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Preface

In all fields of engineering applications, welding and joining techniques for metallic components
play a key role in ensuring the required performance, quality and safety in service. They have
a direct influence on the primary properties of equipment and structures, which, more and more
frequently, should satisfy an increasingly broad set of requirements and multiple functions under
operating conditions.

The continuous development of new metal alloys promotes research on advanced welding and
joining technologies. Given the vast and diverse range of requirements and functions to be satisfied,
investigations into the compatibility and weldability of materials, and also into the metallurgical effects
of joining processes and parameters on their final microstructure and properties, are an essential phase
in selecting and setting the most efficient solutions.

In this regard, research to thoroughly understand the process mechanisms and related
metallurgical phenomena on a scientific basis is required to be continuously and intensively carried
out, and further work is still required in this field to interpret the correlation between process
parameters, material microstructure, and joint efficiency. In addition, the current strong push towards
environmental protection policies also raises the question of how welding and joining technologies can
fit into the more general framework of the environmental sustainability of manufacturing processes.

This Special Issue presents research articles and reviews from academia, research institutions, and
industry with the aim of providing an overview on recent advances in welding and joining processes

of metallic materials and outlining the current perspectives in the field.

Fabio Giudice and Cristina Scolaro
Guest Editors
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A Review on Metallurgical Issues in the Production and
Welding Processes of Clad Steels
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Abstract: Carbon and low-alloy steel plates clad with stainless steel or other metals are a good
choice to meet the demand for cost-effective materials to be used in many corrosive environments.
Numerous technical solutions are developed for the production of clad steel plates, as well as for their
joining by fusion welding. For thick plates, a careful strategy is required in carrying out the multiple
passes and in choosing the most suitable filler metals, having to take into account the composition
of the base metal and the cladding layer. The specificity of the different processes and materials
involved requires an adequate approach in the study of the metallurgical characteristics of clad steel,
thus arousing the interest of researchers. Focusing mainly on ferritic steel plates clad with austenitic
steel, this article aims to review the scientific literature of recent years which deals with both the
production and the fusion welding processes. The metallurgical issues concerning the interfaces and
the effects of microstructural characteristics on mechanical behaviour and corrosion resistance will be
addressed; in particular, the effects on the fusion and thermally affected zones that form during the
fusion welding and weld overlay processes will be analysed and discussed.

Keywords: clad steel; filler metal; arc welding; laser beam; welding passes; weld zone; solidification
mode; heat-affected zone

1. Introduction

Cladding of carbon and low-alloy steel plates with a layer of stainless steel, aluminium
or titanium alloy is a cost-effective solution to the growing demand for quality materials
coming from various industrial fields, such as the petrochemical, energy production or
shipbuilding fields. In this way, the mechanical properties expected from the backing steel
can be combined with the corrosion resistance of the cladding metals. In recent decades,
to achieve good performance even in aggressive environments, ferritic steels clad with
austenitic steels have been successfully utilised in the petrochemical and energy industries
for the production of vessels and heat exchangers and for making longitudinally welded
clad pipes.

The cladding material can be applied through surface welding (by single- or multi-
pass conventional arc welding processes), plate remelting by laser beam welding (LBW),
explosion bonding and solid-state welding by coextrusion of cylinders or hot rolling
bonding of plates. The last method is suitable for large-scale industrial production (for a
review, see the article by Wang et al. [1]). In particular, the hot rolling process is widely
utilised to produce cladding layers of austenitic steel on carbon steel plates, which is a cheap
solution to meet the requirements of corrosion resistance typical of the heat exchangers
and pressure vessels. These plates combine the good mechanical properties of low-cost
carbon steel with the high corrosion resistance and heat resistance typical of stainless
steel; furthermore, the strong interface bonding makes clad plates fit for further forming
processes by plastic deformation or welding [2].

Materials 2024, 17, 4420. https:/ /doi.org/10.3390/ma17174420 1 https://www.mdpi.com/journal /materials
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Even if austenitic stainless steel clad plates are the most commonly used for structures
in corrosive environments, cladding metals can also be selected from a wide variety of
alloys, which provide specific properties expanding the fields of use of the base material.
In particular, joining aluminium to steel is of high economic and technical interest for many
industries, such as shipbuilding, since it combines the light weight of Al with the low
cost and the high structural strength of steel. Transition joints between structural steel
and aluminium alloys are currently produced by explosive welding, which is a joining
process where the high strains and temperatures, acting in a short period of time, make it
particularly suitable for dissimilar materials with very different metallurgical properties [3].

Generally, clad steels show interfaces with strong metallurgical bonding, even if some
critical issues have been highlighted in the literature: for example, regarding stainless steel
clad plates produced by hot rolling, the article by Dhib et al. [4] deals with the formation of
a hard carburized layer due to the carbon diffusion towards the austenitic stainless steel, in
which the precipitation of Cr-carbides occurs, with harmful consequences for corrosion
resistance [5].

The fundamental requirement for clad steel weldments is to obtain a continuous layer
that maintains the corrosion-resistant characteristics of the cladding material; however, in
fusion welding, the significant differences in composition between the deposited layers are
a source of drawbacks that could make the use of clad steels challenging. As documented
in the literature (see the review by Wang et al. [1] and, more specifically, the articles cited
in Section 3), several procedures based on the use of filler wire, applied via conventional
arc welding or hybrid laser beam/arc welding, have been successfully developed over
the years. However, in some cases they have been affected by issues that are essentially
due to dilution phenomena between base steel and cladding alloys, as well as between
adjacent layers obtained with sequential passes [6]. In thick plates, arc welding is carried
out with multiple passes, which involve dilution phenomena and heating cycles, affecting
the weld composition and in general the metallurgical characteristics of the fusion zone
(FZ) and heat-affected zone (HAZ). In this regard, the addition of consumable inserts,
interposed between the edges of two butt-positioned clad plates, has been proposed as
an advantageous solution for LBW in a single pass to obtain narrow welds with deep
penetration [7]. The purpose of this article is to outline a comprehensive analysis of the
most recent scientific literature on issues relating to clad steel, focusing mainly on ferritic
steel plates clad with austenitic steel.

The metallurgical features of both as-produced plates and welds will be specifically
highlighted for their relevance in terms of mechanical properties and corrosion resistance.
Therefore, the production processes as well as the various fusion welding techniques will
be reviewed in Sections 2 and 3, respectively, to analyse the effects on clad steel properties.
The main metallurgical issues in weld overlay and fusion welding will be debated in
Section 4, with particular regard to those arising from dilution and solidification modes.
Finally, conclusions and future research directions will be outlined in Section 5.

