It has a low dilution rate, less spattering, and high
energy density and shows good suitability for additive manufacturing of wall structures
with different Ni-based wire electrodes [21–24]. However, when producing CMT multi-
track depositions with stringer beads, lack of fusion and hot cracks can occur [25]. To
improve the wetting behavior of the viscous nickel melt and reduce the risk of lack of
fusion, other GMAW modes of metal transfer, such as pulsed arc or mixed shielding gases
with argon, helium, hydrogen, or carbon dioxide, can be used. He and H2 ensure a higher
arc temperature, which means that larger weld penetrations and higher travel speeds can
be achieved. CO2 can also be added in very small quantities (ppm range) to increase arc
stability [26]. In addition, the waviness of side surfaces and the mechanical properties of
walls can be influenced by the shielding gas [27].

Nitrogen is also used as a shielding gas component in the fusion welding of Ni-based
superalloys to affect the weld metal metallurgically. In the case of the high-temperature
superalloy Alloy 602 CA (NiCr25FeAlY), which has good high-temperature strength up
to 1200 ◦C due to the precipitation of primary Cr carbides, the addition of nitrogen in
the shielding gas leads to a significant reduction in the hot cracking tendency in weld
metal [28,29]. Nitrogen exerts a positive effect on carbide morphology in unidirectional
and single-crystal Ni-based alloys, as reported by [30,31]. Furthermore, with increasing N
content in the shielding gas, an increase in room temperature strength and hardness of the
GTAW weld metal of Alloy 263 and Alloy X can be observed [32].

Therefore, the present paper informs about the influence of arc energy and shielding
gas during WAAM of wall and block parts with HY282 on cooling times, macro- and
microstructures as well as mechanical-technological properties at room temperature and
elevated temperature. The tests were performed in the welded and partially precipitation-
hardened condition. Different geometries were used to generate various welding conditions
(one bead/layer walls or multi-layer deposits with stringer beads) and residual stress
conditions. The weld deposits were carried out with different wire diameters of HY282,
since not enough material was available in one diameter.

2. Experimental Setup
2.1. Filler Metal

A batch of the solid wire electrode HY282 in two different diameters (0.040′′ and
0.035′′) was available for the investigations. Table 1 shows the target chemical composition
by the wire manufacturer [33] and the actual chemical composition of the wire batch used.
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Table 1. Chemical composition of solid wire electrodes HY282 (wt%).

Analysis Φ, ′′ C Si Mn S Cr Fe Mo Co Al Ti B Ni

Target - 0.04–
0.08 ≤0.15 ≤0.3 ≤0.015 18.5–

20.5 ≤1.5 8–9 9–11 1.38–
1.65 1.9–2.3 0.003–

0.010 bal.

Actual
0.040 0.065 0.05 0.05 0.0006 19.23 0.99 8.15 10.05 1.59 2.20 0.0039 57.45

0.035 0.065 0.05 0.05 0.0006 19.23 0.99 8.16 10.10 1.59 2.26 0.0040 57.32

This was determined using atomic emission spectrometry with Spectrolab S (SPECTRO
Analytical Instruments GmbH) on buttons melted from the solid wire electrodes using
the Arc Melter MAM-1 (Edmund Bühler GmbH) under 100% argon. The methodology
is described in [34]. The contents of C and S were determined on the as-received wire
electrodes by combustion analysis using the G4 ICARUS Series 2 (Bruker Corporation).

2.2. Setup for WAAM

In this study, the cold metal transfer (CMT) process was selected for gas metal arc
welding (GMAW) because of its low arc energy and stable process behavior. The deposits
were made in synergic mode using power source CMT Advanced 4000 with RCU 5000
control unit and a three-axis gantry machine with programmable logic controller. All
weld beads were produced in flat position (1G) with neutral welding torch orientation and
alternating welding direction after each layer. No brushing was done between the layers
and the maximal interpass temperature was 100 ◦C. The electrical welding parameters,
the shielding gas flow, and the wire feed speed were additionally recorded with the
external measuring system Weld Analyst-S2 (HKS Prozesstechnik GmbH). The cooling
time measurements were made with a 1-channel pyrometer (measuring range: 385 to
1600 ◦C). They were measured directly behind the arc on the seam surface of every second
layer of the walls and every second weld bead of the blocks. Due to the absence of a
specific temperature interval for Ni-based materials (comparable to the t8/5 cooling time
for fine-grain structural steels or the t12/8 cooling time for CrNi steels), the times for cooling
from 1000 to 600 ◦C were determined. In this range, secondary phases precipitate in many
Ni-based alloys. Table 2 gives an overview of the experimental program.

Table 2. Experimental program for generation of different WAAM parts with HY282 with variable
arc energy and shielding gases.

Step Criterion Φ (′′) CMT Shielding Gas Setting Values (m/min) Structure Dimensions (mm)
Reference

No. (acc. to [35]) WFS TS L H W

1.
Arc

energy 0.040 1254 V2.3.8.4 Z-ArHeHC 30/2/0.05 8.0; 11.0;
14.0 0.4; 0.6; 0.8 wall 225 65 variable

Structure 0.040 1254 V2.3.8.4 Z-ArHeHC 30/2/0.05 11.0 0.6 block 330 32 55

2. Shielding
gas 0.035

960 V1.0.0.3.4
Z-ArHeHC 30/2/0.05

R1-ArHeH30/1 12.5 0.4
wall 180 60 variable
block 220 27 30

1699 V4.5.0 Z-ArHeNC 5/5/0.05 12.5 0.55
wall 180 60 variable
block 220 28 35

In the first step, the influence of arc energy on the cooling rate, the macro- and
microstructure, and the mechanical properties at room temperature (RT) during welding of
thin walls was investigated. For this, the wire feed speed (WFS) was varied between 8.0
and 14.0 m/min and the travel speed (TS) between 0.4 and 0.8 m/min. The constant wall
height resulted in a different number of beads and wall widths. A selected arc energy was
used to produce a multi-layer block with the stringer bead technique.

In the second step, the influence of shielding gases on the abovementioned properties
was investigated. Additional to the shielding gas Z-ArHeHC 30/2/0.05, which contains
Ar, 30% He, 2%H2, and 550 ppm CO2, the reducing shielding gas R1-ArHeH30/1 and the

99



Materials 2023, 16, 1715

5% N2-containing shielding gas Z-ArHeNC 5/5/0.05 were used for the reasons mentioned
above.

3. Test Methods

The various components were first subjected to a visual and dye penetration test.
Metallographic cross sections (Y–Z plane) were then taken. For the automatic preparation,
it was necessary to cut the cross sections of walls and blocks in the middle. All samples
were processed with standard metallographic techniques with a final polish of 0.5 µm O.P.S
(SiO2). Subsequently, the central part of the walls and blocks were mechanically machined
to allow high-quality X-ray inspection. While the image quality indicator according to [36]
on the walls was 16 or 17, only an indicator of 10 was achieved on the blocks due to their
higher thickness. For this reason, no radiographic testing was performed on the blocks.
On the walls and blocks, chemical analyses, tensile tests, and hardness measurements
were performed. Standard tensile tests were performed to BS EN ISO 6892-1 [37] at room
temperature. The tensile specimens with form E 5 × 10 × 40 [38] were taken only in
welding direction. Vickers hardness testing was measured under a test load of 10 kg and a
load dwell time of 8 s in compliance with BS EN ISO 6507-1 [39]. Only on the blocks was the
determination of the impact energy on Charpy V specimen at room and low temperatures
(−196 ◦C) carried out. The microstructure of different WAAM parts was investigated using
a light optical microscope (Inverse incident light microscope Leica MeF4A, Leica) and
scanning electron microscope (XL30 FEG/ESEM, company FEI/Philips).

The post-weld heat treatment (PWHT) was performed in a vacuum chamber furnace
from IVA Schmetz GmbH in conjunction with a thermo process management system in
a vacuum on final machined specimens. It followed the standard procedure and was
performed at 1160 ◦C/2 h + 1010 ◦C/2 h + 788 ◦C/8 h. For accelerated cooling, argon was
injected into the furnace and swirled by a large speed-controlled fan. The hot tensile tests
at 871 ◦C were performed with the test machine Zwick Roell Z100 with a 3-zone furnace at
atmosphere in compliance with the ISO 6892 [40].

4. Results
4.1. Process Parameters and Arc Energy

Table 3 shows measured arithmetical values for wire feed rate (WFS), current (I), and
voltage (U) as a function of the setting values when deposited walls and block with the
standard shielding gas Z-ArHeHC 30/2/0.05. Arc energy (En) is determined in welding as
the ratio of arc power (P) to arc travel speed (TS), as in Equation (1).

En =
P

TS
=

I·U
TS

(1)

Table 3. Process parameters of different WAAM parts with HY282 (Φ 0.04′′) and shielding gas
Z-ArHeHC 30/2/0.05 (flow rate: 18 L/min; stick-out: 12 mm).

Process Parameter Wall Block

Setting WFS m/min 8.0 8.0 8.0 11.0 11.0 11.0 14.0 14.0 14.0 11.0
TS m/min 0.4 0.6 0.8 0.4 0.6 0.8 0.4 0.6 0.8 0.6

Measured WFS m/min 6.5 ±
0.2

7.1 ±
0.5

7.4 ±
0.3

9.3 ±
0.3

10.5 ±
0.4

11.0 ±
0.4

13.9 ±
0.4

14.2 ±
0.2

14.1 ±
0.2

10.7 ±
0.5

I A 117 ±
3.4

124 ±
4.2

127 ±
3.1

145 ±
3.5

153 ±
6.5

152 ±
8.6

181 ±
5.6

188 ±
7.4

188 ±
7.8

159 ±
8.2

U V 17.3 ±
0.9

19.6 ±
2.0

19.8 ±
2.2

20.9 ±
0.8

21.2 ±
1.6

22.0 ±
2.5

23.1 ±
0.7

23.8 ±
1.0

24.0 ±
1.2

20.6 ±
2.0

En J/mm 303 ±
12

242 ±
28

189 ±
21

455 ±
17

323 ±
20

249 ±
24

625 ±
25

447 ±
16

338 ±
13

327 ±
27

The arc energy (En) given in Table 3 was calculated as the arithmetic mean value of
the arc energies of the single weld beads. Differences between the nominal and actual wire
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feed rates occurred for all welds, which affects the deposition rate. This results from the fact
that the CMT synergic lines used were not developed for the used wire electrode–shielding
gas combinations. In order to achieve a stable process behavior, the welding power source
uses an internal control to regulate, for example, the wire feed frequency, which affects the
average of the wire feed speed. The deposition rate (DR) is the amount of wire melted per
time. At constant wall height, the wall width, the number of layers, and the deposition rate
increase with increasing heat energy (Figure 1).
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Figure 1. Influence of arc energy on number of layers, walls width, and deposition rate when welded
the walls with variable process parameters from Table 2.

The shielding gas tests, implemented with the thinner 0.035′′ wire diameter of HY 282,
required the choice of another CMT reference No. 960 V1.0.0.3.4. However, the use of the
nitrogen-containing shielding gas with only 5% helium reduced the arc voltage to such an
extent that a more unsteady arc and an unacceptable weld geometry occurred. For this
reason, the CMT reference No. 1699 V.4.5.0 was selected for this shielding gas. In order to
ensure approximately the same arc energy and weld geometries, the welding speed was
increased from 0.4 to 0.55 m/min. As can be seen in Figure 2, the cross sections of single
beads show a similar seam geometry. Only the penetration depth increases significantly
when using CMT 1699.
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Table 4 shows the arithmetic mean values for process parameters when welding with
different CMT synergic lines and shielding gases. The higher average wire feed speeds and
welding currents result from the CMT 1699 synergic line, which differs significantly in its
electrical waveform from the CMT 960 synergic line.
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Table 4. Process parameters of different WAAM structures with HY282 (Φ 0.035′′) and variable CMT
synergic lines and shielding gases (flow rate: 18 L/min; stick-out: 12 mm).

Shielding Gas Synergic Line Structure Setting Values Measured Values
Ar He H2 N2 CO2 Short Name WFS TS W FS I U En DR

Bal. 30 2 - 0.055 CMT 960
ArHeHC

wall 12.5 0.40 10.0 ± 0.3 114 ± 1.8 18.0 ± 0.4 309 ± 11 3.1
block 12.5 0.40 11.0 ± 1.0 118 ± 1.7 18.2 ± 1.4 321 ± 27 3.4

Bal. 30 1 - - CMT 960
ArHeH

wall 12.5 0.40 11.7 ± 0.7 115 ± 1.1 19.3 ± 0.7 333 ± 12 3.6
block 12.5 0.40 11.1 ± 1.1 118 ± 1.7 18.6 ± 1.3 322 ± 23 3.4

Bal. 5 - 5 0.055 CMT 1699
ArHeNC

wall 12.5 0.55 14.1 ± 0.3 151 ± 3.2 21.5 ± 04 356 ± 8.9 4.4
block 12.5 0.55 13.5 ± 0.9 152 ± 2.6 20.4 ± 1.1 339 ± 14 4.1

A CMT cycle consists of a plasma phase (composed of boost and wait stage) and
the short-circuit phase. In the boost stage, the filler wire and base material are melted,
producing the molten droplet and the weld pool. During the short-circuit phase, the
electromagnetic pinch effect causes the molten droplet to constrict at the tip of the wire
electrode. For the CMT 960 synergic line, this process is supported by a small current pulse
of about 120 A (Figure 3a). In contrast, with the CMT 1699 synergic line, the welding current
initially drops briefly in the boost state, then rises and ends with a targeted, almost vertical
peak of approx. 380 A (Figure 3b). In addition to that, the short-circuit time is significantly
shorter here, and the frequency oscillating wire feeding (f WFS) thus the number of CMT
cycles per second is higher. This causes the higher welding currents and arc voltages.
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Figure 3. Typical electrical waveform of the CMT cycles for (a) CMT 960 and (b) CMT 1699.

4.2. Cooling Times Depended on Process Parameters

Figure 4 shows the cooling times t10/6 for the walls, depending on arc energy and
layer. In the first layers, shorter cooling times occur due to the still-possible heat conduction
into the substrate. Starting from the ninth layer, the 3D heat conduction changes to a 2D
heat conduction, which is why the cooling time remains almost constant. As expected,
the cooling times increase with increasing arc energy when welding the walls. At the
highest arc energy of 625 J/mm, the cooling time is about 24 s. At the lowest arc energy
of 189 J/mm, the cooling time is only 8 s. In the case of the multi-pass block, the average
cooling time is only approx. 4.1 s due to the 3D heat conduction. It is thus significantly
shorter than that of the bar with comparable arc energy.
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Figure 4. Cooling times of different parts (wall, block) welded with HY282 (Φ 0.04′′) and Z-ArHeHC
30/2/0.05 (a) depending on arc energy and weld beads and (b) arithmetic mean values at 11th weld
bead depending on arc energy.

Independent of the structure, the shielding gas shows only a minor influence on the
cooling time since the values for arc energy do not differ significantly (Figure 5).
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shielding gas. (a) Single values over the layers. (b) Arithmetic mean values from 10th layer.

4.3. Non-Destructive Testing and Chemical Analysis

Visual and penetrant inspections of all printed walls and blocks did not reveal any
external defects such as cracks, lack of fusion, or gas pores in the weld metal. Figure 6
shows two walls with low and high arc energy and the 330 mm long block. The wall
produced with the higher arc energy has a dull, slightly more oxidized surface than the
wall produced with the lower arc energy because the melt pool dimensions and cooling
times are higher here. Figure 7 shows the walls and the blocks produced with the different
shielding gases. The walls, which are still unbrushed, show the metal vapor deposits
with different colors resulting from the welding process. The block produced with the N
shielding gas shows inhomogeneous fusion lines between the single stringer beads.
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Figure 7. Side view of the unbrushed walls (left) and top views of the brushed blocks (right).
(a) Z-ArHeHC; (b) R1-ArHeH; (c) Z-ArHeNC (welding parameters in Table 4).

The X-ray examinations of all walls showed no or only very small gas porosity of less
than 0.001%. No radiographic tests were performed on the blocks due to the low image
quality number as they did not provide sufficient information.

Since a shielding gas with low active and reducing shielding gas components was
used and no brushing between the individual layers took place, the chemical compositions
of weld metals were determined. For the evaluation, arithmetic mean values were used
for the individual alloying elements of the various wall and block structures, which were
produced with varying arc energy and shielding gases. As shown Figure 8, no pickup or
burning loss of alloying elements has occurred.

Carrier gas melt extraction (G8 Galileo, Bruker Corporation) was also used to measure
the contents of oxygen and nitrogen of walls and blocks. The difference in gas content
between weld metal and the wire electrode was determined using Equation (2).

∆X = Xweld metal − Xwire (2)

Xwm: Content of O or N in weld metal (wm)
Xwire: Content of O or N in wire electrode (wire)
In general, a slight increase in oxygen and nitrogen can be seen for all weld metal

types. However, there is no significant influence of the arc energy (Figure 9a). On the other
hand, the use of the shielding gas Z-ArHeNC 5/5/0.05 causes a significant increase in the
nitrogen content of the weld metal (Figure 9b). The oxygen values are also slightly higher
(Figure 9c).
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Figure 9. Increase of oxygen and nitrogen in the walls and blocks compared to the wire electrode
HY282 depending on (a) arc energy (Φ 0.040′′) and (b) shielding gas (Φ 0.035′′).

4.4. Macrostructure

The cross sections of the walls in Figure 10 showed no unacceptable internal seam
irregularities such as lack of fusion, pores, or hot cracks. In the multi-pass block, how-
ever, three micro hot cracks occurred with a total crack length of 810 µm and an MSI of
0.47 µm/mm2.

The MSI (micro fissure sensitivity index) is the quotient of total micro fissure length
and the weld metal area. Comparable block welds with Ni alloy Inconel 718 showed a
significantly higher hot cracking occurrence with an MSI between 2.32 and 33.3 [25].

The macro sections of the walls and blocks deposited with different shielding gases
showed similar behavior (Figure 11) The walls exhibited no seam defects, but in the blocks,
unacceptable lack of fusion defects and a few hot cracks occurred. The lack of fusion
was caused by the bulging stringer weld beads, the inhomogeneous fusion lines, and
the excessive lateral welding torch feed. The shielding gas influenced the hot cracking
occurrence in the blocks as follows:

- Z-ArHeHC: six hot cracks, 1080 µm total crack length, 2.50 µm/mm2 MSI
- R1-ArHeH: two hot cracks, 390 µm total crack length, 1.05 µm/mm2 MSI
- Z-ArHeNC: no hot cracks.
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Figure 11. Macro sections (Y–Z plane) of walls (left) and blocks (right) with HY282 (Φ 0.035′′)
depending on shielding gases. (a,d) ArHeHC; (b,e) ArHeH; (c,f) ArHeNC (wall: etched with Beraha
III, block: electrolytic etched with 10% CrO3 and 90% water).

In order to determine the influence of the welding parameters on the surface waviness
of the walls, the machining allowance MA on the cross sections (Y–Z plane) of the walls was
determined by image analysis. This allowance would be required to mill a flat structure
from the wall. It is therefore the dimensional difference between the finished dimension
and the initial dimension of the wall width, e.g., for subsequent milling. It can be seen
that the surface waviness increases with increasing wire feed speeds. Figure 12 shows that
higher arc energy has an unfavorable effect on the surface waviness. With respect to the
shielding gases influence, the walls manufactured with ArHeNC and CMT1699 synergic
line have the lowest waviness.
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Figure 13 exemplifies the microstructures of the last deposited layer of the walls pro-
duced with different shielding gases. The additive weld metal exhibits the typical den-
dritic solidification microstructure with interdendritic precipitated MC described in the 
literature [8,9] for welded HY282. Additionally, isolated large orange particles are visible 
which are classified as Ti(C,N) on the basis of their color and geometry. There are many 
small angular yellow particles which are probably MN-type nitrides or MCN-type car-
bonitrides, where M can stand for Ti, Al, and/or B due to the given chemical composition 
of HY282. These elements are known to have a high affinity for nitrogen and optionally 
carbon. As expected, the amount of these particles is greater in the weld metal deposited 
with ArHeNC due to the higher N content. 
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Figure 13 exemplifies the microstructures of the last deposited layer of the walls
produced with different shielding gases. The additive weld metal exhibits the typical
dendritic solidification microstructure with interdendritic precipitated MC described in
the literature [8,9] for welded HY282. Additionally, isolated large orange particles are
visible which are classified as Ti(C,N) on the basis of their color and geometry. There are
many small angular yellow particles which are probably MN-type nitrides or MCN-type
carbonitrides, where M can stand for Ti, Al, and/or B due to the given chemical composition
of HY282. These elements are known to have a high affinity for nitrogen and optionally
carbon. As expected, the amount of these particles is greater in the weld metal deposited
with ArHeNC due to the higher N content.
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4.5. Mechanical Properties at Room Temperature

Tables 5 and 6 show the results of quantitative tensile tests at room temperature (RT)
for the wall and block parts depending on the arc energy and the shielding gas used.
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Table 5. Mechanical properties of wall and block parts of HY282 (Φ 0.04′′) depending on arc energy.

Symbol Unit Wall Block

WFS m/min 8.0 8.0 8.0 11.0 11.0 11.0 14.0 14.0 14.0 11.0
TS m/min 0.4 0.6 0.8 0.4 0.6 0.8 0.4 0.6 0.8 0.6

UTS MPa 832 ± 4 807 ± 26 833 ± 5 810 ± 3 851 ± 49 802 ± 12 849 ± 26 840 ± 12 821 ± 9 879 ± 10
0.2% YS MPa 540 ± 3 514 ± 15 528 ± 2 523 ± 22 563 ± 24 525 ± 8 549 ± 8 567 ± 14 558 ± 5 594 ± 29

A % 40.1 ± 2.5 42.3 ± 1.1 44.2 ± 0.5 41.6 ± 1.6 43.8 ± 0.7 43.6 ± 1.1 41.8 ± 1.2 39.7 ± 2.4 37.7 ± 5.1 43.8 ± 1.7
Hardness HV10 267 ± 9 264 ± 9 267 ± 9 261 ± 7 276 ± 11 268 ± 8 263 ± 11 267 ± 9 277 ± 13 271 ± 13

Table 6. Mechanical properties of wall and block parts of HY282 (Φ 0.035′′) depending on shield-
ing gas.

Structure Parameter Unit ArHeHC ArHeH ArHeNC

wall UTS MPa 810 ± 30 796 ± 25 799 ± 16
0.2% YS MPa 516 ± 13 517 ± 22 527 ± 19
A % 46.0 ± 1.8 44.0 ± 5.0 31.1 ± 4.1
Hardness HV10 276 ± 16 265 ± 8 293 ± 13

block KV2 at RT J 144 ± 4 142 ± 3 133 ± 9
KV2 at −196 ◦C J 133 ± 7 129 ± 1 126 ± 0
Hardness HV10 278 ± 18 270 ± 14 296 ± 18

As can be seen in Figure 14, the strengths (UTS, YS) and the primary dendrite arm
spacing (PDAS) increase slightly with increasing arc energy, i.e., with slower cooling. On
the other hand, the elongation at break is slightly reduced. The block shows higher tensile
and 0.2% yield strength at the same setting values (WFS: 11.0 m/min, TS: 0.6 m/min)
despite faster cooling. Only this structure achieves the typical tensile data specified by
the manufacturer for all weld metal (UTS: 860 MPa, 0.2% YS: 586 MPa, A: 40.0%) [41].
However, the scatter of the single values (see Table 5) should also be considered when
making these observations. With regard to the shielding gases, it should be noted that the
use of ArHeHC and ArHeH lead to comparable mechanical properties. The use of nitrogen
in the shielding gas causes increased hardness, lower Charpy V values, and a significant
reduction in elongation (see Table 6). Here is an influence of the precipitated MN-type
nitrides or MCN-type carbonitrides suspected.
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4.6. Precipitation Hardening

Post-weld heat treatment (PWHT) was performed on specimens from the blocks
welded with variable shielding gases. Since the cross sections of these blocks show lack of
fusion defects, 3 mm thick flat specimens were first eroded from the block parts, which were
then X-rayed. Figure 15a shows hot tensile specimen dimensions, and Figure 15b shows an
exemplary radiographed flat specimen. The tensile specimens were then arranged in a way
that the test resides in a defect-free part of the specimen.
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Figure 15. (a) Geometry of hot tensile specimens. (b) X-ray images of a flat specimen of block with
Z-ArHeNC-5/5/0.05 digitized with a reflex camera.

The results of tensile testing at 871 ◦C of post-welding heat treated specimens are
presented in Figure 16. Three specimens were tested in each case. The weld metal produced
with Z-ArHeHC shows the highest strength. In contrast, the strengths of the weld metal
produced with the nitrogen-containing shielding gas are slightly lower. In the latter case,
however, the values are more scattered. All values reach the strength specified by the
material manufacturer [41] (UTS: 565 MPa and 0.2% YS: 490 MPA) for a 12.7 mm plate
welded with GMAW and a wire with a diameter of 0.045′′ (fracture location: weld).
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A metallographic evaluation was only possible for specimens produced with the
standard gas since no material was available from the other samples. Figure 17 shows the
microstructure in the as-built and precipitation hardened stage. While the carbides are pri-
marily interdendritic in the post-deposited state, PWHT also causes precipitation of many
discrete carbides at the grain boundaries and within the austenite grains. The appearance of
the carbides is similar to the (Ti,Mo)C (as-built) and (Cr, Mo)23C6 (precipitation-hardened)
type carbides described in [8,9,19,42].
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Figure 17. SEM micrographs of specimens, welded with shielding gas Z-ArHeHC. (a) as-built;
(b) precipitation-hardened (etching solution: 5 g C2H2O4 dissolved in 95 mL HCl).

In addition to the carbides, precipitation of the γ-phase occurs, as expected (Figure 18).
A large number of these γ′-particles are in the size range between 60 nm to 80 nm. The
precipitation-hardened weld metal has a higher hardness (346 HV10) than the weld metal
(278 HV10).
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Figure 18. SEM micrographs of specimens, welded with shielding gas Z-ArHeHC. (a) as-built;
(b) precipitation hardened (etching solution: 15 g CrO3 + 150 mL H3PO4 + 100 mL H2SO4).

5. Conclusions

1. The results show the promising potential of nickel-based superalloy HAYNES®

282® for the WAAM of voluminous parts of medium to low complexity. The problem
of the occurrence of hot cracks during arc welding, which is typical for fully austenitic
Ni-alloys, only manifests itself to a limited extent in this alloy. It is only observed within
the multi-track blocks due to the stronger thermo-mechanical reactions compared to the
walls. However, compared to Inconel 718, it is significantly lower.

2. The CMT process showed a very good suitability for additive welding of walls (one
bead/layer) of HY282. However, with the multi-track blocks there is a risk of the occurrence

110



Materials 2023, 16, 1715

of lack of fusion defects. Here, the use of the CMT impulse process is recommended because
it leads to flatter weld beads with a lower wetting angle.

3. The mechanical properties at RT of the produced WAAM weld metal of the walls
and blocks are slightly influenced by both the arc energy and the shielding gas. A higher
arc energy results in slightly greater strength values and lower elongation. Within the
shielding gases the N-containing shielding gas (Z-ArHeNC 5/5/0.05) results in higher
hardness and in lower notched bar impact energy and elongation.

4. The results of tensile testing at 871 ◦C of post-welding heat treated specimens give
good strength properties independent of the shielding gas. They all achieve the strength
specified by the material manufacturer [41]. However, the weld metal produced with
Z-ArHeHC shows the highest strength. In contrast, the strengths of N-containing weld
metal are slightly lower.

5. The carbides observed in the weld metals correspond in appearance and location to
those described in [8,9,19,42]—(Ti,Mo)C in the as-built condition and (Cr, Mo)23C6 in the
precipitation hardening condition. In addition, large block-like nitrides and small nitride
precipitates are visible. The latter occur significantly more frequently in the weld metal of
Z- Z-ArHeNC 5/5/0.05.
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Abstract: The droplet transfer behavior and stability of the swing arc additive manufacturing process
of AZ91 magnesium alloy based on the cold metal transfer (CMT) technique were studied by analyz-
ing the electrical waveforms and high-speed droplet images as well as the forces on the droplet, and
the Vilarinho regularity index for short-circuit transfer (IVSC) based on variation coefficients was used
to characterize the stability of the swing arc deposition process. The effect of the CMT characteristic
parameters on the process stability was investigated; then, the optimization of the CMT characteristic
parameters was realized based on the process stability analysis. The results show that the arc shape
changed during the swing arc deposition process; thus, a horizontal component of the arc force
was generated, which significantly affected the stability of the droplet transition. The burn phase
current I_sc_wait presented a linear function relation with IVSC, while the other three characteristic
parameters, i.e., boost phase current I_boost, boost phase duration t_I_boost and short-circuiting
current I_sc2, all had a quadratic correlation with IVSC. A relation model of the CMT characteristic
parameters and IVSC was established based on the rotatable 3D central composite design; then, the
optimization of the CMT characteristic parameters was realized using a multiple-response desirability
function approach.

Keywords: magnesium alloy; swing arc additive manufacturing; CMT; droplet transfer; stability
analysis; parameter optimization

1. Introduction

Metal resource consumption is increasing due to the needs of economic develop-
ment, and most countries have made great efforts to strike a balance between economic
growth and environmental protection. This pressure can be effectively reduced using
high-performance lightweight metals, so their exploration and use have become popular
research topics. As one of the Earth’s most abundant metal elements, magnesium has a
density of only 1.74 g/cm3. Magnesium alloys have the characteristics of high specific
strength and specific stiffness; excellent shock resistance and impact resistance; and good
properties of thermal conductivity, damping and electromagnetic shielding. They also have
the advantages of easy processing and recycling [1–4]. As a result, it has been discovered
that magnesium alloys have significant application value and a wide range of potential
applications in the fields of transportation, national defense, communication and medicine,
and other industrial fields [5]. In engineering applications, casting is still the main pro-
cessing method for magnesium alloys [6]. However, the tendency to obtain coarse grains
when casting magnesium alloys results in poor mechanical properties and thus severely
constrains the further application of magnesium alloys.
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The direct production of large components and complex precision parts is greatly
facilitated by additive manufacturing (AM). As one of the important techniques of AM,
wire arc additive manufacturing (WAAM) is a direct energy deposition technique that uses
arc welding procedures to fabricate components using layer-by-layer deposition, and it has
been widely used for manufacturing parts of aluminum alloy [7,8], nickel-based alloy [9,10],
stainless steel [11] and other metal materials. However, porosity, grain coarsening and
thermal cracking are more likely to occur during the conventional WAAM process of
magnesium alloys due to the high sensitivity to heat inputs induced by its unique physical
and chemical properties [12]. As an improved technique of gas metal arc welding (GMAW),
cold metal transfer (CMT) can realize a low-heat-input process with the precise control of
the wire movement and the welding parameters by using a push–pull mechanism coupled
with a high-speed digital process control system; thus, it helps to solve the above problems.
Moreover, a stable and spatter-free WAAM process for magnesium alloys is made possible
by the retraction control of the filler wire during the short-circuiting stage [13]. Therefore,
the CMT technique shows significant technical advantages and broad application prospects
in the fields of the WAAM of magnesium alloys.

By analyzing the electrical signals during the GMAW process, the arc stability can be
determined as an index of the stability of the welding process [14]. Suban and Tusek [15]
used the probability distribution of welding current to evaluate the influence of shielding
gas components on arc stability during the GMAW process of low-carbon steel and found
that the high current intensity in the short-circuit stage led to strong spatter caused by
the breakage of the liquid bridge, making the welding process unstable. Chen et al. [16]
explored the effect of the CMT characteristic parameters on the welding process stability
of mild steel using the probability distributions of the CMT period and short-circuit time
and indicated that fairly regular and stable processes could be achieved when the boost
duration ranged from 1.6 ms to 3.6 ms at the boost current of 300 A. Singh et al. [17] used
cyclograms of welding current vs. welding voltage to characterize arc stability and the
spatter during the CMT weld-brazing process of aluminum/steel dissimilar alloys, and the
results showed that the good repeatability of the cyclograms represented strong arc stability
and the absence of spatter. The optimization of the welding parameters (i.e., welding
current and welding voltage) by realizing the accurate control of the different stages of
the GMAW process can reduce spatter and improve the stability of the welding process.
Zhang et al. [18] achieved the desired one-droplet-per-pulse (ODPP) transfer by selecting
the appropriate combination of the duration and amplitude of the peak current in the
pulsed GMAW (GMAW-P) process of titanium alloy, and the stability of the GMAW-P
process was greatly improved due to the precise control of the heat input in different stages
of the droplet transition process. Subsequently, a much stronger droplet oscillation with a
significantly lower heat input was realized with the active control of the current waveform
during the GMAW-P process [19], which further increased the process stability.

Swing arc welding can effectively improve the weld appearance and grain refinement [20]
and can also significantly reduce the formation of defects such as cracks and porosity [21,22].
In addition, the application of swing arc can increase the width of the deposited layer,
thus improving the efficiency of WAAM [23]. However, much of the research on swing
arc welding/deposition focuses on the microstructure and properties of the welded joint
or deposited layer, while there is little analysis on the process stability when the swing
arc is introduced. For example, though the spatter issue occurs when the swing arc is
introduced [23], it has not attracted the attention of researchers. As is well known, welding
spattering can lead to problems such as low wire utilization, poor bead formation, poor me-
chanical performance of the obtained joints and an extensive post-cleaning process [24–26].
In the multi-layer and multi-pass WAAM process, the spatter on the deposited pass is
extremely detrimental to the deposition process stability of the subsequent pass and even-
tually to the performance of the WAAM component. Therefore, in order to ensure the
appearance quality and performance of the deposited component, it is necessary to conduct
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research on the process stability of CMT swing arc deposition and the optimization of the
CMT characteristic parameters.

As mentioned above, the introduction of the swing arc can cause spatter issues during
the deposition process. Therefore, it is necessary to analyze the effect of the forces on the
droplet during the CMT-WAAM process of AZ91 magnesium alloy based on the static
equilibrium when the swing arc is applied, which can provide the theoretical analysis of
spatter formation during the swing deposition process. Then, the influence of the CMT
characteristic parameters in different stages on the stability of the swing arc deposition
process can be investigated using the Vilarinho regularity index for short-circuit transfer
(IVSC) based on the coefficient of variation of electrical signals, as well as droplet transfer
analysis. Finally, the stable swing arc deposition process can be achieved by optimizing the
CMT characteristic parameters based on the above-mentioned process stability analysis.