2. Metallurgy of As-Produced Clad Steel Plates
2.1. Hot Rolled Clad Steel Plates

Hot rolling is widely used for manufacturing clad plates, as it is an economic and
efficient process for mass production. The thickness of the cladding layer, in general
austenitic stainless steel, can be up to 6-7 mm, while that of the base carbon or low-
alloyed steel is usually three or four times thicker [1]. With reference to Figure 1, rolling
is performed on a pack of plates arranged in a sandwich-type composition: two sets of
cladding layers/base steel are symmetrically assembled with an intermediate separating
layer, then four bars are welded all around their edges to form a sealed chamber in which
a vacuum can be obtained through an exhaust hole connected to a vacuum pump [8]. In
this way, the formation of oxides, with consequent deterioration of the interface bonding,
is avoided. An interlayer between the base steel and cladding is also added to prevent
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the formation of intermetallic compounds, thereby improving the bonding strength of the
composite plate [9].

4 to vacuum pump

(b) (d)

Figure 1. Hot rolling process of two sets of base steel (grey) and cladding layer (green) separated
by an interposed layer (yellow): (a) assembling of the “sandwich”-type composition; (b) preheating;
(c) hot rolling; (d) final annealing of the clad plates.

During the bonding process, the plates undergo some thermal cycles, which in the
case of ASTM A283 grade C carbon steel (base metal) and AISI 316 austenitic steel (clad
layer) consists of the following steps [10]:

e  Preheating of the assembled pack, with a slow increase from room temperature up to
1230 °C, maintained for 5 h;
Hot rolling between 1230 and 850 °C, followed by air cooling;
Disassembling of the rolled pack;
Final annealing in the range 920-950 °C, followed by air cooling.

Hot rolling gives rise to a continuous bound between the two metals, which maintain
their composition unchanged, except in a narrow band at the interface where the perma-
nence at high temperature activates diffusion. A thin and slight wave-like interface, the
so-called cladding line, separates the ferritic/pearlitic microstructure of the base carbon
steel from the typical austenitic microstructure of the cladding layer. The non-perfect
linearity of the interface is a typical phenomenon of instability, due to the high rolling
temperature and reduction ratio [2].

An ideal cladding interface should be integral and continuous without any defects,
such as inclusions or unbonded areas which could affect the mechanical properties, as
shown by Li et al. [11], who studied the interfacial fracture evolution in austenitic stainless
steel clad plates.

The interfacial bonding strength is affected by several factors, such as the bonding tem-
perature, the deformation reduction ratio, the roll speed and the interfacial oxidization. In
this regard, Zhu et al. [12] found that the interface bonding strength and interface toughness
can be affected by the presence of oxides positioned along the cladding line, which may act
as alternative crack propagation paths in shear tests. Complete metallurgical bonding can
be obtained at high temperatures and in a protective atmosphere or in a vacuum.

Compared with cold roll bonding, hot rolling allows easy bonding of the two metals
with a slight deformation in thickness, due to the effects of plastic deformation and recrys-
tallization. However, the bond strength decreases drastically when the metal surfaces are
oxidized; therefore, their preparation by appropriate mechanical polishing and chemical
etching [10] is a key factor for the optimal success of the bonding process [13].

The permanence at a high temperature of the plates generates diffusion phenomena
across the cladding line. The substitutional alloy elements, of which the austenitic layer is
rich, diffuse towards the backing carbon steel, while the small interstitial atoms of carbon
migrate more quickly in the opposite direction, thus affecting a larger zone [4]. As shown
by the diffusion profile in Figure 2, the interface between the two steels is characterised by
a diffusion layer, 20 um thick, where the contents of Cr, Ni and Mn decrease linearly from
the stainless steel side to the carbon steel one, whereas the content of Fe has an opposite
trend; furthermore, the mobile carbon atoms diffuse over a longer distance towards the
austenitic steel [5].
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Figure 2. Results of electron probe micro-analyser measurements across the interface SUS304/Q235:
(a) Cr, Fe, Ni and Mn; (b) carbon. Reproduced from [5].

Due to diffusion in hot rolled clad plates, a decarburized zone consisting of coarse
ferritic grains (in which pearlite is absent) and a carburized layer are formed on the
carbon steel and austenitic stainless steel sides, respectively. With reference to Figure 3,
the following areas can be identified at the carbon steel/austenitic steel interface [5]: a
decarburized layer near the interface, mainly composed of ferrite (A zone); carbon steel far
from the interface consisting of ferrite and pearlite aligned along the rolling band (B zone);
a carburized layer at the austenitic steel side, characterised by Cr-carbide precipitation at
the grain boundary (C zone); and an unaffected austenitic steel microstructure (D zone).

Figure 3. Clad plate interface: (a) Q235 carbon steel side; (b) SUS304 austenitic steel side. Reproduced
from [5].

The diffusion coefficient of carbon is several orders of magnitude larger than that
of chromium; therefore, the carbon atoms readily diffuse through the bonding interface,
whereas the diffusion of Cr is much more difficult [14]. Hence, carbon atoms diffuse
into the austenitic stainless steel layer, where Cr-carbide formation occurs during cooling
in the sensitizing temperature range 550-850 °C, causing a sharp increase in hardness
near the cladding line, and maintaining high values within the carburized layer at the
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austenitic steel side. This is confirmed by the results of the Vickers microhardness surveys
performed along a line transverse to the interface, such as in the case shown in Figure 4: the
hardness peak increases up to 1475 K, as long as the effect due to carbon diffusion prevails,
whereas higher temperatures cause a softening of the matrix and consequently a reduction
in hardening, which becomes evident at 1575 K [15].

260+
o~'\_.
2400 [La_1375K [ e
200F |—e_ 1475K| oA s
200+ |—a—1575K / /’ R
180+ [
- /
T 160} /1
140 . 7"’/ .
e At wape
120 .,,,AX___\K:’.\
100+

-100-80 -60 -40 -20 0 20 40 60 80 100
Displacement (pum)
Figure 4. Vickers microhardness profile along a transversal line across the interface, from the Q235

carbon steel side (on the left) to the SUS 304 austenitic steel side (on the right), for three different
rolling temperatures. Reproduced from [15] with permission from Elsevier.

In any case, the tensile properties of the hot rolled plates change significantly as a
function of the rolling temperature or time. To overcome this issue, Yang et al. [16] proposed
anew method based on a liquid—-solid bonding process, in which stainless steel is deposited
through a melting crucible onto a carbon steel plate. The clad plate, subsequently hot rolled
at 900 °C, results in a superior combination of high shear strength and ductility of the
cladding interface.

Cr-carbide precipitation causes Cr depletion at the grain boundary. Here, the suscepti-
bility to intergranular corrosion can significantly increase, especially when the Cr content
is reduced to values lower than 12 wt.% [17]. The effects of sensitization to intergranular
corrosion on the austenitic steel side near the cladding line are shown by the micrograph in
Figure 5 [18], taken after the ASTM Test A262-Practice E [19] was carried out.