2. Experimental Methodology

The substrate used in the experiment was an as-cast AZ91 magnesium alloy plate
with dimensions of 200 mm × 150 mm × 8 mm, and the deposited material was AZ91
magnesium wire with a diameter of 1.2 mm. The chemical composition of the substrate plate
and wire is illustrated in Table 1. The welding system was composed of a Motoman HP6
industrial robot and a Fronius Advanced 4000R welding machine equipped with a RCU
5000i controller, and the CMT program of C1904 was used to conduct the deposition process.

Table 1. Chemical composition of the substrate plate and wire (wt. %).

Material Al Zn Mn Si Fe Cu Ni Mg

Base metal plate 8.70 0.58 0.24 0.02 0.002 0.005 0.001 Bal.
Wire 8.62 0.55 0.33 0.0067 0.0040 0.00019 0.00023 Bal.

Before the deposition, the surface of the substrate plate was polished and wiped with
ethanol to remove the oxide film and oils. The contact tip-to-work distance (CTWD) was
maintained at 12 mm, and the welding gun was perpendicular to the substrate. Pure
argon was used as the shielding gas, and the flow rate was 15 L/min. Based on the trial
experiments and our previous research studies [27,28], the pre-flow time and post-flow
time of the shielding gas were set at 1 s and 2.5 s, respectively, to ensure the protection
effect on the start and end positions. During the deposition process, the substrate plate was
fixed with a clamping device to prevent deformation. The introduction of the swing arc
was realized using the ‘single oscillation’ weaving mode of the robot. The swing frequency
and the swing amplitude were 5 Hz and 5 mm, respectively, and the dwell time on both
sides and in the middle were both 0.1 s. The traveling speed of the welding torch was kept
at 0.54 m/min.

Figure 1 shows the acquisition system consisting of a high-speed camera and an
electrical signal acquisition device. The high-speed camera with an acquisition frequency
of 500 fps was used to capture the droplet transfer, and a 1000 W high-voltage short-arc
spherical xenon lamp was employed as the backlight source. A Hall current sensor and
a Hall voltage sensor were used to capture the welding current and welding voltage
signals, respectively, and a PCI-1742 data acquisition card with the sampling frequency of
50 kHz was used to send the electric signals to the computer. The program compiled using
LabVIEW software was used to synchronously trigger the high-speed camera and electrical
signal acquisition system.

A low-heat-input and spatter-free CMT welding process can be achieved as mentioned
above, with the precise control of welding parameters such as welding current using
high-speed digital process control. The schematic of the welding voltage and current
waveforms used in the CMT welding of magnesium alloy is shown in Figure 2. There
are four main characteristic parameters that can be controlled during the CMT welding
process, i.e., boost phase current I_boost (A), boost phase duration t_I_boost (ms), burn
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phase current I_sc_wait (A), and short-circuiting current I_sc2 (A). When the arc is ignited
after the detachment between the wire and the molten pool, the welding current is rapidly
changed from I_sc2 to I_boost so as to keep the arc burning and the wire melting, and the
duration of I_boost (i.e., the current of the peak phase) is controlled by t_I_boost. Then,
the welding current is reduced to I_sc_wait, and the droplet gradually moves closer to the
molten pool during the base phase. The short-circuit phase (S/C phase) occurs when the
droplet comes into contact with the molten pool, and the welding current is immediately
adjusted to the S/C pulse current and then is decreased to I_sc2. Finally, the droplet
detaches from the wire into the molten pool, and a new CMT cycle occurs.

Materials 2023, 16, x FOR PEER REVIEW  4  of  20 
 

 

 
Figure 1. Schematic of the acquisition system. 

A  low‐heat‐input and spatter‐free CMT welding process can be achieved as men‐
tioned above, with the precise control of welding parameters such as welding current us‐
ing high‐speed digital process control. The schematic of the welding voltage and current 
waveforms used in the CMT welding of magnesium alloy is shown in Figure 2. There are 
four main characteristic parameters that can be controlled during the CMT welding pro‐
cess, i.e., boost phase current I_boost (A), boost phase duration t_I_boost (ms), burn phase 
current I_sc_wait (A), and short‐circuiting current I_sc2 (A). When the arc is ignited after 
the detachment between  the wire and  the molten pool,  the welding current  is  rapidly 
changed from I_sc2 to I_boost so as to keep the arc burning and the wire melting, and the 
duration of I_boost (i.e., the current of the peak phase) is controlled by t_I_boost. Then, 
the welding current is reduced to I_sc_wait, and the droplet gradually moves closer to the 
molten pool during the base phase. The short‐circuit phase (S/C phase) occurs when the 
droplet comes into contact with the molten pool, and the welding current is immediately 
adjusted to the S/C pulse current and then is decreased to I_sc2. Finally, the droplet de‐
taches from the wire into the molten pool, and a new CMT cycle occurs. 

Figure 1. Schematic of the acquisition system.

Materials 2023, 16, x FOR PEER REVIEW  5  of  20 
 

 

 
Figure 2. Schematic of voltage and current waveforms during CMT welding process of Mg alloy. 

The precise control of the process stability in different stages can be achieved by ad‐
justing  the above CMT characteristic parameters. Based on  the default electrical wave‐
forms of the C1904 program at the wire feeding speed of 9 m/min (i.e., electric waveforms 
of sample number 1 in Table 2 as the basis for adjustment), the process stability under the 
conditions of different CMT characteristic parameters was analyzed. The CMT character‐
istic parameters for the swing arc deposition of Mg alloy are listed in Table 2. 

Table 2. CMT characteristic parameters for the swing arc deposition of Mg alloy. 

Sample Number  I_boost (A)  t_I_boost (ms)  I_sc_wait (A)  I_sc2 (A) 

1  300  2  50  60 
2  100  2  50  60 
3  150  2  50  60 
4  400  2  50  60 
5  450  2  50  60 
6  300  0.5  50  60 
7  300  1  50  60 
8  300  3  50  60 
9  300  4  50  60 
10  300  2  10  60 
11  300  2  30  60 
12  300  2  80  60 
13  300  2  90  60 
14  300  2  50  20 
15  300  2  50  40 
16  300  2  50  80 
17  300  2  50  100 

3. Results and Discussion 

3.1. Cause Analysis of Spatter under Swing Arc 

The forces on the droplet can be divided into two categories according to their effects 
on the droplet transition to the molten pool: positive ones and negative ones. The main 
forces acting on the droplet during the CMT deposition process include gravity (G), sur‐
face tension (Fγ), arc force (Farc) and mechanical retraction force (Fb) [29]. The reason for 
the formation of spatter during the CMT swing arc deposition process of Mg alloy can be 

Figure 2. Schematic of voltage and current waveforms during CMT welding process of Mg alloy.

The precise control of the process stability in different stages can be achieved by adjust-
ing the above CMT characteristic parameters. Based on the default electrical waveforms of
the C1904 program at the wire feeding speed of 9 m/min (i.e., electric waveforms of sample
number 1 in Table 2 as the basis for adjustment), the process stability under the conditions of
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different CMT characteristic parameters was analyzed. The CMT characteristic parameters
for the swing arc deposition of Mg alloy are listed in Table 2.

Table 2. CMT characteristic parameters for the swing arc deposition of Mg alloy.

Sample Number I_boost (A) t_I_boost (ms) I_sc_wait (A) I_sc2 (A)

1 300 2 50 60
2 100 2 50 60
3 150 2 50 60
4 400 2 50 60
5 450 2 50 60
6 300 0.5 50 60
7 300 1 50 60
8 300 3 50 60
9 300 4 50 60

10 300 2 10 60
11 300 2 30 60
12 300 2 80 60
13 300 2 90 60
14 300 2 50 20
15 300 2 50 40
16 300 2 50 80
17 300 2 50 100

3. Results and Discussion
3.1. Cause Analysis of Spatter under Swing Arc

The forces on the droplet can be divided into two categories according to their effects
on the droplet transition to the molten pool: positive ones and negative ones. The main
forces acting on the droplet during the CMT deposition process include gravity (G), surface
tension (Fγ), arc force (Farc) and mechanical retraction force (Fb) [29]. The reason for
the formation of spatter during the CMT swing arc deposition process of Mg alloy can
be investigated by analyzing the forces on the droplet. Among the above forces, G is
determined by the droplet quality (i.e., the amount of melted wire); Fγ is determined by
the surface tension coefficient and the curvature radius of the liquid surface; Farc is related
to the current and the arc shape; and Fb mainly depends on the retraction speed of the wire.
The introduction of the swing arc has little effect on the G, Fγ and Fb of the droplet, but
it leads to an obvious change in Farc due to the arc shape variation and thus affects the
stability of the deposition process. During the CMT swing arc deposition process of Mg
alloy, the arc force mainly includes electromagnetic force, plasma fluid force and reaction
force of metal vapors.

Due to inertia, the arc and the droplet tend to keep moving in the same direction
when the torch swings. Therefore, the arc shape becomes asymmetrical during the swing
deposition process, as shown in Figure 3. The arc force during the swing deposition process
is different from that during the linear deposition process, because the arc force is related to
the arc shape [30]. Since the arc is bell-shaped and symmetrical along the wire axis during
the linear deposition process, the arc force is also symmetrical, and there is no component
in the horizontal direction. However, in the swing deposition process, the torch movement
alters the shape of the arc and reduces its straightness, resulting in a horizontal component
of the arc force acting on the droplet.

The electromagnetic force (Fm) is a vector with magnitude and direction, and it can be
determined using Equation (1):

Fm= J × B (1)

where J is the current density and B is the electromagnetic flux density. During the linear
deposition process, the current density is uniform, so the axial electromagnetic force is
directed along the wire. However, during the swing arc deposition process, the offset arc
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acts on the side of the droplet, resulting in the uneven distribution of current density, as
shown in Figure 4a. Therefore, the axial electromagnetic force hinders the droplet transition
when the droplet diameter is greater than that of the wire. The axial electromagnetic force
(Fm

z) on the droplet can be calculated according to Equation (2) [31]:

Fm
z =

µ0 Iarcing
2

4π

[
ln

r
R

sinα − 1
4
− 1

1 − cosα
+

2

(1 − cosα)2 ln
2

1 + cosα

]
(2)

where µ0 is the dielectric permeability, Iarcing is the current of the CMT arcing phase
(i.e., I_boost and I_sc_wait) and α is the arc anode half angle.
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When the droplet comes into contact with the molten pool, the change in the droplet
shape leads to a change in the current density, as shown in Figure 4b. At this moment, a
radial electromagnetic force is generated at the necking, at which time the necking shrinks
under the action of the radial electromagnetic force, thus promoting the droplet transition
to the molten pool. The radial electromagnetic force (Fm

r) can be calculated according
to Equation (3):

Fm
r =

µ0 Isc
2

4π

(
R2 − r0

2
)

(3)

where Isc is the current in the CMT short-circuit phase and r0 is the radius of the necking.
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The pressure near the electrode is greater than that near the substrate plate due to the
uneven electromagnetic force inside the arc, and this pressure difference causes the particles
in the arc to move towards the substrate, forming a flow pressure called plasma fluid force.
The plasma fluid force (Fp) acting on the droplet can be calculated with Equation (4) [32]:

Fp= CD1 Ap1(
ρpvp

2

2
) (4)

where CD1 is the fluid drag coefficient, Ap1 is the area of fluid action, ρp is the plasma
density and vp is the plasma movement velocity. As shown in Figure 5, the plasma fluid
force acts along the arc axis, and the plasma fluid moves in the negative direction of the arc
pressure gradient, thus promoting the droplet transition.
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During the CMT deposition process, metal vapors are formed due to the low evapora-
tion temperature of the magnesium alloy, and the reaction force of metal vapors pushes the
droplet away from the arc axis [5]. The reaction force of the metal vapors (Fv) is also a kind
of fluid force, and its magnitude and direction are determined by the flow and direction of
the metal vapors. Fv can be calculated according to Equation (5) [32]:

Fv= CD2 Ap2(
ρvvv

2

2
) (5)

where CD2 is the metal vapor drag coefficient, Ap2 is the area of metal vapor action, ρv is
the metal vapor density and vv is the metal vapor movement velocity.

The magnitude and direction of the arc force are related to the welding current and
arc shape. During the CMT swing arc deposition process, the magnitude of the arc force
does not change because the current remains stable. However, the change in the arc
shape caused by the introduction of the swing arc alters the direction of the arc force
and generates a component in the horizontal direction, which could lead to large spatter,
especially during the multi-layer and multi-pass WAAM process. By adjusting the CMT
characteristic parameters, it is achievable to control the forces acting on the droplet in order
to eliminate the spatter and guarantee the stable droplet transition process.

3.2. Effect of the CMT Characteristic Parameters on Process Stability

The appearance of the deposited layer is shown in Figure 6. It is obvious that the
aforementioned CMT characteristic parameters, i.e., boost phase current I_boost (A), boost
phase duration t_I_boost (ms), burn phase current I_sc_wait (A) and short-circuiting current
I_sc2 (A), had a significant impact on the appearance of the deposited layer due to their
effects on the process stability.
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The heat input (HI) of the CMT deposition process can be calculated according to
Equation (6):

HI =
η ∑n

i=1 UiIi
nvt

(6)

where n is the number of electrical signal samples; Ui and Ii are the instantaneous voltage
and instantaneous current, respectively; vt is the traveling speed; and η is the thermal
efficiency factor, which was taken as 0.7 in this paper. As shown in Table 3, the CMT
characteristic parameters of t I_boost and t_I_boost had a significant effect on the heat
input, while I_sc_wait and I_sc2 had little influence on the heat input.

Table 3. Phase duration, heat input and IVSC with different CMT characteristic parameters.

Sample
Number

Boots Phase
(ms)

Burn Phase
(ms)

S/C Phase
(ms)

CMT
Cycle (ms)

Heat Input
(J/mm) IVSC

1 1.995 6.732 3.620 12.247 159.749 0.264
2 3.048 4.519 4.399 11.966 82.270 0.393
3 3.044 4.454 3.832 11.330 102.832 0.293
4 1.924 7.804 3.883 13.610 188.64 0.334
5 1.973 9.084 4.240 15.198 201.647 0.458
6 0.464 6.789 3.407 10.560 104.617 0.307
7 0.937 6.557 3.426 10.820 117.957 0.258
8 2.962 7.246 4.266 14.374 181.512 0.309
9 3.940 8.037 4.544 16.422 226.065 0.464

10 2.001 6.019 3.385 11.305 161.453 0.154
11 1.989 6.165 3.367 11.421 159.789 0.220
12 1.975 8.184 4.233 14.291 156.514 0.416
13 1.978 10.147 5.836 17.862 150.157 0.457
14 1.994 7.080 4.257 13.231 151.995 0.370
15 1.993 6.834 3.794 12.520 153.177 0.304
16 1.992 6.670 3.622 12.184 157.179 0.268
17 1.995 6.817 3.907 12.619 158.564 0.293

One way to characterize the process stability of CMT deposition is to analyze the
stability of the electrical signals, and the common indicators for this analysis include the
probability density distribution, U-I diagram, standard deviation and coefficient of varia-
tion. Probability density distribution and U-I diagram can provide a visual representation
of the stability of the deposition process, but it is difficult to analyze them quantitatively.
The coefficient of variation can not only provide the quantitative characterization of process
stability for visual comparison but also eliminate the effects of standard deviation induced
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by the differences in measurement scales and magnitudes. Therefore, the coefficient of
variation can provide a more accurate characterization of electrical signal dispersion. In
CMT deposition, the process stability can be characterized using the Vilarinho regularity
index (IVSC) related to the coefficient of variation [33,34], which is calculated as shown
in Equation (7):

IVSC =
σtsc

tsc
+

σtarcing

tarcing
(7)

where σtsc is the standard deviation of the short-circuit time, σtarcing is the standard de-
viation of the arc burning time, tsc is the mean short-circuit time and tarcing is the mean
arc burning time. As mentioned, because the regularity index (IVSC) takes into account
not only the standard deviation but also the mean value, a lower IVsc indicates a more
regular transition (i.e., stable process). Table 3 shows the IVSC values with different CMT
characteristic parameters.

It can be seen that the deposited layer was poorly formed and that the surface had
clear ‘grooves’ at I_boost of 100 A (i.e., sample number 2) or t_I_boost of 0.5 ms (i.e., sample
number 6), as indicated in Figure 6b,c. The unstable deposition process, as well as low heat
input, resulted in a small amount of molten metal, poor wettability of the molten metal and
discontinuous deposition process, eventually leading to a very poorly formed deposited layer.