AlSI 304 L

cladding line

ASTM A515 Gr.60

100 pm

Figure 5. Sensitization to the intergranular corrosion of the carburized zone near the interface
of carbon steel /austenitic steel (the higher magnification in the box shows the effect of corrosion
immediately close to the cladding line). Reproduced from [18].
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The width of the zones affected by diffusion depends on the processing temperature,
as documented by Liu et al. [20] in the case of Q235 carbon steel plates with SUS 304
austenitic steel cladding layers, assembled in a vacuum, maintained for 2-3 h at three
different temperatures (1100, 1200 and 1300 °C) and then hot rolled. They observed
a reduction in ultimate tensile strength (oyts) and an increase in elongation (¢) as the
preheating temperature increased from 1100 to 1300 °C: in particular, oyrs varied from 578
=+ 8 to 528 £ 8 MPa and ¢ from 46 + 3 to 60 & 3%. This is due to the formation of a strong
interface that delays the propagation of delamination cracks and localized necking.

Considering that the hot rolled plates could suffer deformation-related defects, vac-
uum diffusion bonding is a good alternative for small productions. This process is per-
formed in a vacuum chamber by applying pressure at a high temperature. Therefore, it
allows one to manage the main working parameters, such as temperature, pressure and
time, obtaining further improvements in the interfacial bonding strength, as demonstrated
by Li et al. [21]. The authors achieved good metallurgically bonded interfaces in stainless
steel clad plates; they experimented with the effects of the bonding temperature (ranging
from 700 to 1100 °C) and time (from 1 to 4 h), demonstrating that the best mechanical
properties were obtained when the manufacturing process was carried out under a pressure
of 15 MPa, at 800 °C and for 120 min.

Concerning post-processing heat treatment, it is noteworthy to consider that stainless
steel generally requires temperatures above 1000 °C to dissolve deleterious secondary
phases which may form in the range 600-100 °C, while the mechanical properties of
carbon steel get worse when treated above 1000 °C because of grain growth. Therefore,
it is necessary to determine, for each specific case, the optimal treatment conditions for
achieving a balance between the properties of the two metals. For example, Song et al. [22]
developed a heat treatment for a clad steel to be utilised for hull structures in shipbuilding
(832750 cladding metal/EH40 base metal EH40), consisting of water quenching after
treatment at 1080 °C for 1 h/in and tempering at 550 °C for 1-2 h followed by air cooling.

2.2. Explosion-Welded Clad Steel Plates

It is a fact that joining aluminium to steel is challenging for metallurgy, due to the
wide difference in their material properties (especially in the melting point) and the high
susceptibility to generating brittle intermetallic phases, which make the use of conventional
welding techniques very difficult.

For these reasons, both the volume of the interacting materials and the permanence
at a high temperature should be minimised. High-velocity impact processes meet these
requirements; moreover, they can be performed without the addition of an external heat
input (for a review, see the article by Wang et al. [23]).

Among these processes, explosive welding, in which a pressure wave pushes with
high velocity the so-called flyer plate against the back or base plate, is currently utilised to
produce joints between metals that are otherwise non-weldable. The exceptional mechanical
properties of the weld depend on the way the two surfaces are brought into contact, as the
exchange of valence electrons makes the formation of interatomic bonds possible. In any
case, explosive welding is characterised by an extremely short duration, which minimises
heat dissipation and prevents the formation of the heat-affected zone (HAZ) typical of
fusion welding [24].

Explosive welding of plates is generally carried out under inclined or parallel mode,
as shown in Figure 6; a buffer was used to prevent the flyer plate from being damaged by
the explosion. The inclined setup, under the initial angle «, was introduced first, whereas
the parallel one was developed later to weld large plates with a pre-determined standoff
distance. The jet sweeps away the oxide films on the surfaces of the two metallic plate
metals, favouring the formation of metallurgical bonds on an atomic distance scale [25].
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Figure 6. Sketch of the experimental setups for explosive welding: (a) inclined; (b) parallel. Repro-
duced from [23].

The transition joints between structural steel and Al alloy are useful in shipbuilding
and in general when it is necessary to connect structures made of such different metals [26].
For their production, the best results are achieved using an explosive mixture (with low det-
onation velocity and a low explosive ratio) and an intermediate layer made of commercial
pure aluminium [27].

This hybrid connection is becoming increasingly successful in shipbuilding as it allows
the joining in turn, by conventional fusion welding, of the steel substrate to the steel hull
and similarly the Al alloy layer to any light alloy superstructures (Figure 7).

superstructure

Figure 7. Triclad joint: (a) AA5083 Al alloy; (b) AA1050 Al interlayer; (¢) ASTM A516 Gr 55 struc-
tural steel.

Several articles in the literature deal with the thermomechanical conditions and the
process parameters: in the case of the Al-Fe system, Carvalho et al. [28] showed how
the detonation velocity (experimentally measured in the range 2000-3000 m/s), with
the calculated values of the impact velocity (about 300-400 m/s) and collision angle
(from 7 to 10°), influences the final microstructure with the formation of embrittling
intermetallic phases.

The morphology of the weld interface has been characterised by many authors. In some
cases, the pressure shockwave due to the explosion causes a wavy profile, which has been
documented in the literature for different joints, for example Al/Al alloy (Figure 8a) [27],
CuCrZr/316L [29], AISI 316/Q235 B [30] and Cu-DHP/AISI 304L [31], whereas, in other
cases, such as for an Al/carbon steel joint [27], the interface is almost flat (Figure 8b).
For the conditions that lead to the formation of a wavy or straight interface, see also the
numerical approach carried out by Ayele et al. [32] for a bimetallic composition (Al/carbon
steel), and by Campanella et al. [3] for a joint with three dissimilar materials (AA5083
aluminium alloy and A516 steel, with an intermediate layer made of AA1050 aluminium
alloy).
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Figure 8. Micrographs of the weld interface: (a) AA6082 AA1050 interface; (b) AA1050/carbon steel
interface. Reproduced from [27].

In this regard, Carvalho et al. [33] demonstrated that the AA 1050 interlayer improves
the weldability of the AA 6082 flayer plate to the AISI 304 base plate, while it has no
beneficial effects on the mechanical properties of the aluminium-to-carbon steel welds.
However, the formation of embrittling intermetallic compounds can be observed at the
interface between aluminium and steel, as indicated in Figure 7b. Therefore, attention must
be paid, as these embrittling phases could grow in the case of subsequent thermal cycles
resulting from any welding processes [34].

Explosive welding has proven to be suitable for joining aluminium and steel plates
on large scales up to metres. It is currently utilised in shipbuilding to produce the Triclad
transition joint consisting of ASTM A516 Grade 55 structural steel as the base plate and AA
5086 or AA 5083 aluminium alloy as the flyer plate, with AA 1050, almost pure aluminium,
as the interlayer [35].

In the Triclad joint, as shown in [36], the interface on the side AA1050/A516 Grade
55 shows a linear profile with some particles recognized as an Al-Fe intermetallic phase,
while on the opposite side, it is characterised by a wavy morphology that interlocks the
Al/ Al alloy interface, resulting in an increase in toughness and strength.