The change in electrical signal stability can reflect the trend change of the droplet tran-
sition. Figure 7 shows the regression analysis results of the CMT characteristic parameters
and coefficients. It is obvious that I_boost, t_I_boost and I_sc2 both displayed a quadratic
correlation with IVSC, while I_sc_wait displayed a good linear function relation with IVSC.
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In order to clarify the effects of the CMT characteristic parameters on the droplet
transition and process stability, the droplet transition process and the synchronous electrical
signal waveforms were analyzed, and the high-speed droplet images corresponds to the
area of electrical signal waveforms between the dotted lines. Figure 8 shows the electrical
signal waveforms and the corresponding droplet transfer process at I_boost of 450 A
(i.e., sample number 5) and t_I_boost of 4 ms (i.e., sample number 9). The electrical signal in
both situations showed abnormal CMT cycles with very short duration, which manifested in
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an extremely short period in the base phase and the short-circuit phase. The corresponding
droplet transition process showed that when the abnormal CMT cycle occurred, the droplet
directly made contact with the molten pool to form a short-circuit phase and then rapidly
detached from the wire. Therefore, the abnormal CMT cycle had no obvious base phase to
maintain the arc burning nor short-circuit phase to facilitate the detachment of the droplet,
thus leading to the instable deposition process. The high heat input of the peak phase not
only melted more metal, but also reduced the viscosity coefficient of the liquid metal [35],
so the droplet was prone to necking during the peak phase, and the radial electromagnetic
force became a motive force for the droplet transition at that moment. Due to the rapid
transfer of the droplet to the molten pool caused by the gravity and electromagnetic forces,
the abnormal CMT cycle occurred. As shown in Figure 8a, when I_boost was 450 A, the
high peak current led to a great instantaneous electromagnetic pinch force, resulting in a
high probability of necking; thus, a greater number of abnormal CMT cycles appeared.
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The electrical signal waveforms and the corresponding droplet transfer process at
I_sc_wait of 90 A (i.e., sample number 13) are shown in Figure 9. There were excessively
long CMT cycles with abnormal short-circuit transition, leading to an increase in IVSC.
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The corresponding droplet transfer process showed that the droplet was spattered when
it approached the molten pool, thus preventing the contact between the droplet and the
molten pool. According to Equation (2), the excessive base current (i.e., high I_sc_wait)
resulted in an increase in the arc force; thus, the repulsion of the droplet closer to the molten
pool became more obvious, which not only resulted in a longer base phase but also caused
spattering in an outward direction along the axis of the arc, thus destabilizing the CMT
deposition process.
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Figure 9. Electrical waveforms and droplet transfer process at I_sc_wait = 90 A.

Figure 10 shows the electrical signal waveforms and the corresponding droplet transfer
process at I_sc2 of 20 A (i.e., sample number 14) and I_sc2 of 100 A (i.e., sample number 17).
Under the condition of low or high short-circuit current, the liquid bridge formed at the
end of the short-circuit phase became thick, making the liquid bridge prone to spattering
when it was pulled off. However, the inducements and spattering patterns were different
under these two conditions. When the short-circuit current was low, the spatter was
located in an area where the liquid bridge was pulled off, as shown in Figure 10a, due
to the high viscosity coefficient of the liquid metal induced by the low heat input of the
short-circuit phase. When the short-circuit current was high, a relatively high current was
passed through the necking, which caused the liquid bridge to explode due to overheating
and vaporize, resulting in spattering. Therefore, the spatter was repelled in the outward
direction with respect to the liquid bridge axis, as shown in Figure 10b.

3.3. Optimization of the CMT Characteristic Parameters

The process stability of the CMT swing arc deposition of AZ91 magnesium alloy is
affected by the four above-mentioned CMT characteristic parameters, so the selection of
CMT characteristic parameters for process optimization must be implemented using a
proven and reliable method. Design of experiment (DoE) can provide a scientific/statistical
approach for evaluating process variables, and it has the advantage of possible reduction
in the number of experiments required for establishing relationships between input and
output parameters [36]. In this paper, an experiment based on the rotatable 3D central
composite design was used to systematically establish the relationship between CMT char-
acteristic parameters and the corresponding IVSC. For a set of measurable and controllable
independent variables xk, the response variable y can be expressed as

y = f (x 1, x2, x3, . . . . . . , xk) (8)

Based on the previous analysis, large I_sc_wait increased the repulsion, so the instabil-
ity caused by I_sc_wait could be avoided by keeping it at a small value, i.e., I_sc_wait of
10 A. Therefore, I_boost, t_I_boost and I_sc2 were selected as the input parameters, with
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IVSC as the output parameter. The range of the CMT characteristic parameters for the swing
arc deposition process are presented in Table 4.
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Figure 10. Electrical waveforms and droplet transfer process at (a) I_sc2 = 20 A and (b) I_sc2 = 100 A.

Table 4. Range of the CMT characteristic parameters.

Deposition Parameter I_boost (A) t_I_boost (ms) I_sc2 (A)

Parameter range 170–330 1–2.5 50–90

As aforementioned, the design of experiment used in this paper was based on a rotat-
able central composite design, and the number of experimental runs n can be determined
with Equation (9):

n = mc + mr + m0 (9)

where mc is the number of two-level trials (corner points) and its value can be determined
with mc = 2p; mr is the number of trials at the asterisk (center points) and its value can be
determined with mr = 2p; m0 is the number of zero-level trials (original point) and its value
can be determined with m0 = r4; p is the number of input factors; and r is the length of the
asterisk arm. As mentioned, the number of input factors p was 3, while the length of the
asterisk arm r was 1.682 in the three-factor central composite design. Therefore, mc, mr and
m0 were 8, 6 and 9, respectively, and the number of experimental runs n was 23.

In this paper, the three experimental factors, i.e., I_boost, t_I_boost and I_sc2, were
recorded as x1, x2 and x3, respectively, and IVSC was recorded as y. The upper and lower
bounds of the jth factor are Z2j and Z1j (j = 1, 2, . . . , p), respectively, and the interval

125



Materials 2023, 16, 3236

of zero-level variation Z0j and the variation spacing ∆j can be calculated according to
Equations (10) and (11):

Z0j =
Z1j +Z2j

2
(10)

∆j =
Z2j − Z0j

r
=

Z2j − Z1j

2r
(11)

The true values of the corresponding level codes of I_boost, t_I_boost and I_sc2 were
calculated according to Equations (11) and (12) respectively, and the results are shown in
Table 5. The design table of the CMT characteristic parameters and the corresponding IVSC
are presented in Table 6. The CMT characteristic parameters for the swing arc deposition
process were set based on a trial of a rotatable 3D central composite design.

Table 5. Variables and levels for the CMT characteristic parameters.

Level I_boost (A) t_I_boost (ms) I_sc2 (A)

+1.682 330 2.5 90
+1 297.5 2.2 82
0 250 1.8 70
−1 202.5 1.3 58

−1.682 170 1 50

Table 6. Design table of the CMT characteristic parameters and the corresponding IVSC.

Sample
Number Z1 Z2 Z3 I_boost (A) t_I_boost

(ms) I_sc2 (A) IVSC

1 1 1 1 297.5 2.2 82 0.187
2 1 1 −1 297.5 2.2 58 0.177
3 1 −1 1 297.5 1.3 82 0.410
4 1 −1 −1 297.5 1.3 58 0.452
5 −1 1 1 202.5 2.2 82 0.415
6 −1 1 −1 202.5 2.2 58 0.439
7 −1 −1 1 202.5 1.3 82 0.497
8 −1 −1 −1 202.5 1.3 58 0.461
9 1.682 0 0 330 1.8 70 0.226

10 −1.682 0 0 170 1.8 70 0.428
11 0 1.682 0 250 2.5 70 0.307
12 0 −1.682 0 250 1 70 0.482
13 0 0 1.682 250 1.8 90 0.349
14 0 0 −1.682 250 1.8 50 0.450
15 0 0 0 250 1.8 70 0.401
16 0 0 0 250 1.8 70 0.376
17 0 0 0 250 1.8 70 0.395
18 0 0 0 250 1.8 70 0.414
19 0 0 0 250 1.8 70 0.367
20 0 0 0 250 1.8 70 0.360
21 0 0 0 250 1.8 70 0.392
22 0 0 0 250 1.8 70 0.369
23 0 0 0 250 1.8 70 0.399

In the case of p = 3, mathematical models based on second-order polynomials were
developed for predicting the responses. The models can be expressed as follows:

y = b0 + ∑3
j=1 bjxj + ∑2

k=1 ∑3
j=2 bkjxkxj + ∑3

j=1 bjjx2
j (12)

where x1, x2 and x3 correspond to the three experimental input variables, i.e., I_boost,
t_I_boost and I_sc2, respectively; y is the response variable, i.e., IVSC; and b0, bj, bk and bjj
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are the regression coefficients. Therefore, the mathematical model based on the results in
Table 6 is as follows:

y = 0.39 − 0.068Z1 − 0.066Z2 − 0.014Z3 − 0.049Z1Z2 − 0.0055Z1Z3

−0.001Z2Z3 − 0.019Z2
1+0.00446Z2

2+0.006227Z2
3

(13)

Significance tests are required to ensure the credibility and fit of the regression equation.
The analysis of variance for y is presented in Table 7. SS and df are the sum of squares
and the degrees of freedom, respectively, and MS is the mean square calculated with
SS/df. F indicates the significance, and a larger F represents a more significant variable
and a better fit of the regression. P is the probability used to test the hypothesis at the
95% confidence level in this paper, and when its value is less than 0.05, it indicates that the
factor is significant.

Table 7. Analysis of variance for response y.

Source SS df MS F p

Model 0.15 9 0.017 23.39 <0.0001 Significant
Z1 0.063 1 0.063 87.60 <0.0001 Significant
Z2 0.059 1 0.059 82.12 <0.0001 Significant
Z3 0.002639 1 0.002639 3.68 0.0771

Z1Z2 0.019 1 0.019 27.09 0.0002 Significant
Z1Z3 0.000242 1 0.000242 0.34 0.5710
Z2Z3 0.000008 1 0.000008 0.011 0.9175
Z1

2 0.005983 1 0.005983 8.35 0.0126 Significant
Z2

2 0.000316 1 0.000316 0.44 0.5182
Z3

2 0.0006162 1 0.0006162 0.86 0.3706

The results in Table 7 show that the F of the model is 23.39, indicating that the model
is significant. For the condition of P less than 0.05, Z1, Z2, Z1Z2 and Z1

2 are the terms with
significant impact. Therefore, by removing the insignificant terms, the optimized regression
equation can be obtained as follows:

y = 0.39 − 0.068Z1 − 0.066Z2 − 0.049Z1Z2 − 0.019Z2
1 (14)

The coefficient of determination R2, as the percentage of the variability, indicates
the degree of prediction of the regression model, and its maximum value is 1. The R2 of
Equation (14) is 0.8998, so the optimized regression equation has a high goodness of fit. By
converting the above regression equation from the coded space to the real space, it can be
expressed as follows:

y =− 0.4591+0.00690518x1 +0.42933x2 − 0.0023007x1x2 − 0.00000860779x2
1 (15)

The straight line in Figure 11 represents the predicted value of y (i.e., IVSC) equal to
its actual values. As shown in Figure 11, the actual values of y for the tests in Table 6 are
distributed around the straight line, which can also indicate that the obtained regression
equation fits significantly. Therefore, it can reflect the relationship between the CMT
characteristic parameters and IVSC.

As indicated by IVSC with different CMT characteristic parameters, a regression model
was established to predict the process stability of swing arc deposition. The results in
Table 7 show that the effect of I_sc2 on the model is insignificant. The response surface of I_
boost, t_ I_boost and IVSC at different I_sc2 levels within its range in Table 5 (i.e., 50–90 A)
was established, and the results are shown in Figure 12. Using the response surface method,
the experimental errors can be taken into account, and the complex functional relationships
can be fitted to a continuous surface within a certain region. Thus, the optimal value of
IVSC with the lowest value can be found.
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Table 8 shows the optimal combination of the CMT characteristic parameters (i.e., I_ boost,
t_ I_boost and I_sc2) obtained with the established prediction model, as well as the corre-
sponding predicted and actual IVSC. Figure 13 shows the electrical signal waveforms and
droplet transfer process of the deposited layer obtained using the optimum parameters in
Table 8. As indicated in Figure 13, the electrical waveform was stable and free of abnor-
malities, and the phenomenon of droplet deviation during the CMT swing arc deposition
process of Mg alloy could be eliminated using the optimized characteristic parameters.

Table 8. Optimization of the CMT characteristic parameters and the corresponding IVSC.

Characteristic Parameters I_boost (A) t_I_boost (ms) I_sc2 (A) Predicted IVSC Actual IVSC

Optimum 312.5 2.5 75.5 0.134 0.153

As shown in Figure 14, the generation of spatter could be effectively reduced during
the multi-pass deposition process. Figure 15 shows that the deposited layer was composed
of equiaxed grains, and there were significant differences in the average grain size in the
transition zone between the adjacent deposited layers. The previous deposited layer could
provide good heat dissipation conditions for the subsequent deposited layer, resulting
in the formation of fine equiaxed grains on one side of the fusion line. Meanwhile, the
previous deposited layer was reheated during the deposition process of the subsequent
layer, leading to the formation of coarse equiaxed grains in the former layer near the fusion
line. Furthermore, a defect-free microstructure was obtained, indicating good quality
of the deposited layer and the interface of the successive deposited layers. In sum, a
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stable process of CMT swing arc deposition without spatter could be realized using the
optimum parameters obtained with the established prediction model, and the deposited
layers showed good appearance with no obvious defects.
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4. Conclusions

In this paper, a stable deposition process was realized by optimizing the CMT charac-
teristic parameters, i.e., I_sc_wait, I_boost, t_I_boost and I_sc2. The primary conclusions
obtained in this study are as follows:

(1) During the swing arc deposition process, a horizontal component of the arc force was
formed, thus significantly affecting the stability of the droplet transition.

(2) The Vilarinho regularity index for short-circuit transfer (IVSC) based on the coefficient
of variation could be used to characterize the stability of the deposition process.
I_sc_wait had a linear function relation with IVSC, while I_boost, t_I_boost and I_sc2
all presented a quadratic correlation with IVSC.

(3) A prediction model of IVSC was established based on a rotatable 3D central composite
design method; then, the optimization of the CMT characteristic parameters could be
realized using this model.

(4) The optimum combination of CMT characteristic parameters for the swing arc depo-
sition process of Mg alloy was I_boost of 312.5 A, t_I_boost of 2.5 ms, I_sc_wait of
10 A and I_sc2 of 75.5 A, which could guarantee a stable deposition process and good
appearance of the defect-free deposited layer.
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Abstract: This study aims to measure the cooling rates or, more precisely, the cooling durations of
single laser tracks by pyrometry within the laser powder bed fusion (L-PBF) process. Two-color,
as well as one-color pyrometers are tested within this work. Regarding the second, the emissivity
of the investigated 30CrMoNb5-2 alloy is determined in-situ within the L-PBF system in order to
measure temperature instead of arbitrary units. This is done by heating up printed samples and
verifying the measured pyrometer signal by comparing it to values obtained by thermocouples
attached to the samples. In addition, the precision of two-color pyrometry is verified for the given
setup. Following the verification experiments, single laser track experiments are conducted. The
obtained signals prove to be partially distorted mainly due to by-products such as smoke and weld
beads arising from the melt pool. To encounter this problem, a new fitting method is presented and
experimentally validated. Melt pools resulting from different cooling durations are analyzed by EBSD.
These measurements show areas of extreme deformation or potential amorphization correlating with
the cooling durations. The obtained cooling duration can be used for the validation of simulations as
well as for the correlation of corresponding microstructure and process parameters.

Keywords: laser powder bed fusion; pyrometry; cooling behavior; 30CrMoNb5-2; cooling duration;
microstructure

1. Introduction
1.1. Motivation

Laser powder bed fusion (L-PBF) is the best-established metal additive manufacturing
(AM) technology. Like most AM technologies, it is an intricate process due to the local
creation of material [1]. Local imperfections or disturbances within the manufacturing
process can cause defects. Therefore, a series of process monitoring technologies have been
introduced. Co-axial pyrometry, as one of those, provides pointwise measurement, offering
a high resolution as well as the possibility to measure the temperature within the melt
pool. Thus, the technology is well suited to investigate cooling rates [2]. In general, the
knowledge about cooling rates would support the validation of process simulations as well
as the understanding of microstructural formation. Furthermore, the incremental nature of
L-PBF offers the potential to apply locally varying process parameters in order to create
functionally graded materials (FGMs), as shown by Popovich et al. [3], Pfaff et al. [4] or
Kürnsteiner et al. [5]. Knowledge about the correlations between process parameters and
cooling rates will support the design of further future FGMs.
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1.2. State of the Art

McCann et al. [2], Everton et al. [6], Hou et al. [7] as well as Yang et al. [8] pro-
vide an overview of L-PBF process monitoring technologies and their challenges. Here,
McCann et al. [2] point out the main problem of pyrometry: Without knowledge about the
emissivity of the regarded material, only qualitative statements can be made. However, the
emissivity depends on unknown factors such as temperature, surface condition and aggregate
state. Mohr et al. [9] show a first approach to how emissivity can be measured within an
L-PBF system. Pavlov et al. [10] point out another challenge regarding pyrometry. Depending
on the measurement setup and the chosen process parameters, the observed melt pool can be
smaller than the field of measurement. For one-channel pyrometry, however, the measured
temperatures depend on the average intensity measured by the infra-red sensor resulting
in an underestimation of the temperature. Gutknecht et al. [11] compare co-axial two-color
pyrometry with thermographic and acoustic process monitoring. The measured temperatures
seem to be below the melting point of the investigated material and are therefore presented as
arbitrary units. Gutknecht et al. [11] are measuring co-axially to the laser beam and, therefore,
within the melt pool. The change of aggregate state is named as the reason for arbitrary units,
even though two-color pyrometry is used. In the field of laser welding, however, two-color
pyrometry is used for quantitative measurements within the melt pool shown in the example
by Xiao et al. [12]. Alternatives to pyrometer measurements are shown, for example, by
Hooper [13] and Scipioni et al. [14], who measure melt pool cooling rates with high-speed
cameras. Thermography, for example, presented by Altenburg et al. [15], is a popular ap-
proach to melt pool observations. However, the resolution is limited, and the measurement
setup, as well as the data analysis, are complex. Farshidianfar et al. [16] use thermography
in order to link the cooling rates with grain size, phase transformations and hardness. In
addition, Takata et al. [17] link the cooling rates and resulting microstructures. Pyrometry
measurements have not been linked yet with microstructural analysis. Based on Hooper [13],
Scipioni et al. [14] and Farshidianfar et al. [16], cooling rates in the order of 101–107 K/s can
be expected within L-PBF.

The literature describes pyrometry as a promising, affordable and robust candidate for
melt pool recording as well as process monitoring in L-PBF (e.g., see McCann et al. [2], Ever-
ton et al. [6], Yang et al. [8], Gutknecht et al. [11] or Hooper [13]). Since most studies focus on
the potential of using pyrometry for processing and quality monitoring (e.g., see [7,18–20]),
the obtained signals are mainly interpreted as arbitrary units. Measuring temperatures
instead of arbitrary units remains challenging due to the dependency of the emissivity
from unknown factors such as temperature, surface condition and aggregate state.

1.3. Objective

The main goal of the presented research paper is to measure quantitative cooling rates
by pyrometry. Therefore, an approach to measure quantitative temperatures within L-PBF
instead of arbitrary units is introduced. Systematic single laser track experiments regarding
the impact of laser power, scanning speed and laser focus diameter are combined with
EBSD measurements in order to correlate the microstructures and cooling durations.

2. Materials and Methods

Within this work, the low-alloyed steel 30CrMoNb5-2 is investigated. The extended
chemical composition of the alloy is listed in Table 1. Since the particle size distribu-
tion (PSD) is significantly impacting the absorptivity of laser radiation, the powder was
characterized by a Camsizer X2 (producer: Microtrac Retsch GmbH), using high-speed
imaging. The results are visualized in Figure 1, resulting in the following key parameters.
The D10/50/90 values indicate that 10/50/90% of the particles have an even or smaller
diameter than the presented value:

• D10 = 6.63 µm;
• D50 = 29.18 µm;
• D90 = 49.75 µm.
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Table 1. Chemical composition of the used alloy in weight percent.

Element C Cr Mn Ni Mo Si Cu Al

wt. pct 0.29 0.91 0.73 0.33 0.27 0.26 0.05 0.04
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(Camsizer X2).

All pyrometer investigations were carried out using a Midi+ L-PBF system (producer:
Aconity GmbH). Argon was utilized as an inert gas, resulting in an oxygen content of
max. 400 ppm. The inert gas flow was set to 1 m/s in order to remove by-products of the
welding process. The machine is equipped with four single-mode laser units (wavelength
1070 nm) and corresponding optical units. The optical path of the pyrometers is coaxially
coupled into one of these units. This optical unit serves merely as a measurement tool,
while the actual laser radiation is guided over a separate unit. The coaxial integration of
the pyrometry is shown in Figure 2.

The scanners and the process chamber glass are water-cooled. An additional air
cooling based on pressurized air can be activated for both components. According to the
machine manufacturer, the setup results in a measurement field of ca.
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Kleiber KGA 740-
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Notation P1 P2 P3 P4 
Type one-color two-color one-color one-color 
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Linearization yes yes no no 
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400 µm for the
integrated pyrometry. The laser focus diameter can be varied between ca. 80–850 µm.
All laser alignments, as well as the pyrometers, have been calibrated according to the
manufacturer’s instructions before the measurements.

Three one-color pyrometers at different wavelengths and one high-speed two-color
pyrometer were used. Table 2 shows the minimum and maximum temperature as well
as the type, frame rate, linearization status and measured wavelength for each infrared
pyrometer. Furthermore, the table shows the notation used in the following graphs. The
two non-linearized pyrometers, P3 and P4, can be combined into a two-color pyrometer.
Pyrometers P3 and P4 are standard equipment installed by the machine producer, while
pyrometers P1 and P2 were integrated by the authors. All data were recorded at 10 kHz
using a transient recorder (MF-TransCom-CompaktX-XL). The fitting and data handling
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were executed in “Origin 2019b”. The EBSD measurements were carried out using a
DigiView 5 camera. The step width of the measurements was set to 0.1 µm.
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Table 2. Used IR pyrometry devices within this work and notations used in the following results.

Kleiber KGA
740-LO

METIS
H322

Kleiber KGA
740-LO

Kleiber KGA
740-LO

Notation P1 P2 P3 P4
Type one-color two-color one-color one-color

Frame rate 100 kHz 25 kHz 100 kHz 100 kHz
Linearization yes yes no no

Tmin [◦C] 200 400 500 500
Tmax [◦C] 1000 1200 2500 2500

Wavelength [µm] 1.58–2.00 1.65–1.80
1.45–1.65 1.45–1.70 2.00–2.20

3. Results & Discussion
3.1. Realizing Quantitative Measurements by Pyrometry
3.1.1. Validation Setup

Figure 3 shows the experimental setup used to validate the temperature measured by
two-color pyrometry as well as to determine the emissivity in dependency of the tempera-
ture. For temperatures up to 401 ◦C, a resistive heating system was used, and an inductive
heating system was used for higher temperatures. The heating systems are separated by a
base plate from the 2 mm thick substrate (here: C45 steel), which serves as a replaceable
build platform. Two 30CrMoNb5-2 cuboid samples of 10 × 10 × 2 mm3 are printed onto
the substrate plate. A K-Type thermocouple with an accuracy of ±1 ◦K or ±0.75% is fixed
to one of the samples using an M3 stainless steel screw. The thicknesses of the substrate
and samples are minimized in order to avoid a loss of temperature between the heating
system and the focus layer. When setting the machine to the maximum temperature of
1200 ◦C (measured inside of the machine close to the heating system), the thermocouple
reached a maximum of 938 ◦C.

After reaching a stable temperature measured by the thermocouple, the samples are
scanned by the pyrometers. One exemplary measurement result is visualized in Figure 4.
The results show a slight deviation between the scanning field and the actual sample. This
is evident by the increased pyrometer signal (yellow and orange signals) on the bottom
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side. The higher signals result from the radiation of the lower and, therefore, warmer
substrate plate. Furthermore, the data recorded on the screwhead show slightly lower
temperatures compared to the sample. The rest of the sample exhibits a homogenous
signal. For the following investigation, one single scanning track close to the screw head
and thermocouple was used in order to avoid tampered data outside the sample or on
the screwhead. In general, the sample equipped with a screw and thermocouple shows
a slightly lower temperature than the sample without a thermocouple. The difference is
more significant for increasing temperatures. Thermocouples and screws seem to result
in an increased heat transfer and a lower temperature due to convection. Since only the
sample equipped with the thermocouple can be validated, the sample without is not further
regarded within this work.
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3.1.2. Determining the Emissivity by Linear Regression

In order to determine the emissivity by linear regression, measurements were carried
out several times at each temperature while setting the emissivity value of the one-color
pyrometers to levels between 0.1 and 1 (step size: 0.1). As long as the resulting temperature
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signal is lower than the temperature obtained by the thermocouple, the emissivity is
set too high. The actual emissivity is determined by linear regression between the last
measurement resulting in a too-low temperature and the following resulting in a too-
high temperature. The resulting emissivities for all investigated temperatures are plotted
in Figure 5.
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Figure 5. Temperature-dependent emissivity derived by linear regression for the one-color pyrometers
P1 (wavelength 1.58–2.00 µm), P3 (wavelength 1.45–1.70 µm) and P4 (wavelength 2.00–2.20 µm).

Up to ~435 ◦C, the emissivity seems to be stable around an average of ~0.12, followed
by a linear increase up to ~0.41. During this increase, a change in the color of the samples
was observed. Furthermore, the oxygen level within the built chamber decreased from
400–600 ppm to around 150–300 ppm. It is, therefore, possible that oxides impacting the
emissivity start to form at the surface of the samples. Between 646 ◦C and the highest
measured value of 938 ◦C, the emissivity is constant around ~0.41. Regarding the non-
linearized pyrometers, the determined emissivity within this last section is slightly higher
(0.4–0.5). One aspect of this could be assigned to the fact that all three pyrometers measure
different ranges of wavelength. Since the scanning device is not achromatically optimized,
there could be optical aberrations generating an error in the measurement.

Thombansen et al. [21] describe the challenges of L-PBF processing in combination
with a coaxially coupled process observation. Since optical elements such as f-theta lenses
are monochromatically designed for the laser wavelength, chromatic aberrations of the
thermal radiation could lead to a misinterpretation of temperature signals via pyrometry.
In addition, the deviation could be caused by measurement noise in combination with the
low significance within the calibration table for this temperature range. The calibration
tables of P3 and P4 are visualized in Figure 6a. The curves show that temperatures up to
1000 ◦C result in a low signal of a maximum of ~4.3 mA (P3) or ~4.7 mA (P4). A typical
signal, however, shows noise at a range of ±0.2 mA. A precise measurement is, therefore,
not possible at these temperatures.
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3.1.3. Determining the Emissivity by Comparison to a Theoretical Black Emitter

In general, the emissivity ε of a material is the ratio of the specific spectral radiation of
a sample MS and the theoretical specific radiation of the black emitter M∆λ, at the same
temperature TRef and observed wavelength λ (Bernhard, 2014):

ε
(

TRe f

)
=

MS

(
∆λ, TRe f

)

M∆λ,

(
∆λ, TRe f

) (1)

Therefore, an alternative approach to identify the emissivity of a surface with a known
temperature is to measure the radiation at a set emissivity of 1 (assumption of a black
emitter) and compare it to a theoretical black emitter:

ε(T) =

∫ λ2
λ1

MS(λ, Tε=1)dλ
∫ λ2

λ1
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dλ

=
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2πc2
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hc0
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


dλ

(2)

h = Planck’s quantum of action
k = Boltzmann constant
c0 = light velocity in vacuum
This analytical approach enables the determination of the emissivity based on temper-

ature signals derived from two independent sources (here: thermocouple and pyrometer).
However, both integrals are evaluated over the same wavelength range. Therefore, two
different black emitter spectra are regarded. Since the observed temperature signals from
the thermocouple and pyrometer are close to each other, the absolute errors are assumed to
be minor.
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The emissivity calculated by this approach is shown in Figure 7. The results regarding
P1 are in accordance with the alternative approach of linear regression. P3 and P4 show
a lower deviation compared to the approach by linear regression. A pyrometer features
a minimum error when adjusted to a maximum emissivity. The smaller fluctuations can
therefore be associated with the assumed emissivity of 1 (see Formula (2)). In general, the
approach presented by Formula (2) could also be used at lower assumed emissivity by
considering the theoretical black emitter only partially. This approach has not been regarded
since a lower assumed emissivity would also result in an increased error. However, due to
the high setting of the emissivity, the resulting pyrometer signals are lower, resulting in the
first suitable measurement signal above 850 ◦C.
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for the one-color pyrometers P1 (wavelength 1.58–2.00 µm), P3 (wavelength 1.45–1.70 µm) and P4
(wavelength 2.00–2.20 µm).

3.1.4. Validation of Two-Color Pyrometry

Two-color pyrometry takes advantage of Wien’s approximation when putting Planck’s
radiation law at two different wavelengths in the ratio [22]:

I1

I2
=
ε2

ε1

(
λ2

λ1

)5 1− exp
(

cb
λ2T

)

1− exp
(

cb
λ1T

) (3)

I = radiation intensities [Wm−3sr−1]
cb = 1.4388 × 10−2 m K
And assuming that the emissivity is the same at both wavelengths (Wien’s approximation):
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)5 1− exp
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The temperature T can be derived from the ratio of the intensities at different wavelengths:

T =
cb(λ1 − λ2)

λ1λ2

1

ln
(

I1λ
5
1

I2λ
5
2

) (5)

However, Wien’s approximation can cause certain measurement errors for certain
materials, wavelengths, etc. Therefore, the two-color pyrometry approach is validated for
the presented case. Figure 8 shows the deviation of the temperature obtained by two-color
pyrometry for P2 and the combination of P3 and P4, compared to the temperature measured
by the thermocouple. P2 shows a low deviation of ±2%.
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Figure 9 illustrates the measurement setup used in order to investigate the cooling 
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power, scanning speed and focus diameter is passing through the field of measurement. 
The measurements are carried out on 30CrMoNb5-2 sample cubes manufactured by L-
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ence of inertia effects (e.g., starting movement of mirrors), the laser tracks measure a 

Figure 8. Validating the signals of the two-color pyrometers by comparing the measured temperatures to
the signal of the thermocouple. Results are shown for the following pyrometers: P2 (wavelengths 1.45–1.65
and 1.65–1.80 µm) and the combination of P3 and P4 (wavelengths 1.45–1.70 and 2.00–2.20 µm).

The signals of P3 and P4 are combined by the formulas above. This is done for all
measurements, which are executed at different emissivity levels between 0.1 and 1 (step size:
0.1). The results exhibit a higher absolute variation as well as significant standard deviations
of the single measurements. Both could result from the investigated temperatures below
1000 ◦C, resulting in signals distorted by the measurement noise (see Figure 6).

3.2. Approach to Measure Cooling Duration
3.2.1. Experimental Setup

Figure 9 illustrates the measurement setup used in order to investigate the cooling
rates or, more precisely, the cooling durations within this work. While the area observed
by the pyrometer is resting statically in one position, a single laser track of defined laser
power, scanning speed and focus diameter is passing through the field of measurement.
The measurements are carried out on 30CrMoNb5-2 sample cubes manufactured by L-PBF
measuring 50 × 50 × 10 mm3. No powder layer is applied. In order to avoid any influence
of inertia effects (e.g., starting movement of mirrors), the laser tracks measure a distance
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of 50 mm. The pyrometer is placed in the middle of this track. Each track is placed in a
new position after the execution of an experiment in order to avoid the impacts of already
exposed surfaces. Due to the noise effects regarding P3 and P4 observed in the validation
process, the following investigations are conducted using P1 and P2. The emissivity of P1
is set to 0.12. Therefore, measurements above 435 ◦C will have to be adjusted based on the
emissivity plotted in Figure 5 or Figure 7.
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Figure 9. Measuring arrangement in order to characterize a single laser track of specific laser power
and scanning speed.

It is known that the resulting melt track can be smaller than the area measured by
the pyrometer. Regarding the one-color pyrometry, this can lead to a reduced signal
since the average radiation within the field is being measured. The two-color pyrometry,
however, should not be affected since only the ratio of the measured intensities at different
wavelengths defines the measured temperature (see Formula (5)). Therefore, the maximum
temperature within the area of measurement is given by the signal. According to Book [23],
this is true as long as the maximum temperature is spreading over min. 20% of the
measured area.

In order to ensure that the field of measurement is in alignment with the laser track, the
XY-tables responsible for the positioning of the field of measurement (see Figure 2) have been
moved until reaching the maximum signal within a single laser track experiment. This has been
done additionally with the calibration according to the manufacturer’s instructions.

3.2.2. Characteristics of Obtained Signals

Figure 10 shows characteristic signals obtained by the setup above. Measurements
resulting in a smaller melt pool showed increased deviation between the one- and two-
color pyrometers (for example, see Figure 10a). This can be explained by the fact that the
measured area is bigger than the melt pool, resulting in a reduced signal. Bigger melt pools
exhibit a smaller deviation (for example, see Figure 10b).

For some measurements, small signal peaks close to the actual peak were observed
(see the brown mark in Figure 10b). This can be observed more often with increasing energy
densities resulting in more by-products of the melt pool. It is therefore suspected that the
peaks present welding beads flying through the field of measurement shortly before or
after the passing of the actual laser focus.

In general, the signals show an asymmetric peak with a longer slope on the cooling
side. The form of the peak is unexpected and does not correspond to simulation results,
as shown by Karayagiz et al. [24,25]. An almost immediate increase followed by an expo-
nential decline resulting in a sharp peak should be expected. Furthermore, the maximum
temperature does not correlate with the melting temperature of the material, even though
melt tracks are observed. The maximum temperatures increase with the applied energy
density. This correlation, however, seems to be linear only in the beginning while converg-
ing around 700–750 ◦C when investigating a laser focus size of 80 µm. Several potential
reasons for these unexpected signals are discussed in the following:
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1. Field of measurement not in line with melt track

This option is ruled out since the maximum signal was obtained during the calibration
process. Furthermore, there should be a pronounced deviation between one- and two-color
pyrometry in all measurements (e.g., not the case in Figure 10b).

2. Field of measurement is bigger than melt track

This option is ruled out since parameter combinations causing melt pools close to
1 mm were investigated, resulting in the same type of signal. Furthermore, the use of
two-color pyrometry should rule out this problem.

3. Optical components warm up and distort signal

This could have an impact. However, considering the short exposure time, the ob-
served reduction of the temperature seems too high for this effect.

4. By-products block the radiation from the melt pool

This seems to be the most probable hypothesis. By-products were visible for almost all
measurements. It would also explain why the temperature is converging with increasing
energy densities. By-products rising from the melt pool would rapidly cool and start
spreading after a short distance. Therefore, the resulting by-product plume is limited in its
height and outside temperature. This effect should be more pronounced when exposing a
powder layer since loose particles cause more by-products.
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Figure 10. Obtained temperature signals of laser tracks showing typical melt pool by-products
during exposure (e.g., smoke, welding beads, sparks). (a) Lower energy density: 400 W laser power,
2000 mm/s scanning speed and 80 µm focus diameter. (b) Highest investigated energy density:
900 W laser power, 250 mm/s scanning speed and 80 µm focus diameter. Brown mark: Potential
welding bead flying through the measurement field of the pyrometer.

In order to check hypotheses three and four, process parameters resulting in no visible
by-products when exposing bulk material but causing a plume of by-products when
exposing a single powder layer are selected. A laser power of 400 W, a scanning speed of
1000 mm/s and a laser focus size of 640 µm are favorable for this verification approach.
The parameters were applied under the following conditions:

1. Exposing a powder layer of 30 µm with bulk material below and no air cooling of the
optical units. The black curve in Figure 11a.