The wavy morphology depends on the process conditions, as demonstrated by Cam-
panella et al. [3], who developed a numerical method for determining the parameters that
affect the peak height and wavelength in the Triclad joint, as well as by Lee et al. [37], who
simulated the wave formation in the Cu-Ti system.

2.3. Weld Owerlaid Clad Steel Plates

For several decades, the weld surface cladding process of steel tubes or plates has
been performed mainly by depositing the filler metal in the form of wire, usually molten
by conventional arc welding [38]. This process, also called weld overlay, provides a cost-
effective application of a layer at least 3 mm thick, in agreement with [39], whose final
composition is determined by dilution between the filler and base metal. The overlaid
layer is characterised by strong metallurgical bonding with the base material, due to the
interpenetration of the deposited and supporting materials, which can be obtained with
various traditional processes [40]; however, the formation of partially diluted zones (PDZs)
at the interface between the cladding layer and base steel could be a potential issue, which
will be discussed in Section 4.

The quality of cladding is affected by the weld bead geometry, which in turn depends
on process parameters of arc welding, such as current, voltage and traveling speed, as
highlighted by Saha et al. [41]. They performed the deposition of AISI 316 weld beads on
a low-alloy structural steel plate using the gas metal arc welding (GMAW) process with
100% CO; as a shielding gas, experimenting with different combinations of current, voltage
and arc travel speed, chosen so that the heat input increases from 0.35 to 0.75 k] /mm. The
GMAW process was also utilised by Aslam et al. [42] to deposit an AISI 304 layer on the
surface of a mild steel plate. These authors developed a transient thermal numerical model
to identify the effect of the welding parameters on the clad bead geometry.
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Many authors have carried out experimental works to characterise the cladding
obtained by weld overlay (see [43] for an overview of the different processes utilised
and the layer characterisation): e.g., Sowrirajan et al. [44] investigated the effects of weld
dilution on the thermal conductivity of austenitic stainless steel layers deposited by flux-
cored arc welding (FCAW) on structural steel plates; Moreno et al. [45] focused their
experimental work on the effects of FCAW parameters to qualify a martensitic weld bead
deposited on AISI 1020 base steel; and Cattivelli et al. [46] studied any potential connection
between the residual stresses generated during cladding through submerged arc welding
(SAW), those generated during the post-weld heat treatment (PWHT) and the propensity
for underclad cracking.

In general, the composition of a weld overlaid layer is characterised by a certain
amount of dilution, due to the contribution of both the filler and base metal. Recently,
Mattias et al. [47] developed a process of gas tungsten arc welding (GMAW) for depositing
through three passes, on an ASTM A516 Gr. 70 carbon steel plate, a layer of super austenitic
stainless steel containing 6% of Mo, the result of which was able to provide acceptable
corrosion performance. The authors obtained a layer with a global dilution of 11% through
the application of a low heat input, achieving high cooling rate and helping to minimise
the secondary phases in agreement with the results shown in [48] on the solidification and
segregation characteristics of a super austenitic stainless steel. The formation of cracks, due
to metal shrinkage, could occur during the cooling stage. This drawback can be avoided by
adding a buffer layer along with the multilayer deposition or by performing appropriate
preheating of the electrode [43].

The electroslag welding (ESW) process is proposed as a valuable alternative for overlay
welding applications, due to the possibility of obtaining a thinner cladding resulting in
high productivity and significant cost reduction. This process was used in [49] to deposit a
single layer of AISI 904 L on a substrate of ASTM A516 Gr. 70. The authors demonstrated
that, due to its superior deposition rate, the ESW process can provide weld claddings with
adequate microstructure and corrosion resistance together with increased productivity and
cost reduction compared to the usual arc welding processes.

Recently, the gas metal arc welding process with rotating electrode (GMAW-RE) has
shown to be promising, since the rotational movement of the wire-electrode provides
more homogeneous weld bead profiles, suitable to weld overlaying, as shown by Costa
et al. [50]. In their work, the feasibility of the GMAW-RE in depositing a single layer of
Inconel 625 weld cladding with suitable properties was investigated. They obtained a
homogeneous weld penetration profile, low dilution ratio and adequate reinforcement,
thanks to an austenitic microstructure containing a low number of secondary phases.

The hot wire gas tungsten arc welding (GTAW-HW) process benefits from preheating
the filler wire before reaching the melt pool. This process has proven to provide high quality,
versatility and low cost with an appropriate setting of process parameters [51]. It was
applied by Conzaga et al. [52] to weld overlay an API 5L X65 steel pipe with a 70%Ni30%Cu
alloy by HW-GTAW. The microstructural and mechanical characterisation performed by
the authors demonstrated promising results for applications in seawater systems.

In the usual weld overlay processes, the filler is deposited on the base metal by melting
a consumable wire via an electric arc or electro slag process. Nowadays, laser direct metal
deposition is proving to be a prominent technique, in which the filler, in the form of a
metallic powder, is sprayed over the substrate and sintered (Figure 9a). A laser beam is a
flexible tool for melting metals in different forms; therefore, a possible filler for cladding
metal could be waste materials in the form of a plate, machined at a given thickness. In this
regard, Bunaziv et al. [53] carried out the remelting of 2.0 mm thick 316 L stainless steel
plates placed on a carbon steel substrate, using a high-power fibre laser beam (Figure 9b).
This process, which allows one to achieve an acceptable corrosion resistance, is inexpensive
and promising since scrap metals can be reused as filler material.
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Figure 9. Weld overlay of carbon steel plates: (a) conventional processing using wire or powder as
feedstock; (b) modified processing using a scrap plate as feedstock. Reproduced from [53].

As shown in Figure 10, in laser beam overlay, the focal point position (FPP) is a crucial
parameter to achieve the optimal track geometry, avoiding the presence of melted zones
between two passes and minimising dilution with the carbon steel substrate.
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Figure 10. Geometries of two adjacent tracks for different values of FPP: (a) narrow track and
insufficient overlapping; (b) optimization of tracks by defocused laser beam; (c) highly defocused
laser beam; (d) optimal tracks obtained with laser beam oscillations. Reproduced from [53].

In recent years, due to its excellent stability, precise heat input and high power density,
laser beam welding has also proven to be a promising technique for underwater processes,
such as welding, weld cladding or laser remelting to repair and improve metal surfaces of
marine structures, as shown in the experimental work of Li et al. [54].