2. Exposing bulk material directly without air cooling of the optical units. The red
curve in Figure 11a.
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3. Exposing bulk material directly and applying additional air cooling to the scanner
unit and process chamber glass (set at 1.5 bars). Green (P1) and blue (P2) curves in
Figure 11a.
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Figure 11. Comparing the impact of by-products and air-cooled optical components onto the tem-
perature signal. Used laser track parameters: 400 W laser power, 1000 mm/s scanning speed and
640 µm focus diameter. (a) Comparing the exposure of a single 30 µm powder layer, using only water
cooling (P1, black), the exposure of bulk material without air cooling (P1, red) and the P1 and P2
signals at the exposure of bulk material at additional air cooling of the optical components (green
and blue). (b) Direct comparison of P1 and P2 at improved conditions (bulk material and air cooling).

The resulting temperature curves in Figure 11a show a strong impact on the by-
products resulting from condition one (by-products caused by the powder layer). In
addition, the use of additional air cooling of the optical units increases the maximum
temperature. Using both optimized measurement conditions (no visible by-products and
additional air cooling), the maximum temperatures of P1 and P2 are reached. Above
500 ◦C, Figure 11b also illustrates a small mismatch between the signals of P1 and P2. This
deviation increases with the temperature and could be due to an increasing emissivity, as
shown in Section 3.

The curves under optimized conditions exhibit the expectable behavior according
to the literature (Karayagiz et al. [24,25]), showing a steep, rising slope followed by an
exponential decline. Therefore, both hypotheses three and four prove to have an impact.
However, by-products can only be avoided for a small amount of mainly irrelevant process
parameter combinations. A methodology for signal processing of measurements distorted
by by-products is presented in the following chapter.

3.2.3. Signal Processing for Systematic Investigations

The measurements in Figure 11 show that mainly the peak and the increase are
distorted due to by-products. The declining slope, however, overlaps with the optimized
signals after ~20% between the peak and the last valid signal. Therefore, the declining
slope representing the cooling of the melt pool can be seen as valid and used to fit an
analytical function (see Figure 12). It can be expected that the observed range of ~20%
will only be valid for the regarded case since the size, speed and amount of by-products
depend on the chosen process parameters and used material, as shown by Li et al. [26]. The
presented validation experiment will therefore be necessary for each material or change in
process parameters.
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A1 = surface between melt pool and bulk material
A2 = surface between melt pool and inert gas flow
κ = thermal conductivity
α = heat-transfer coefficient
The ambient temperature T is considered to be 0 ◦C. When replacing all constants

with C1, C2, C3 and C4:
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dt
= C2TM + C3TM + C4T4
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And considering that C1, C2, C3, C4 and TM are positive, the temperature of the melt
pool TM can be described by:

TM =
3
√−C2 − C3

3

√
C4 ∗ −e−

3Ct(C2+C3)
C1

(10)

When fitting this function to the data obtained by condition one (powder layer and no
air cooling) and two (bulk material and no air cooling) within the range defined in Figure 12,
the fitting curves in Figure 13 are obtained. Both fitting curves agree with the P2 signal
under optimized conditions. The fitting curve for condition one (powder layer and no air
cooling) shows no significant deviation. Therefore, the impact of a 30 µm thick powder
layer on the cooling rate seems neglectable for the investigated parameter combinations.
The presented approach is therefore used in all the following results.
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3.3. Measurements
3.3.1. Cooling Durations

The fact that the cooling rate [◦C/s] presents a current value constantly changing over
time (see different definitions of literature values in state of the art) makes it a rather unhandy
parameter in order to predict microstructural evolutions. Therefore, the cooling duration
between the austenitization temperature of around ~800 ◦C and typical values for the phase
transformation to martensite and bainite are calculated based on the fitted curves. The
resulting cooling duration between 800 ◦C and 500 ◦C (t8/5), 400 ◦C (t8/4), 300 ◦C (t8/3),
as well as 200 ◦C (t8/2) are summarized in Figure 14. Cooling durations between ca. 0.5
and 70 ms are observed. The scanning speed has an exponential impact, while the laser
power shows a linear effect on the cooling duration. Based on the coefficient of determination
R2 obtained by linear regressions, the linear correlation is especially significant for slower
exposure speeds. At 2000 mm/s R2 between 0.31 and 0.76, at 1000 mm/s R2 between 0.62
and 0.92, at 500 mm/s R2 between 0.86 and 0.93 and at 250 mm/s R2 between 0.89 and 0.98
were observed. The reason for this could be unstable melt pools (balling phenomena) which
occur and have been observed at higher exposure speeds. This would result in increased
deviations within the measurements. Furthermore, the linear (impact of laser power) as well
as the exponential regression (impact of exposure speed) show a higher significance for the
cooling duration t8/5, t8/4 and t8/3 for t8/2. This could be due to the imprecision of the
fitting process.

The impact of a changing laser focus diameter is shown in Figure 15. An increasing
laser focus diameter results in a reduced cooling duration. One reason for this could be
the changing geometry of the melt pool. The energy density decreases with increasing
diameter. Therefore, melt pools will be wider and less deep, increasing the surface volume
ratio and therefore increasing the heat flows. The impact of the laser focus diameter on the
cooling duration is linear. Again, the significance reduces with increasing exposure speed,
which could be caused by melt pool instabilities (see R2 in Figure 15).
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A typical problem when setting up an L-PBF system for a print job is to position the
coating system as precisely as possible within the laser focus layer. In order to investigate
the impact of such an imprecision, the cooling durations were determined while giving
the laser focus level an offset of up to 2 mm. The results (see Figure 16) do not show any
significant correlation.

3.3.2. Microstructural Analysis

In order to investigate the impact of varying cooling duration on the resulting mi-
crostructures, EBSD measurements are carried out. This is done for single laser tracks in
two different states:

1. No heat treatment applied (no HT): The laser tracks are placed within the final
process layer. No following process layers are exposed.

2. Heat treatment applied (HT): The laser tracks are placed within the sample geometry.
The following process layers are exposed by standard parameters. The exposure of
each further layer results in an in-situ heat treatment of the single laser track.

Investigations by light microscopy on etched and non-etched samples did not show
any significant characteristics. The EBSD results of the non-heat-treated single laser tracks
are shown in Figure 17. All measurements for heat-treated and non-heat-treated single laser
tracks reveal noise between areas of similar crystal orientation. The same phenomenon
is observed within L-PBF bulk material. One reason for such a phenomenon could be an
insufficient sample preparation resulting in surface-defects or -contamination. In order
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to rule out this problem, a sample manufactured by hot-rolling has been processed in the
same way. No relevant amount of noise has been observed within this measurement. It is
therefore concluded that the measured noise either represents areas of severe deformation
or potential amorphization due to extremely high cooling rates. Luo et al. [27], for example,
show similar EBSD results for amorphous metals manufactured by L-PBF. A higher reso-
lution within the EBSD measurement could help to identify areas of severe deformation.
However, a measurement of sufficient resolution was not successful yet.
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When comparing the fraction of noise within the single laser tracks, a clear decreasing
trend with increasing cooling duration is visible. Figure 18 shows the correlation between
the cooling duration t8/5 and the resulting ratio of noise. This trend is in accordance with
the assumption of microstructures resulting from severe deformations or amorphous areas.
While the in-situ heat treatment of the laser tracks does not show any significant effect on
the fraction of noise regarding slower cooling durations of 24.5 ms and 10.9 ms, the laser
track resulting from a cooling duration of 6.9 ms shows a significant decrease in noise. This
could be due to annealing effects.

It is well known that the grain size within a microstructure will increase with the
cooling duration. Therefore, Figure 19 presents the average grain size in µm2 for the
investigated cooling durations. The results show a tendency to increase grain sizes. The
in-situ heat treatment does not show any significant impact on the grain size.
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4. Conclusions

The findings of this work prove that the cooling rate in L-PBF can be measured by
pyrometry. A novel approach is introduced in order to overcome the observed problem
of signal disturbing by-products within the measurement zone. The four following main
topics have been addressed in order to realize the first systematic investigations regarding
the correlation of exposure parameters, cooling rates and resulting microstructure:

1. Quantitative measurements by pyrometry within L-PBF have been realized: Two
different approaches have been introduced in order to correlate the pyrometer signal
to a temperature-dependent emissivity within the L-PBF system. The material’s
emissivity has been measured up to 938 ◦C (see Figures 5 and 7). These data can serve
as a calibration table for future measurements by one-color pyrometry. Furthermore,
the use of two-color pyrometry has been introduced, showing a maximum deviation
of ±2%.

2. Introducing a novel approach in order to measure cooling durations of single laser
tracks: Within the single laser tracks experiments, by-products have been identified
as the main source of error in measuring the cooling behavior. In fact, measurement
within the actual melt pool is not possible. A newly developed and validated fitting
method has been introduced, enabling statements about the cooling rates based on
incomplete measurement data due to by-products.

3. Systematic investigation of cooling duration Based on the approach above, system-
atic investigations regarding the cooling duration have been carried out. The results
show the correlation between cooling duration and process parameters such as laser
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power, scanning speed, laser focus size and laser focus offset. The gained quantitative
information can be used for simulation validation as well as the understanding of
microstructural evolution and can therefore support the future development of FGMs.

4. Observed phenomena in microstructure EBSD measurements on single laser tracks
reveal wide areas of noise. It is concluded that these areas represent either severe
deformation or potential amorphization due to extremely high cooling rates. The
fraction of noise within the laser tracks correlates with the cooling duration and
therefore supports the hypothesis above.

The results support the validation of simulation results as well as the development and
optimization of exposure parameters and resulting mechanical properties. The knowledge
gained about the cooling duration supports the understanding of microstructural formation
mechanisms. In addition, this work presents the foundation for future two-dimensional
pyrometry experiments. These would support a deeper understanding of annealing effects
within the L-PBF process, which result from the exposure of the following process layers.
The results of this work also promote the use of pyrometry as a tool for process monitoring.
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Abstract: In this work, a process chain for the realization of dense Ti6Al4V parts via different material
extrusion methods will be introduced applying eco-friendly partially water-soluble binder systems.
In continuation of earlier research, polyethylene glycol (PEG) as a low molecular weight binder
component was combined either with poly(vinylbutyral) (PVB) or with poly(methylmethacrylat)
(PMMA) as a high molecular weight polymer and investigated with respect to their usability in FFF
and FFD. The additional investigation of different surfactants’ impact on the rheological behaviour
applying shear and oscillation rheology allowed for a final solid Ti6Al4V content of 60 vol%, which is
sufficient to achieve after printing, debinding and thermal densification parts with densities better
than 99% of the theoretical value. The requirements for usage in medical applications according to
ASTM F2885-17 can be fulfilled depending on the processing conditions.

Keywords: material extrusion; FFF; FDM; FFD; additive manufacturing; titanium alloys; Ti6Al4V;
water-soluble binder; feedstock

1. Introduction

Additive manufacturing, quite often also denoted as 3D printing, is nowadays an
established fabrication method of polymer, metal and ceramic parts. In most cases, 3D
printing is used for rapid prototyping, but these methods have gained more and more
importance for rapid tooling and even rapid manufacturing of small-scale series [1–8]. Due
to their history of invention and the operation principle, the most important techniques are
VAT photopolymerization such as stereolithography (SLA), material extrusion (MEX) such
as fused filament fabrication (FFF), and powder bed fusion such as selective laser melting
(SLM) or electron beam melting (EBM). In recent years, a pronounced material and process
development widened the initial material limitations and enabled the adaptation of SLA
and MEX-based printing techniques for the processing of ceramic and metal materials. FFF
and related techniques benefit from the long feedstock development experience in powder
injection molding (PIM) for the fabrication of dense and warpage-free metal and ceramic
parts according to the following process chain [9]:

1. Feedstock compounding of using suitable binders, additives and a huge solid load
(ceramics: ≥50 vol%; metals: ≥60 vol%) considering spherical fillers ideally;

2. Printing via MEX techniques;
3. Debinding, often a combination of liquid pre-debinding with thermal debinding;
4. Sintering with conditions depending on the filler’s properties.

With respect to the knowledge gained from PIM, several groups were able to re-
alize different ceramics and metals applying MEX methods [9–19]. Perhaps due to the
more complex sintering step, only a few reports dealing with FFF of metals were pub-
lished [20–26]. Currently, lightweight and medical applications are upcoming fields of
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interest, especially using titanium alloys such as Ti6Al4V. The application of the latter
as an implant material is outlined in the ASTM F2885-17 standard, describing, amongst
others, the relevant mechanical properties [27]. The additive manufacturing applying
Ti6Al4V via powder-based methods such as SLS, SLM or EBM has been reported and is
commercialized partially [28–31]; quite recently, MEX methods were also used for part
realization [32–36].

A comprehensive investigation of the feedstock flow behaviour is essential to meet
the two contradictory requirements of a suitable feedstock. On the one hand, the solid load
must be as high as possible to minimize shrinkage and warpage risk during sintering. On
the other hand, the solid load must not be too high to allow a good melt flow behaviour,
enabling a defect-free extrusion and filament deposition without additional voids due to
solid overfilling. A highly filled feedstock with a solid particle loading represents a complex
system with the occurrence of elastic (by the solid) and viscous (by the polymer) properties
in the molten state. With respect to a proper description of the melt flow behaviour, it
is necessary to measure in addition to the shear rate dependent viscosity the viscoelastic
flow via oscillation measurements applying a rotary rheometer. The latter technique was
exercised for different feedstock systems [17,18,37], and quite recently in [36]. It is possible
to determine the complex shear modulus G* containing the contributions of the storage
modulus G’ (elastic part) and the loss modulus G” (viscous part) (1). With the knowledge
of the applied angular frequency, the complex viscosity can be estimated (2). The direct
relationship between the complex shear modulus and the complex viscosity is shown in
(3) [38]. An accurate determination of the viscoelastic flow and the feedstocks yield point is
of particular importance for feedstock and printing parameter development with respect to
proper and defect-free deposition of a freshly printed layer on the previous one. A more
detailed description of the relevance of the complex shear modulus G” can be found in [36]
and especially in [38].

G* = G’ + iG” (1)

η* = η’ + iη” =
G′

ω
+ i

(
−G′′

ω

)
(2)

|η∗| =
∣∣∣∣
G∗

ω

∣∣∣∣ (3)

The following work extends the research on suitable feedstock systems for Ti6Al4V
from the initially used nonpolar wax/polyethylene (PE) mixtures to polar and there-
fore partially water-soluble binder systems, which simplifies especially the solvent-based
pre-debinding towards eco-friendly solvents such as water, instead of polluting hex-
ane/heptane solvents [39].

2. Materials and Methods
2.1. Polar Feedstock Development

With respect to potential applications in health care products such as implants and
in continuation of previous published work [36], Ti6Al4V (Grade 23FE, Heraeus, Hanau,
Germany) was selected as a metal filler [40]. Due to the demanding mechanical property
requirements in medical engineering, this grade shows a low carbon and oxygen content
according to the ASTM F2885-17 standard [27], derived from the specifications for metal
injection molding (MIM) produced Ti6Al4V surgical implants.

In significant contrast to previously published work [36], two polar binder systems
consisting of the low molecular weight polyethylene glycol (PEG) and the high molecular
weight polymers poly(vinylbutyral) (PVB) or poly(methylmethacrylate) (PMMA) have
been investigated (Figure 1). Due to synthesis conditions, PVB can be described as a
copolymer containing the aspired butyral group, an acetyl- as well as the highly polar
hydroxy functionality. Both binders, PEG/PVB and PEG/PMMA, have been successfully
applied for ceramics in FFF and injection molding, enabling crack-free and dense alumina
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or zirconia parts [12,13,41–44]. In this work, PEG with different average molar weights
MW (2000, 4000, 6000, 8000, 20,000 g/mol) (C. Roth GmbH Co KG, Karlsruhe, Germany)
have been applied. PVB Mowital B30H (Kuraray Europe GmbH, Frankfurt, Germany)
and PMMA Degalan G7E (Roehm GmbH, Darmstadt, Germany) were selected as high
molecular weight polymers. Stearic acid (SA, C. Roth GmbH Co KG, Karlsruhe, Germany)
as well as two commercial additives, PAT-77/P and PAT-659/CB (E. & P. Wuertz GmbH
Co. KG, Bingen, Germany), with proprietary composition, recommended by the vendor
for polymer/metal feedstocks, have been used as surfactants. Normally, the surfactant
amount is directly related to the specific surface area of the filler, but due to the low
specific surface area (SSA) of the used Ti6Al4V, a fixed surfactant concentration of 5 wt%
of the whole binder amount is applied and subtracted from the low molecular weight
PEG. The thermal behaviour of all investigated organic binder components can be found in
Table 1.
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Figure 1. Chemical structures of the used main binder components: (a) polyethylene glycol (PEG);
(b) poly(vinylbutyral) (PVB); (c) poly(methylmethacrylate) (PMMA).

Table 1. Overview of the used binder components (TS: softening temperature, TD: decomposition temperature).

Component Density (g/cm3) MW (g/mol) TS (◦C) TD (◦C)

PEG 2000 1.22 M 1800–2200 V 52 V n.a.
PEG 4000 1.22 M 3500–4500 V 58 V n.a.
PEG 6000 1.22 M 5000–7000 V 60 V n.a.
PEG 8000 1.22 M 7300–9000 V 60 V n.a.

PEG 20,000 1.22 M 20,000 V 60 V n.a.
PVB 30 H 1.11 M 32,000–35,000 V 68 V 206 M

PMMA Degalan 7 E 1.18 M 159,000 M 96–109 M 240 M

Stearic acid 0.92 M 284 V 69–85 V 170 M

PAT-77 P 0.97 M n.a. 85–95 V n.a.
PAT-659/CB 0.96 M n.a 45–75 V n.a.

M: measured data, V: vendor’s data sheet.

In addition to the data submitted by the vendors, a comprehensive educt characteri-
zation is mandatory, especially in the case of the selected Ti6 Al4V filler. With respect to
feedstock development, the following four main particle properties must be characterized:

• Particle size distribution;
• Specific surface area;
• Particle density;
• Particle morphology.

The particle size distribution was measured via laser diffraction (LA-950 Horiba Ltd.,
Kyoto, Japan), the specific surface area (SSA) by the Brunauer-Emmett-Teller adsorption
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method (BET, Gemini VII 2390, Micromeritics Instr. Corp., Norcross, GA, USA), the particle
density by helium pycnometry (Pycnomatic ATC, Porotec, Germany) and, finally, the
particle morphology with a SEM Supra 55 (Zeiss, Oberkochen, Germany).

2.2. Feedstock Preparation

A torque recording mixer-kneader (W50-EHT, Brabender GmbH, Duisburg, Germany)
was applied for the new polar feedstock compounding. The blade’s rotating speed was set
to 30 rpm, which is equivalent to a maximum shear rate of 36 1/s for 1 h compounding
time. The compounding temperature was set to 110 ◦C (PEG/PVB) and 160–170 ◦C
(PEG/PMMA) according to the different glass transition temperatures of the high molecular
weight polymer. Further details can be found in [36].

2.3. Rheological Characterization

All feedstock systems were investigated by two common established rheometric
methods. The temperature and shear rate dependent viscosity were measured by a high-
pressure capillary rheometer (Rheograph 25, Goettfert Werkstoff-Pruefmaschinen GmbH,
Buchen, Germany). For better comparison with other feedstock systems [36], identi-
cal measuring parameters (temperature: 160 ◦C; capillary diameter and length: 1 and
30 mm, shear rate range: 1 to 5000 1/s) were used. With respect to the determination of the
complex flow behaviour, especially the detection of potential yield points as a function of
the feedstock composition, oscillatory measurements in the amplitude sweep (AS) mode
applying a rotary rheometer (Gemini HR Nano, Netzsch-Geraetebau GmbH & Co., Selb,
Germany) equipped with a plate-plate geometry (20 mm diameter, gap 1 mm, smooth
surface) were applied. To be consistent with previously reported work, identical measuring
parameters (temperatures, frequency, shear stress range) were used [36].

2.4. Material Extrusion (MEX)
2.4.1. Fused Filament Fabrication (FFF)

After feedstock compounding and pelletizing with an impact mill (Granulator 1514,
Rapid Germany, Kleinostheim, Germany), the granules were reshaped into filaments
by a single screw filament extruder (Noztek pro HT, Noztek, Shoreham, UK). All FFF-
printing trials were performed with a German RepRap X350pro printer (Feldkirchen,
Germany) applying different extruder nozzles (0.15, 0.3 and 0.4 mm). With respect to ac-
ceptable printing results, some machine modifications were necessary; details can be found
in [36].

2.4.2. Fused Feedstock Deposition (FFD)

In the case of FFD printers, pellets or granules can be used instead of filaments. The
two-component FFD printer FFD 150H (3d-figo GmbH, Salzkotten, Germany) carries
two small extruders placed directly above the printheads. In all cases, a nozzle diameter
of 0.4 mm was used. For better material adhesion and printed part removal, the printing
platform was covered with PE-coated spring steel. It was necessary to preheat the feedstock
pellets in the extruder to accelerate the extrusion process. Two different slicers for machine
control were applied: Ultimaker Cura and Repetier-Host (V 2.2.2).

2.5. Debinding, Sintering and Hot Isostatic Pressing

The debinding step was subdivided into two parts. Initially, the PEG was removed in
water (40 ◦C, 24 h), which generates open pores. For this, the printed parts were placed
on a die plate in a glass reactor setup. Then, thermal debinding was conducted prior
to sintering in a metal sinter furnace (MUT Advanced Heating GmbH, Jena, Germany)
with a maximum debinding temperature of 550 ◦C, subsequently followed by sintering
(max. temperature 1350 ◦C). The thermal treatment was performed under argon atmosphere
to avoid further oxygen contamination. In the case of selected samples and with respect
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to enhanced density values, hot isostatic pressing (HIP, HIP3000, Dieffenbacher GmbH,
Eppingen, Germany) was applied.

2.6. Characterization of Sintered Samples

A set of different techniques were used for a comprehensive sample characteriza-
tion covering density measurements following the Archimedes principle (Secura 225D-1S
equipped with YDK 01, Sartorius Lab Instruments GmbH & Co KG, Göttingen, Germany)
and metallographic preparation described in detail in [36]. With respect to the final carbon
and oxygen content in the sintered part, a combustion analysis (CS600 and TC600, LECO
Instruments GmbH, Mönchengladbach, Germany) was performed.

3. Results and Discussion
3.1. Material Characterization

From previous work dealing with powder injection molding, FFF or FFD in the case
of ceramic or metal part fabrication, a huge solid load is necessary to achieve dense parts
(ceramic: >99% theoretical density, metals: >98% theoretical density). The presence of
spherical particles is mandatory to obtain moderate viscosity values. The morphology of
the applied Ti6Al4V powder is spherical with a monomodal distribution around 30 µm,
a density around 4.4 g/cm3 and a SSA value of 0.15 m2/g [36], which is quite small in
contrast to established ceramic materials such as alumina or zirconia.

3.2. Feedstock Compounding
3.2.1. PEG/PVB Binder System

PEG/PVB binder systems in combination with alumina or zirconia fillers and SA as a
surfactant were previously used in ceramic injection molding [41–43] and in FFF [12,13].
Here, the influence of three different surfactants on compounding has been investigated.
Figure 2a shows the time-depending compounding torque of the PEG/PVB mixtures
without and with the three different investigated surfactants applying a PEG MW of
8000 g/mol. In general, the compounding curve can be split in three phases, namely the
filling phase, the mixing phase and, finally, the equilibrium phase [45]. From the torque vs.
time diagram the quality of the resulted feedstock can be evaluated, e.g., a constant final
equilibrium torque value is a strong hint for a homogenous feedstock composition [45]. The
observed compounding behaviour is slightly different from the previously investigated
wax/PE mixtures [36]. The applied solid load of 60 vol% yielded a low maximum torque
value of around 12 Nm (kneaded at 110 ◦C), which is almost twice the value of the related
wax/PE mixtures (kneaded at 125 ◦C) [36]. After passing the mixing stage, a pronounced
torque drop can be seen followed by a slight increase in all cases; only the usage of SA
delivers an almost constant torque value. The compounding behaviour was almost identical
with and without a surfactant. The addition of the two PAT surfactants caused a slight
torque increase. The negligible surfactant influence can be attributed to the very small
SSA and the spherical particle shape. In the literature, some other binder systems were
employed for Ti6Al4V as a solid filler:

• Unknown proprietary binder with solid load of 59 vol% [33,34];
• Polyethylene vinyl acetate/poly(propylene ethylene)/polyisobutene with SA as a

surfactant [35], solid load 60–65 vol%;
• Poly(propylene ethylene)/maleic acid anhydride functionalized polypropylene with a

solid load up to 60 vol% [37].
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Figure 2. Compounding of PEG/PVB-based binder (110 ◦C, 60 vol%) with different composi-
tions. (a) PEG 8000 as low molecular component and with or without different surfactants (5 wt%);
(b) variation of the PEG MW with 5 wt% SA as surfactant; (c) variation of PEG/PVB ratio applying
PEG 2000 as low molecular binder part and 5 wt% SA as surfactant.

The average molecular weight of the used PEGs had a clear impact on the compound-
ing behaviour. While the equilibrium torque values of the low molecular weight PEG
(2000, 4000, 6000, 8000 g/mol) were close together, a further increase to 20,000 g/mol
caused almost a torque doubling (Figure 2b). This can be attributed to the increasing
probability of chain entanglement accompanied by increasing inner friction. The variation
of the PEG/PVB ratio can also be used for viscosity adjustment. Applying PEG 2000 as low
molecular weight binder part, the increase of the PEG 2000 fraction yielded a pronounced
torque drop and a faster access to the equilibrium state (Figure 2c).

3.2.2. PEG/PMMA Binder System

PEG/PMMA systems have been also introduced as a binder in PIM and material
extrusion. The influence of three PMMAs with different MW and granule morphology on
compounding, melt rheology and micro powder injection molding of zirconia and the final
ceramic density was described in [44,46]. A binder, consisting of PEG (MW: 1500 g/mol)
and a PMMA emulsion with SA as a surfactant, was used in metal injection molding of
tungsten carbide/cobalt mixtures [47]. The liquid debinding behaviour of PEG/PMMA
feedstocks in water with Ti6Al4V as a filler and different SA contents is described in [48].
The binder possesses a huge excess of PEG (MW: 4000 g/mol) relative to PMMA of almost
9:1, simplifying the dissolution process [48]. Hayat et al. investigated the influence of the
PEG MW (1500–20,000 g/mol) on the flow and water debinding behaviour of titanium-filled
PEG/PMMA feedstocks for metal injection molding [49]. The higher the average molecular
weight, a higher viscosity and slower solvent debinding in water can be observed [49].
As in the previous case, the influence of the three different surfactants (5 wt%) on the
compounding process were investigated; again, the surfactant replaced partially the PEG
moiety. Figure 3a presents the torque as function of time and used surfactant (PEG 8000).
Due to the huge glass transition temperature of the PMMA (96–109 ◦C), a compounding
temperature of 170 ◦C was necessary. The compounding curve (Figure 3a) looks quite
different than in the PEG/PVB system shown in Figure 2a and can be attributed to the
shape of the PMMA pellets and the higher glass transition temperature. Prior to mixing, the
pellets have to be liquified, which can be seen in the pronounced extension of the filling and
mixing phase up to 30 min instead of 5 min in the PEG/PVB binder. The influence of the
surfactants is more obvious; the PAT-659/CB especially caused a significant initial torque
increase. After 1 hour compounding time, only the addition of SA delivered a constant
torque value. The MW of the used PEGs had only a small impact on the compounding
behaviour (Figure 3b). As expected, an increasing MW caused a slight torque increase; the
compounding process is more dominated by the pellet melting.
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Figure 3. Compounding of PEG/PMMA-based binder (170 ◦C, 60 vol%). (a) PEG 8000 as low
molecular component and with or without different surfactants (5 wt%) at a 1 to 1 PEG/PMMA ratio;
(b) variation of the PEG MW (5 wt% SA).

Following Table 1, a compounding temperature of 170 ◦C is quite high and, e.g., very
close to the decomposition temperature of SA. Therefore, a feedstock processing at lower
temperatures is recommended, which can be achieved by viscosity reduction due to an
increase of the binder amount with lower MW [49]. Figure 4a–c show for the different
surfactants the change of the torque with proceeding compounding time and variable
PMMA to PEG (here PEG 8000) ratio. In all cases, a pronounced maximum torque drop
can be observed, the impact of the PMMA liquification shrinks with the reduction in the
PMMA amount and the low viscosity of the PEG 8000 dominates. The differences between
the surfactants diminishes as well with higher PEG concentrations. Therefore, the PEG
amount increase allows for a compounding temperature reduction or for higher solid
loadings. Both effects—the temperature drop and solid load increase—are depicted in
Figure 5. Figure 5a shows the influence of the temperature on compounding applying a
feedstock with a PMMA/PEG8000 ratio of 40/60 and a solid load of 60 vol% Ti6Al4V. A
higher compounding temperature yields in a lower torque as well as in a faster equilibrium
stage. At a higher load of 65 vol% (Figure 5b), a temperature increase helps in the same
manner, but under consideration of an enhanced SA decomposition.
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Figure 5. Compounding of PEG/PMMA-based binder and SA as surfactant. (a) PMMA/PEG
8000 ratio 40/60 at different temperatures (solid load 60 vol%); (b) PMMA/PEG 8000 ratio 40/60 at
different temperatures (solid load 65 vol%).

3.3. Rheological Characterization
3.3.1. PEG/PVB Binder with Constant PEG/PVB Ratio

As described previously [36], a comprehensive description of the feedstocks’ melt
flow behaviour is crucial for the successful usage in FFF, FFD as well as in injection mold-
ing. Figure 6a shows for the mixture PEG/PVB and different surfactants the melt flow
behaviour at a solid load of 60 vol% and a temperature of 160 ◦C. A viscosity measure-
ment without surfactant was not possible due to phase separation at moderate and higher
shear rates. Whilst the presence of SA and PAT-77/P caused the typical pseudoplastic
(shear-thinning) flow with almost identical viscosity values, the addition of PAT659/CB
resulted in an unusual melt flow with a viscosity increase at larger shear rates represent-
ing slight dilatancy. This phenomenon was reproducible. Dilatancy normally occurs if a
superstructure with increasing attractive forces is formed and should be attributed here
to the molecular structure of the surfactant, which is unfortunately proprietary. The vis-
cosities were comparable to the ones applying wax/LDPE feedstocks at the same solid
load and identical measuring temperature [36]. The variation of the PEG MW had an
impact on the resulting viscosity in that increasing MW yielded a viscosity increase re-
taining the pronounced pseudoplastic flow, which is favourable for injection molding
(Figure 6b). The usage of PEGs with a MW of at least 6000–8000 g/mol is due to the higher
softening temperature advantageous for FFF, FFD and injection molding enabling a higher
greenbody stability.
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Figure 6. (a) Shear rate dependent melt viscosity as well as shear stress at 160 ◦C of PEG8000/PVB-
based binder at a solid load of 60 vol% and different surfactants; (b) variation of the PEGs’ average
molecular weight with 5 wt% SA as surfactant.
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A molten feedstock represents a complex mixture of polar and nonpolar materials and
the simultaneous presence of solid and liquid matter causing a viscoelastic flow behaviour,
which can be investigated by oscillation rheology measuring the storage G’ and the loss
modulus G” separately, representing the solid-state elastic behaviour (G’) as well as the
liquid flow (G”) (Figure 7). The investigated feedstocks containing different surfactants
show at low shear stresses a larger storage than loss modulus describing the dominance
of the more elastic part of the complex modulus. At a certain shear stress, the two curves
cross and the loss modulus dominates, representing the viscous part. This crossover is
denominated as the yield or flow point, which is of particular importance for FFF or FFD
printing. SA (Figure 7a) shows the smallest complex moduli values of all investigated
feedstocks; PAT-77P is at low shear stresses close to SA (Figure 7b), and PAT-659/CB
(Figure 7c) possesses the highest complex moduli values. For better comparison, Figure 8a
compares the yield point values at 160 ◦C for the investigated PEG8000/PVB feedstocks
with different surfactants. In the case of SA as additive, Figure 8b demonstrates the
influence of the PEG MW on the yield point. Increasing MW causes a pronounced yield
point value raise due to the large possibility of chain entanglement causing enlarged inner
friction. These results were supported by a temperature sweep investigation, where a
PEG Mw increase from 2000 to 20,000 g/mol yielded a strong complex viscosity increase
especially at higher temperatures by more than one decade (Figure 8c).
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Figure 7. Storage (G’) and loss modulus (G”) of PEG 8000/PVB systems containing three different
surfactants (temperature 160 ◦C, solid load 60 vol%) via oscillatory test applying amplitude sweep.
(a) SA; (b) PAT-77/P; (c) PAT-659/CB.
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3.3.2. PEG/PVB Binder with Different PEG/PVB Ratios

Following the results obtained from compounding, it can be expected that the variation
of the PEG/PVB ratio has a pronounced impact on the melt rheology. Figure 9a describes
the change of the melt flow as a function of shear rate and PEG2000/PVB ratio. Decreasing
PVB amounts allowed a clear viscosity reduction retaining the pseudoplastic flow. The
yield point is also affected by the ratio of the low and high molecular binder moiety. Whilst
the decrease of a 50%:50% ratio of PEG 2000 to PVB down to 40% PVB has only a small
impact on the yield point, the increase up to 60% PVB results in a significant yield point
gain by almost a factor of 2.5 (Figure 9b). The variation of the PEG 2000/PVB ratio has
an influence on the complex viscosity change with increasing temperature, especially at
higher temperatures passing the softening temperatures of PEG 2000 (52 ◦C) and PVB
(68 ◦C) (Figure 9c).
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Figure 9. (a) Melt viscosity of PEG 2000/PVB feedstocks with different PEG/PVB ratios (160 ◦C, solid
load 60 vol%); (b) yield point dependence on PEG2000/PVB ratio; (c) complex viscosity as function
of temperature and PEG 2000/PVB ratio.