When working underwater, the irradiated water can strongly shield the laser beam,
resulting in a reduction in the absorption efficiency of the laser upon the workpiece surface.
Under this condition, the formation of a dry region that acts as a channel around the
laser beam is necessary for a successful process. Therefore, a drainage device is needed
to produce a dry area on the surface of the damaged marine structure to keep water
away and ensure operational flexibility and high manufacturing quality. Wang et al. [55]
designed an in-house gas curtain nozzle, which was coupled with the laser cladding head
as one underwater production tool. It was utilised to repair a pre-damaged surface of a
mill-annealed HSLA-100 steel plate by weld overlaying the filler material consisting of
HSLA-100 powder in the form of gas-atomized spherical particles. Other different technical
solutions have been developed in the literature, such as drainage methods based on a
curtain of gas or water convoyed onto the workpiece surface (for a review on this topic,
see [56]).
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3. Fusion Welding of Clad Steel
3.1. Arc Welding Processes (Hybrid Multi-Passes)

Clad steel plates are usually joined by fusion welding, because other types of fasteners
would require unacceptable machining, such as drilling holes for bolting, which could leave
the base metal exposed to environmental etching. Currently, various welding methods, such
as GTAW, GMAW, SAW or shielded metal arc welding (SMAW), are commonly carried out
by depositing multiple layers using traditional multi-pass procedures, as reported below.

In any case, fusion welding of stainless steel clad plates is challenging due to the
great diversity in chemical compositions, microstructures and mechanical and physical
properties between the substrate and the cladding metal. For this reason, clad plates are
rarely welded with a single procedure, even if with different filler metals, such as in [10]
where SMAW was used for both the base metal and cladding layer.

In multi-pass processes, specific working conditions should be applied at the base
steel and cladding alloy level. In most cases, welding is performed by different meth-
ods, so as to use the one that is most appropriate for the substrate and cladding layer,
respectively [57,58].

As a matter of fact, there are several issues due to the presence of two metals, each
one with its peculiar characteristics, and specific requirements must be considered in the
choice of the process setup. Firstly, the effects due to the different values of the linear
expansion coefficient (about 12 x 107¢ and 17 x 10~ °C~! for carbon steel and austenitic
steel, respectively) and thermal conductivity (about 45 and 16 W/(°C-m) for carbon steel
and austenitic steel, respectively) could lead to the onset of residual stress and distortion,
as documented in [59].

Furthermore, inhomogeneity in the weld composition could occur since the deposited
layers undergo dilution with each other, as well as with the cladding alloy and base steel;
in addition to this, the formation of diffusion zones of carbon and other alloy elements
leads to harmful consequences for the mechanical and corrosion behaviour of the weld. To
address these issues, various welding methods have been proposed; they are characterised
by the combination of two or more welding processes and filler materials depending on
the involved metals, as documented in some significant articles from recent years, cited
below. These are essentially composite procedures, defined with the term “hybrid”, being
based on multiple passes with different arc welding processes and consequently with the
deposition of multiple layers. In general, the welding sequence starting from the base steel
provides better joint performance [6].

Dhib et al. [10] welded together two A283/A316 clad plates by a multi-pass and
multilayer SMAW process, using three filler metals: A283 for the layers close to the A283
base steel, 316 for the layers close to the 316 cladding steel and 309L for the intermediate
layers. They compared three different sequences, each one with a number of passes ranging
from 7 to 15, obtaining the best results in terms of toughness when performing the 1st
passes to seal the base steel. An et al. [60] showed that stainless steel clad plates can be
successfully welded using GMAW (with ER70S-6 wire) and GTAW (with ER309L wire)
for the Q235 base steel and the AISI 304 clad steel, respectively. They adopted a hybrid
procedure in three passes: first, carbon steel backing welding, followed by carbon steel
covering welding and, finally, stainless steel covering welding (Figure 11).

In [61], a procedure for welding two plates of Q235 carbon steel clad with AISI 304
austenitic steel (total thickness 7.2 mm) was used experimentally, depositing a transition
layer of a suitable filler material to limit Cr and Ni diffusion and the consequent formation
of a brittle martensitic zone. First, two passes of GMAW (ER50-6 filler) were carried out
on the carbon steel side, then a transition layer was deposited using GTAW with E309L
as a filler, or SMAW with the same filler. Finally, the last pass of SMAW (E308 filler) was
performed to complete the clad steel side.
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Figure 11. Welding sequences for two butt-positioned plates (Q235 base steel and AISI 304 cladding
layer): (a) carbon steel backing welding and carbon steel covering welding; (b) cleaning the stainless
steel cladding; (c) stainless steel covering welding. Reproduced from [60] with permission from
Taylor & Francis Ltd.

In [62], two passes of GTAW were performed on the AISI 321 cladding layer, first
with E347 filler for the root pass and then with ER309 filler for the transition layer. Finally,
the Q345R carbon steel side was completed using four passes of the SMAW process with
E309-16 filler, or otherwise with E4315 to save costs.

In the works by Ghorbel et al. [57,58], three passes of SMAW (E7018 filler) were
performed on the A283 Gr C base low-carbon steel; then, the weld was completed by means
of the GTAW process with two passes on the transition zone (ER309L filler) and three
passes on the A240 TP 316L cladding layer.

Picchi et al. [63] utilised 3 different welding processes to join two butt-positioned
plates of ASTM A516 GR.70 steel clad with AISI 904L austenitic steel (overall thickness
31 mm): Near the cladding layer, 1 pass of GTAW (ER70S-6 filler) as root welding was
used; on the carbon steel side, 4 passes of GMAW (ER70S-6 filler) and 15 passes of SAW
(F7A2-EM12K filler) were used. Finally, on the AISI 904L side, the joint was completed
with electroslag strip cladding using a single pass of Inconel 625 alloy.

Recently, Ban et al. [64] carried out a comprehensive study aimed at metallurgically
and mechanically characterising the welds between two bimetallic plates consisting of
Q355 structural steel (10 mm thick substrate) and AISI 316 stainless steel (2 mm thick
cladding). All butt-welding trials were performed by GTAW with pure Ar as the shielding
gas. The use of ER316L filler only was compared with that of different fillers, such as ER50-6
for the structural steel and ER316L for the austenitic steel, which was also experimented
with to fill a transition layer. The results of the mechanical tests showed that the use of
different fillers allows one to meet the specification requirements and achieve excellent
mechanical properties.

3.2. Laser and Hybrid Laser/Arc Processes

The traditional arc welding procedures require that base and clad steels are welded
separately with different filler materials, to avoid undesirable dilution. Since multiple
passes are required to weld clad steels, the overall efficiency of the process is limited and
therefore it was deemed worth investigating the possibility of reducing the number of
passes using high-penetration LBW.

12
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In [7], the authors butt-welded two 2205/X65 clade plates, 4 mm thick, using a fibre
laser apparatus in a single pass. They obtained a full-penetration weld without any defects;
however, the FZ showed a non-uniform composition and a martensitic microstructure
with high hardness at the level of the carbon steel. To overcome this shortcoming, in [65]
two plates of ASTM A515 grade 60 structural steel clad with AISI 304 austenitic stainless
steel (total thickness 9 mm) were butt-welded in an experiment with the use of both a laser
beam apparatus and a hybrid laser beam—electric arc setup. Specifically, the laser beam
preceded the arc; consequently, two distinct impingement points (with a distance between
each other of 55 mm) and two melting pools were generated.

In the case of the laser beam alone, the filler metal was added as consumable inserts
of AWS ER310 in the form of two strips (each one 0.5 mm thick), which were interposed
between the butt-positioned plates (Figure 12a), whereas an ER 308 filler wire was used for
the hybrid LBW-GMAW combination. In this case, on the AISI 304 side, the plates were
bevelled with a V-groove, edges inclined at o« = 45° and no gap, as shown in Figure 12b. In
both cases, the plates were welded with the clad steel side exposed at the thermal source.
In the LBW process, uniform composition and microhardness values were obtained along
the longitudinal axis of the FZ. The hybrid process had advantageous results, achieving
both deep penetration (due to the laser beam) and better tolerance for geometric defects

(due to GMAW).
AWS ER 310 :
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Figure 12. Preparation of the butt-positioned plates: (a) interposed consumable inserts for LBW;
(b) chamfered V-groove for the hybrid LBW-GMAW combination [65].

In [66], a single-pass laser/arc hybrid welding of two AISI 304 stainless steel /Q235B
carbon steel plates (total thickness 9 mm) was carried out using ER310 austenitic stainless
steel as filler wire. The laser beam and torch were both placed on the clad steel side
(Figure 13); in this case as well, the plates were butt-positioned; however, unlike in the
previous case, they were prepared with squared edges, and the torch preceded, at a distance
of 3 mm, the laser beam. In this work, the authors verified that the laser power value had
greater impact on the weld corrosion resistance than that of the wire filling rate.

Welding
direction Arc
—_—

Figure 13. Setup of the hybrid LBW-GMAW process. Reproduced from [66] with permission from
Springer Nature.

More recently, some authors proved that the hybrid laser—electric arc process allows
welding of thick steel plates (for example, 20 [67] or 25 mm [68]). This method combines
the advantages of the large penetration capacity of LBW and the strong adaptability of
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arc welding to any misalignments of the plates [69], with the results also being useful in
enhancing the beneficial effects of laser oscillations on mechanical properties [70].

The considerations on the different welding processes carried out in this section are
summarized in qualitative form in Table 1.

Table 1. Characteristics of the welding processes.

Welding Filler Weld Cross-Section

Welding Process Procedure Welding Sequence Geometry Shape Dilution Rate
Arc welding Multi-pass ~ Starting from base metal Wire Wide High
LBW Single pass - Wire/strip Narrow Low
. . . . . . Low at laser
Hybrid (laser/arc) Single pass - Wire /strip Very wide at arc side side/high at arc side

4. Discussion

The study of clad steel welds is quite complex, since usually several passes of arc
welding are carried out with different fillers for base steel and the cladding layer, as shown
in the previous section. Furthermore, in fusion welding processes, such as weld overlay or
welding between two clad steel plates, dilution plays a fundamental role in determining
the molten pool composition, on which depend the joint properties.

The following relationships give the dilution ratios in the weld, with respect to the filler
metal (dp) and one or possibly two metals (dyg1 and dygp) that take part in the fusion process:

dr = Ap/(Afr + Am1 + Anp), (1)

dmi = Ami/ (Af + Apt + Ann), ()

where Ag, Ay and Ay represent the volumetric contributions to the weld of the filler
and the two base metals; dy;; and Ay represent the dilution ratio and the volumetric
contribution to the weld of one of the base metals, respectively. These quantities can be
reduced by one dimension into area terms under the assumption that the cross-sectional
areas do not vary along the weld bead length [71].

The dilution rate varies for each welding process. However, since for the same welding
process the dilution rate can vary depending on working parameters (such as power, travel
speed, preheating or inter-pass temperature), it is necessary to take each specific case into
consideration. By way of example, Table 2 collects, for some processes of weld overlaying,
the dilution values expressed as percentages. The wide span of the reported quantities
is due to variability in the process parameters. In the same table, slightly more accurate
ranges of dilution values are reported in the case of cladding with a high Ni alloy, expressed
as Fe (%) diffused from the base steel, specifying the corresponding thicknesses of the
cladding layers obtained with a single pass.

Table 2. Dilution, Fe (%) diffused from base steel and cladding layer thickness for some weld
overlay processes.

Fe (%)/Cladding Layer

Weld Overlay Process Dilution (%) [40] Thickness (mm) [72]
SAW 30-70 -
GMAW 13-33 13-26.9/3-3.5
SMAW 13-20 22-23.4/3-4
GTAW 13-20 12.6/-
GTAW-HW 1040 6.6-23.7/1.6-3.5
CMT - 1-4.1/3
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As for the LBW overlay process proposed in [53], austenitic steel plates were remelted
onto the carbon steel substrate, which contribute, by melting in turn, to the composition of
the final layer. This process was compared to cold metal transfer (CMT), based on adding a
traditional filler wire through GMAW using a pulsing action instead of continuous power.
In this way, the heat input in CMT is lower than that in conventional GMAW, offering a
significant benefit due to the reduced thermal effects [73].

The two processes carried out in [53] (LBW and CMT) showed the same dilution: a
low value for the base metal (dy less than 20%) and a greater one for the filler (dp greater
than 80%). When these values are known, the layer final composition can be calculated by
weighted mass balance.

The resulting microstructure can be estimated through the Schaeffler diagram in
Figure 14, based on equivalent compositions expressed as percentages by weight. The
representative point of the layer obtained by CMT or the laser beam process indicates that
the microstructure tends to be almost fully austenitic with 2-3% of residual é-ferrite for
both the processes, whereas SEM-EDS measurements showed that the two processes have
distinct representative points with a ferrite content equal to about 10%, a value close to that
estimated from the metallographic observations [53]. This discrepancy can be ascribed to
the effect of the solidification rate, which is not considered in the Schaeffler diagram.

w
N

@ Carbon steel substrate O CMT (EDS) X
@ 316L plate/filler wire @ Laser (EDS) \?}‘

B dad

Ni equivalent = % Ni + 30 x % C + 0.5 x Mn
[
(=)}

°0 2 4 6 6 1012 14 16 18 20 22 24 26 25 30 32 34 36 38 40

Cr equivalent = % Cr + % Mo + 1.5 x % Si + 0.5 x Nb
Figure 14. Schaeffler diagram with the representative points of the carbon steel substrate, AISI
316 filler (plate or wire) and clad layer (resulting from a mass balance for a carbon steel dilution
dyp = 17%). The experimental compositions of the clad layer, obtained with SEM-EDS measurements,
for CMT and the laser beam process are given too. Reproduced from [53].

Dilution is responsible for fusion zone composition and consequently for the weld
metallurgical and mechanical features. This topic has been widely addressed in the liter-
ature, and many studies have been specifically aimed at investigating the solidification
modes of the weld metal (see, for reference, [74]).