3.3.3. PEG/PMMA Binder with Constant PEG/PMMA Ratio

In contrast to the related PEG/PVB feedstocks at the same solid load, the melt viscosity
is almost higher by one decade, which can be attributed mainly to the huge average
molecular weight of the used PMMA (MW PMMA~159,000 g/mol; PVB~35,000 g/mol,
Table 1). The presence of any of the surfactants delivered a small viscosity drop relative to
the feedstock without surfactant; the variation of the surfactant type itself did not show
any relevant melt flow discrepancy (Figure 10a). The variation of the PEG MW did not
alter the resulting viscosity; remarkably, all systems possessed a typical pseudoplastic flow
(Figure 10b).
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Figure 10. (a) Shear rate dependent melt viscosity as well as shear stress at 160 ◦C of PEG8000/PMMA-
based binder (solid load 60 vol%) and different surfactants; (b) variation of the PEG MW with 5 wt%
SA as surfactant (solid load 60 vol%, 160 ◦C).
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As in the PEG/PVB feedstocks, a yield point could be detected by the measurement
of the complex viscosity depending on the used surfactant and PEG MW (Figure 11a,b).
All applied surfactants lowered the shear stress value for the yield point in contrast to
the feedstock without surfactant (Figure 11a); the two PATs especially had a pronounced
impact. The substitution of the PEG 8000 by PEGs with smaller MW caused a reduction
of the yield point shear stress value (Figure 11b). The influence of MW on the complex
viscosity is negligible as well (Figure 11c). These results are in strong contrast to the
above presented PEG/PVB feedstocks (Figure 8) and should be attributed to the huge
PMMA MW.
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Figure 11. Shear stress values of the yield points for PEG/PMMA feedstocks (160 ◦C, solid load
60 vol%). (a) Applying PEG 8000 and different surfactants; (b) applying PEGs with different MW and
SA as surfactant; (c) complex viscosity as function of temperature and PEG with different MW and
SA as surfactant.

3.3.4. PEG/PMMA Binder with Different PEG/PMMA Ratios

In addition to the previously described PEG MW variation, the flow behaviour can be
adjusted by the change of the PEG/PMMA ratio. Increasing PEG 8000 amounts caused a
remarkable viscosity drop at constant temperature, especially at concentrations beyond 60%
(Figure 12a). A temperature gain from 160 ◦C up to 200 ◦C for a system PMMA40/PEG60
(PEG 8000) also enabled a viscosity drop (Figure 12b). The PEG/PMMA ratio varia-
tion towards larger PMMA amounts resulted in a yield point shear stress value increase
(Figure 12c).
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Figure 12. (a) Change of melt flow with increasing PEG 8000 moiety in the binder (solid load; 60 vol%,
T = 160 ◦C, SA as surfactant); (b) temperature influence on a PEG60/PMMA40 feedstock applying
PEG 8000 (solid load 60 vol%, SA as surfactant); (c) variation of the PEG 8000/PMMA ratio and
resulting shear stress change for the yield point (SA as surfactant).
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3.3.5. Solid Load Variation

Within the PEG/PVB feedstock composition, it was not possible to realize systems
with solid loads beyond 60 vol% in an acceptable quality suitable for FFF or FFD printing.
With the experience previously gained by the variation of used PEG, the PEG/PMMA ratio,
selected surfactant and exploiting the temperature dependence of the melt viscosity, it was
possible to realize feedstocks with an enhanced solid load of 65 vol% by an increase of the
PEG 8000 moiety. Figure 13 shows the shear stress values for the yield point applying the
two PAT surfactants at different temperatures and a solid load of 65 vol%. The values at
160 ◦C are significantly higher (almost a factor of 10) than the related ones at a solid load
of 60 vol%. In previously described results, e.g., in Figure 11, PAT-77P possessed a higher
yield point shear stress value than the PAT-659/CB surfactant; the unexpected behaviour at
180 ◦C may be attributed to phase separation. It has to be noted that the solid load increase
from 60 to 65 vol% hampered the feedstock preparation and measurement significantly.
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Figure 13. Shear stress values for the yield points for PEG60/PMMA40 (PEG 8000) applying the
surfactants PAT-77P and PAT-659/CB at different temperatures (solid load 65 vol%).

3.4. Material Extrusion (MEX)
3.4.1. Processing of PEG/PVB Feedstocks

Following the results from rheological characterization, three different PEG/PVB
systems with a Ti6Al4V load of 60 vol% and varying MW of PEG were selected for filament
fabrication applying the Noztek filament extruder, equipped with a 2.8 mm nozzle; Table 2
summarizes the achieved filament parameters. All extruded filaments did not show any
extrudate swelling directly behind the nozzle. Therefore, the filament diameters are close
to the required 2.85–3 mm filament diameter requested by the modified X350Pro FFF
printer. This molten filament behaviour is in significant contrast to the previously used
wax/LDPE feedstocks [36]. The surface appearance of the filaments was not unique: whilst
the PEG 2000 containing filament showed a smooth surface, the two others possessed a
rough surface, which may be attributed to phase separation between PEG and PVB and a
deteriorated particle wetting.
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Table 2. Extruded PEG/PVB filaments.

Feedstock Extrusion Temperature (◦C) Filament Diameter (mm)

PEG 2000/PVB 90 2.82 ± 0.02
PEG 8000/PVB 90 2.80 ± 0.01

PEG 20,000/PVB 90 2.86 ± 0.01

As in previous work, the filament extrusion delivered rigid filaments which cannot
be winded; hence, about 50 cm long straight filaments were extruded on a metal cooling
track [36]. These new filaments were then stored in a vacuum oven at 47 ◦C not less than
24 h to avoid any water adsorption, which is typical for feedstocks with the capability
of hydrogen bridge formation, especially PVB [50]. After drying, the filament rods were
introduced into the printer’s filament extruder from above. The FFF process itself was
hampered by the pronounced phase separation at the used printing temperature around
200 ◦C, especially at low PEG average molecular masses. Table 3 lists the best FFF printing
parameters for the different PEG/PVB mixtures applying in all cases SA as a surfactant.
Only in the case of the PEG 20,000 the phase separation at low temperatures could be sup-
pressed and devices printed (Figure 14). With the exception of the printing temperature, the
printing parameters are almost identical to the previously reported wax/PE feedstocks [36].
Due to the huge viscosity under FFF printing conditions, it was not possible to print parts
applying a feedstock with 65 vol%.

Table 3. FFF printing parameters for different PEG/PVB systems (solid load: 60 vol%, 5 wt% SA
as surfactant).

FFF Printing Parameter PEG 2000/PVB PEG 8000/PVB PEG 20,000/PVB

Temperature (◦C) 230 230 180
Platform temperature (◦C) 55 55 60

Printing speed (mm/s) 5 5 5
Printing speed first layer (mm/s) 5 5 2.5

Nozzle diameter (mm) 0.3 0.3 0.3
Infill (%) 105 105 105

Overlap contour lines with infill
(mm) 0.2 0.2 0.2
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Due to the pronounced phase separation, printing via FFD was impossible according
to the higher shear forces at elevated temperatures.

3.4.2. Processing of PEG/PMMA Feedstocks

Because of the comprehensive rheological investigation on the PEG/PMMA feedstocks,
the system PEG60/PMMA40 with PEG 8000 as low molecular binder component was
selected for FFF printing trials after filament extrusion. Table 4 summarizes the processing
parameters; unfortunately, in the case of the PAT659/CB-containing mixture, a straight
feedstock track could not be prepared. As in the PEG/PVB systems, an extrudate swelling
after passing the nozzle was not observed. The feedstocks with the two different PAT
surfactants were suitable for FFF (PAT77-P) and FFD (PAT77-P, PAT659/CB) printing.
Surprisingly, SA could not be used due to the phase separation at the printing temperature,
which is almost like PEG/PVB feedstocks. It seems to be that at higher temperatures
the solubility of SA in PEG/PMMA feedstocks is reduced. Table 5 lists the best printing
parameters. In the case of FFD, the printing as well as the platform temperatures are slightly
increased in comparison to the ones in FFF, which is attributed to a better adhesion of
the first layer on the printing platform. Directly after printing, the parts showed a low
greenbody stability, which is caused by the platform temperature close to the softening
temperature of the used binder component PEG 8000 (Table 1). At lower temperatures,
a pronounced stiffness increase could be observed. The reduced mechanical stability at
temperatures around 60 ◦C and higher is a drawback for the FFD method, because the
softened material tended to clog the feedstocks’ granule hopper located above the extruder
due to ascending heat.

Table 4. Extruded PEG(8000)60/PMMA40 filaments (solid load 60 vol%).

Feedstock Extrusion Temperature (◦C) Filament Diameter (mm)

SA 106 2.81 ± 0.04
PAT77P 70 2.87 ± 0.02

PAT659/CB n.a. n.a.

Table 5. FFF and FFD printing parameters for the selected PEG (8000)60/PMMA40 applying both
PAT surfactants (solid load 60 vol%).

Printing Parameter FFF (X350Pro) FFD (150H)

Temperature (◦C) 210 220
Platform temperature (◦C) 50 60

Printing speed (mm/s) 5–10 5
Printing speed first layer (mm/s) 3 3

Nozzle diameter (mm) 0.15/0.3/0.4 0.4
Infill (%) 105 105

Overlap contour lines with infill (mm) 0.2 0.2

Both printing methods—FFF and FFD—allowed the printing of small parts in a good
and reliable quality, but the surface appearance of the FFD-printed parts was slightly worse
than the FFF-printed ones, which can be attributed to the not yet optimized printhead.
Figure 15a–c show FFF-printed parts with different demanding geometries, Figure 15d
via FFD-printed screws. Due to the huge viscosity in FFF and FFD printing conditions,
especially the process related small shear rates, it was not possible to print parts applying a
feedstock with 65 vol%.
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the liquid pre-debinding (water, 40 °C, 24 h) was followed by a thermal debinding. Figure 

Figure 15. Printed PEG (8000)60/PMMA40 feedstock (solid load 60 vol%). (a) Puzzle (FFF); (b) test
structure with long cantilever and holes [18]; (c) planetary gear train (FFF); (d) screws (FFD).

3.5. Debinding and Sintering

As in the wax/PE-based feedstocks, debinding was undertaken as a two-step pro-
cess: the liquid pre-debinding (water, 40 ◦C, 24 h) was followed by a thermal debinding.
Figure 16a shows the PEG removal amount for PEG/PVB with different PEG MW (SA as
surfactant) and different test samples (filament, cuboid, disk; see Figure 1 in [36]). Quite
surprisingly, the filament showed the best PEG elimination in all investigated systems
irrespective of the PEG MW. Only in the case of the PEG 20,000 can a comparable removal
of the PEG in the filament as well as in the printed specimen be observed. This unusual
behaviour was described in the literature [51] and can be attributed to an enhanced thermal
instability at elevated temperatures of the low molecular mass PEGs. The printed specimen
experienced in contrast to the filament an additional extraordinary heat treatment during
printing (extrusion temperature: 90 ◦C; printing temperature: 230 ◦C), which caused a
PEG decomposition to water-insoluble decomposition products [51]. A further increase
of the exposition time (48 h) in water did not show a significant PEG removal improve-
ment. Figure 16b shows the PEG off-take for different printed samples applying the binder
PEG(8000)60/PMMA40 with suitable PAT surfactants. In contrast to the PEG/PVB feed-
stocks, a rapid liquid debinding of all investigated samples and mixtures up to 90% of PEG
could be observed. An impact of the huge FFF/FFD printing temperature and resulting
PEG decomposition could be found. These results agree with previous investigations [51].
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Chen et al. also used a similar water-soluble binder system with a Ti6Al4V load of
69.5 vol% [48]. They described a very fast binder removal of almost 100% (sample thickness:
1.5 mm) at 60 ◦C [48]. Subsequently, after liquid pre-debinding, the samples were thermally
debinded followed by a sintering step. Some of the samples were additionally HIPed
following ASTM F3001-14 [27] (heating and cooling rate 15 K/min, max. temperature
920 ◦C for 2 h, max. pressure 100 MPa, argon atmosphere) to achieve higher density values.
Figure 17 presents different sintered test structures with various geometric features.
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Figure 17. Sintered Ti6Al4V parts (initial solid load: 60 vol%. (a) Puzzle (binder PEG/PMMA);
(b) test structure with long cantilever and holes (binder PEG/PMMA); (c) planetary gear train (binder
PEG/PVB); (d) dental implants (binder PEG/PVB).

3.6. Sinter Part Characterization
3.6.1. Density

Being at the end of a process chain, all earlier steps have a pronounced impact on
the final density and the resulting mechanical properties. Figure 18a shows the achieved
density values for different PEG/PVB mixtures, and Figure 18b for PEG/PMMA systems,
both with FFF as the printing method. The red lines in Figure 18 represent the reference
value for usage as medical implants with respect to ASTM F2885-17 (without HIP: 96%,
with HIP: 98%) [27]. In the case of the PEG/PVB feedstocks, the smaller achievable density
of the printed parts in contrast to the filament can be seen again, especially in the case of the
PEG 8000 containing mixture (Figure 18a). The usage of PEG 20,000 and the resulting liquid
debinding behaviour with the excellent PEG 20,000 removal allowed final density values
slightly lower than the value defined by the ASTM F2885-17 value of 96% of the theoretical
density. In the case of the PEG/PMMA feedstocks applying the PAT surfactants, the
two different nozzle diameters did show a relevant influence on the final sintered part
density, because the larger nozzle diameter allowed higher density values between 95%
(cuboid) and 96% (disk), which can be attributed to a reduction in the FFF-related void
generation during printing (Figure 18b). The additional HIP densification enabled densities
higher than the requested 98% up to values close to 100%. It was shown earlier [36] that,
e.g., the large infill value of 105% helped to minimize the void generation during printing,
allowing huge density values. The use of FFD instead of FFF delivered, in general, lower
density values of around 3% percentage points irrespective of which PAT surfactant was
used. The same PEG/PMMA feedstock was used in powder injection molding like the
wax/PE feedstocks described in [36]. It was possible to achieve densities without HIP
around 97% and with HIP close to 100%. These huge values can be explained by the
high-pressure injection process and the removal of any voids during cavity mold filling.
The achieved density values before and after the HIP process were almost identical to
the ones using wax/PE-based feedstocks with a 60 vol% solid Ti6Al4V load as described
earlier [36]. Singh et al. [33] reported a best sinter density of 95.6% with an initial solid
load of 59 vol% in the applied proprietary binder, which is comparable with the results
presented here.
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Figure 18. Relative sinter density values (initial solid load 60 vol%) of different FFF-printed test
samples: (a) PEG/PVB-based feedstocks; (b) PEG/PMMA-based feedstocks. Additional densification
by HIP marked by hatching. Red lines with respect to values described in ASTM F2884-17 [27].

3.6.2. Microstructure

The achievable density depends on the feedstock composition as well as the individual
processing steps. Exemplarily, and following the specimen structure described in Figure 1
of [36], Figure 19a,b show the SEM images of a sintered FFF or via PIM fabricated part. The
density of the FFF-printed part is 94.7% and the related value for the by PIM fabricated
part is 96.9% of the theoretical density, respectively. The number of voids in the case of the
FFF-fabricated part slightly increased, which correlates to the lower density value.
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Figure 19. SEM fracture images of sintered parts PEG(8000)60/PMMA40 feedstock (solid load:
60 vol%, 5 wt% PAT-77P). (a) sintered (FFF); (b) sintered (PIM).

3.6.3. Elemental Analysis

The maximum allowed oxygen and carbon content in medical applications is set to
0.2 wt% (oxygen) and 0.08 wt% (carbon) [27,52]. Figure 20a shows for the PEG (8000)60/
PMMA40 feedstock the remaining oxygen and carbon concentration values after sintering
and partially additional HIP process for FFF and PIM. For better comparison, the previously
obtained data applying wax/PE binders were added [36]. The red lines represent the
reference values following ASTM F2885-17 [27}. The sintered FFF part fulfils the ASTM
criteria for acceptable oxygen and carbon concentration. The HIPed part and the by PIM
fabricated part missed the oxygen concentration limit clearly. The wax/PE feedstock,
with the exception of the HIPed part, fulfil the oxygen concentration limit. One has to
consider that the PEG/PMMA binder system contains a lot of oxygen atoms in the organic
molecules, which may increase the remaining oxygen content after thermal processing
even under oxygen-free debinding and sintering conditions. The carbon content is not a
critical issue. Figure 20b shows a SEM image of the Ti6Al4V microstructure after etching
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with ammonium hydrogen fluoride, originated from the PEG/PMMA-based feedstock.
The typical combined α/β lamellar texture is present, which is in conformity with the
requirements defined in [27,52].
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Figure 20. (a) Elemental analysis after sintering and HIP applying different replication methods. The
red line represents the maximum allowed values according to [27,52]. (b) SEM image of sintered and
additional HIPed microstructure (initial composition: PEG (8000)60/PMMA40, 5 wt% PAT-77P. solid
load 60 vol%, FFF printing, density 99.9%).

4. Conclusions and Outlook

It was possible to combine previous work, dealing on the one hand with a partially
water-soluble binder system, developed for powder injection molding, and on the other
hand the development of FFF and FFD, for the realization of Ti6Al4V parts in good quality
almost suitable for use in medical engineering. These water-soluble binders allow an eco-
friendly processing by avoiding the harmful hexane in the liquid pre-debinding step of the
established wax/PE binder system. A comprehensive rheological investigation on the two
binder systems, PEG/PVB and PEG/PMMA, including the change of the PEG´s average
molecular weight, enabled the formulation of feedstocks with a solid load of 60 vol%,
which were suitable for additive manufacturing of Ti6Al4V parts via FFF and partially for
FFD. Liquid pre-debinding in water and thermal debinding as well as sintering metal parts
enabled a density close to 96% theoretical density, which is a default value defined by the
ASTM F2885-17 for use in medical applications. A further densification by HIP delivered
density values better than 99%, fulfilling the ASTM F2885-17.

Future research will focus on the estimation of the mechanical properties as well as on
further reduction in the oxygen and carbon content according to ASTM F2885-17.
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