In general, the composition range of austenitic steels is broad enough that four types
of solidification modes and subsequent solid-state transformations can occur, as reassumed
in Table 3 in agreement with what has been reported by several authors [75,76]. To facilitate
reading, the composition limits for each solidification mode have been expressed as a func-
tion of the Creq/Nieq ratio, in which Creq and Nieq can have the same expressions as those
utilised for the Schaeffler diagram [77]. Moreover, Table 3 shows the final microstructures
resulting from each solidification mode.
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Table 3. Solidification modes, phase transformations, composition limits and corresponding

microstructures.
 gepr e . Composition Limits .
Solidification Modes Transformations . Microstructures
(Creq/Nieq)
Austenitic ..
(A mode) L—oL+y—vy <1.25 Fully austenitic
Austenitic/ferritic Austenitic with ferrite at cell and
(AF mode) Lob+yoLedtyoy+d 125-148 dendrite boundaries
Ferritic/austenitic Skeletal and/or lathy ferrite from
(FA mode) Lo L+d=L+dty—=0d+y 1.48-1.95 F-A solid-state transformation
Ferritic 1 Ferrite matrix and
(F mode) L=oL+d=0+y >1.95 Widmasténstatten austenite

TA high Cr content leads to a full ferritic final microstructure. As temperature decreases, ferrite may transform
into the brittle o phase.

It is important to note that the A and AF solidification modes are associated with pri-
mary austenite solidification, while the FA and F types have 6-ferrite as the primary phase.
The presence of this phase in the final stage of the FA solidification mode will be discussed
in the following, highlighting how it provides the best resistance to solidification cracking.

For the composition range in which solidification occurs following the FA mode, the
Welding Research Council (WRC) diagram (version revised in 1992) provides detailed
results (according to Creq = Cr + Mo + 0.7-Nb and Nieq = Ni + 35-C + 20-N + 0.25-Cu) for
determining the ferrite percentage of the final microstructure and is therefore currently
utilised in the literature [78-80].

To highlight the different microstructures due to the physical transformations that
occur during solidification and subsequent cooling, several authors [81-83] considered in
their studies the Fe-Cr-Ni pseudo-binary diagram with 70% iron by weight, which can be
represented according to the Creq/Nieq ratio, as shown in Figure 15 where the limits for
the FA mode are indicated by the red rectangle.
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Figure 15. Fe-Cr-Ni pseudo-binary diagram (70% of iron) with indication of the FA mode composition
range. Reproduced from [82].
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The different expressions of Creq and Nieg, adopted for the Schaeffler and WRC
1992 diagrams, produce small deviations in the prediction of the phases, as shown in the
work by Kianersi et al. [84]. In any case, the predictions made by the aforementioned
diagram are not exhaustive, since the 5 — 7y solid-state transformation is a diffusion-
controlled process depending on the cooling rate [85]. As a matter of fact, when the
welding heat input increases, the cooling rate is reduced [86]; consequently, the duration
of the 6 — y transformation is prolonged, leading to the reduction in the final amount of
residual d-ferrite. Conversely, a lower heat input leads to faster cooling, reduced time for
the & — y transformation and therefore a greater amount of residual d-ferrite [87]. In this
regard, numerical and analytical models, as well as experimental methods, were recently
developed to simulate the effects of welding parameters on thermal fields and cooling
rates [88-90], as well as on residual stress [91,92], although there is a lack of articles in the
literature that deal specifically with welding of clad steel plates. In any case, the cooling
rate is a critical parameter as it affects the morphology of ferrite: skeletal ferrite is favoured
by a low value (high heat input) while lathy columnar ferrite is favoured by a higher value
(lower heat input) [93]. In particular, these morphologies can coexist in the same weld
(Figure 16), with one or the other prevailing depending on the cooling rate [94].

Figure 16. Detail of a fused zone (Creq/Nieq = 1.63) with indication by the white arrows of the
skeletal and lathy residual ferrite. Reproduced from [94].

The formation of weld solidification cracking depends on the solidification mode and
therefore is a function of composition: it has been ascertained that the FA mode offers the
greatest resistance to cracking in the finale stage of solidification, whereas the F mode is
more susceptible to this phenomenon, but its behaviour is better than those of the A and
AF ones [74]. In this regard, it is should be noted that, for austenitic compositions, the
weld susceptibility to solidification cracking is affected by the grain boundary morphology,
since primary austenite solidification (AF mode) generates straight boundaries that are
easy to follow by cracks during their growth; conversely, the tortuous ferritic boundaries
that characterise the FA mode produce some beneficial effects, making the growth of
solidification cracks difficult [95] and also preventing hydrogen embrittlement [87].

In any case, the concentration limit of 10% for residual ferrite should not be exceeded
because its excessive presence significantly reduces toughness (especially at cryogenic
temperatures), deteriorates corrosion resistance and favours the formation of brittle inter-
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metallic phases at high service temperatures [78]. Indeed, when working temperatures are
in the 550-900 °C range, primary ferrite can decompose into carbides and phases detrimen-
tal for mechanical properties, such as ductility, impact toughness and creep strength as
well as corrosion resistance [96].

Hybrid arc welding processes in multiple passes with the use of different filler metals
could give rise to dissimilar microstructures; in general, the microstructure of the layers
close to the base metal is ferritic/pearlitic, while close to the cladding steel, where fillers
rich in Ni are used, it is austenitic with residual ferrite (see, for example, Figure 4 of the
article by Ghorbel et al. [58]).

The presence of martensite, considered a welding defect since it tends to trigger cracks
under fatigue, can be observed in the ferritic layers deposited on the austenitic ones. It
forms due to dilution, which enhances the presence of alloy elements, such as Cr and
Ni, and consequently causes the shift of the CCC curve and the decrease in the critical
martensitic cooling rate [60]. Similar cases of martensite formation were reported in [61,62].
In [63], the formation of martensite is ascribed to values of dilution greater than 60%, which
lead to the FZ in the A + M field of the Schaeffler diagram (Figure 14).

When welding using a filler metal with a composition dissimilar to that of the base
metal, the diluted composition of the weld can be assumed homogeneous, due to strong
hydrodynamic mixing forces in the molten pool. However, along the fusion line, the
formation of very thin PDZ with an intermediate composition between the base metal and
the bulk weld metal is usually observed [97].

As documented by some authors [98,99], a carbon-enriched PDZ, characterised by a
hard martensitic microstructure, occurs when carbon steel base material is weld overlaid
by high Ni alloy filler metal. In Figure 17, the AST A36 carbon steel base metal (BM), the
AWS ER NiCrMo-3 (Inconel 625) filler metal (FM) deposited by GMAW and the interposed
PDZ are outlined by the results of the Vickers microhardness test; in this case, the narrow
peak around 380 HV testifies to the presence of a martensitic microstructure in the PDZ.

400

350 1

300 +

250 -

200 -

150 - | FM s
] LR N N

100um
[

100 . ,
-600 -300 0 300 600

Distance (um)

Vickers Microhardness (HV)

Figure 17. Vickers microhardness profile along a transversal line across the interface, from BM (on
the left) to FM (on the right). Reproduced from [99].
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Another issue to be considered concerns the presence of decarburization and carbon
accumulation zones at the melting interface between the layers deposited with different
compositions at the level of the carbon steel/austenitic steel transition zone, while marten-
site is formed in the substrate by diffusion of the alloying elements, more markedly as the
welding heat input increases [64].

In addition to the effect on martensitic transformation, carbon accumulation generates
conditions favourable to Cr-carbide precipitation. It results in a local hardness increase,
which weakens the microstructure, as well as in sensitization to intergranular corrosion
(see [100] for a review). In this regard, Figure 18 shows the temperature—time sensitization
curves [101], and the red dashed line indicates the effect of an increase in carbon percentage;
it can be deduced that the precipitation time is significantly reduced when the carbon
content increases from 0.03%, which is the typical value of the AISI 304L composition, to
higher values, making the precipitation of carbides possible.
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Figure 18. Precipitation curves of Crp3Cq carbide as a function of carbon content. The dashed red line
indicates how the precipitation kinetics become faster as the carbon content increases. Reproduced
from [101].

It can be deduced that the occurrence of sensitization is possible in adjacent layers
where dilution may result in an increase in carbon content, Therefore, to avoid a long
permanence of the weld within the critical range of temperature, a cooling time should be
allowed after each pass, and the subsequent pass should initiate only when the highest
temperature of the weld reaches 150 °C [59].

At the austenitic layer side, away from the cladding line, the HAZ does not undergo
conditions favourable for carbide precipitation, requiring, e.g., for C = 0.03%, a permanence
of approximately 8 h at 600 °C or 30 h at 500 °C (Figure 18). Such long time intervals can be
excluded by means of the simulation carried out in [90] on the thermal field arising during
LBW of thick AISI 304 plates.

At the base material side, carbon steel shows the characteristic transformations that
occur in the HAZ. By way of example, in Figure 19 four regions are highlighted based on the
temperatures reached [45], namely coarse-grained (CGHAZ), fine-grained (FGHAZ), inter-
critical (ICHAZ) and subcritical heat-affected zones (SCHAZ), as well as the unaffected
zone. They can present martensitic and bainitic phases where sufficiently high cooling
rates are reached during the welding process.
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Figure 19. Schematic representation of welded microstructures and their metallurgical zones, divided
according to the peak temperature. Images of the generated microstructure are displayed accordingly.
Reproduced from [45].

5. Conclusions and Future Directions

This article reviewed the scientific literature on the production processes of clad steels
and in particular on fusion welding of ferritic/austenitic plates. The welding processes
based on multiple passes of traditional electric arc procedures are currently carried out in
the petrochemical and energy industry. Alongside them, the most modern laser beam or
hybrid arc-laser welding processes are increasingly used, as they allow the joining of thick
plates in a single pass, which would not be possible with the usual techniques.

Over the last few decades, researchers’ interest has been focused on the typical met-
allurgical issues that characterise the behaviour of ferritic and stainless steels. Progress
in this field has developed over the last 20 years, as highlighted by the recent scientific
literature. The majority of the articles examined (76/101) date back to the last five years,
demonstrating the current interest in this topic.

Some issues of the production processes concern diffusion at the clad steel/base steel
interface in hot rolling, formation of intermetallic compounds at the Al/steel interface in
explosive cladding and dilution at the deposited cladding layer/base steel interface in
weld overlay.

As for fusion welding, some issues requiring attention from researchers have emerged
in this review:

e Dilution between the filler and base metal at the level of the base and clad steel, as
well as dilution between the deposited layers in multi-pass welding;
Unexpected composition of the welds;
Solidification in non-optimal mode to ensure crack-free welds;
Carbide enrichment in the ferritic phase, followed by martensitic transformation
during cooling;

e Carbide precipitation in the austenitic phase, followed by local hardening and sensi-
tization to intergranular corrosion as a function of the time permanence within the
critical interval of temperature.

High-penetration LBW allows joining of clad steel in a single pass, even if some
attention is required in the setup of the filler material to prevent dilution between the base
metal and the cladding metal from causing unwanted effects.
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Future work should be aimed at verifying the possibility of industrially adopting
solutions capable of overcoming these shortcomings, such as the use of consumable inserts
for single-pass laser welding. Moreover, further investigations are still needed on the choice
of arc welding systems and filler metals suitable for clad and base steel, respectively, as well
as on the edge preparation, the sequence of the multiple passes, the thermal cycle effects
on the weld metallurgy and the possible occurrence of distortions or residual stresses. In
this regard, it is also desirable that simulation methods are developed for the prediction of
thermal fields capable of taking into account the complexity of the phenomena involved in
clad steel welding.
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Abstract: The nitrogen bubble bursting phenomenon during the welding process of high nitrogen
steel (HHNS) can lead to unstable droplet transfer and welding process, reducing the quality of weld
formation. In this study, a novel approach, ultrasonic-assisted gas metal arc welding (U-GMAW),
is proposed to suppress the escape of nitrogen gas during droplet transfer. This study investigates
the influence of ultrasound on the metal transfer process during two distinct metal transfer modes:
short-circuiting and droplet transfer. Ultrasound has a significant effect on the welding process; as
ultrasonic power increases, both the arc length and droplet size decrease, while the droplet transfer
frequency increases and the electrical signal stabilizes. Under the experimental conditions of this
study, ultrasound has the most effective improvement on the metal transfer behavior when the
ultrasonic power reaches 2 kW. Ultrasound enhances the stability of the droplet transfer process,
making U-GMAW an effective and novel approach for controlling the droplet transfer behavior of
high nitrogen steel.

Keywords: high nitrogen steel; ultrasonic-assisted GMAW; droplet transfer behavior; coaxial ultrasound

1. Introduction

High nitrogen stainless steel (HNS) is a rapidly developing type of stainless steel in
recent years. It utilizes nitrogen as the main austenite-forming element instead of nickel [1].
Nitrogen is a strong austenite-forming element. Dissolved nitrogen improves the strength
and corrosion resistance of stainless steel [2]. HNS has promising applications in various
fields, such as shipbuilding, electric power, and weapon manufacturing [3]. It is also
used in the medical [4] and biological [5,6] fields due to its good compatibility with the
human body. Recently, HNS welding wires have been utilized in the welding of HNS.
However, the elevated nitrogen content presents challenges to fusion welding. During
the Gas Metal Arc Welding (GMAW) process, the molten wire forms a droplet at the tip.
Since the solubility of nitrogen in solids is much greater than that in liquids [7,8], nitrogen
tends to accumulate in the molten droplet. When supersaturated nitrogen atoms aggregate
to form nitrogen bubbles of a certain size, the droplet transfer becomes unstable, and the
droplet may expand and splash, resulting in an unstable welding process and poor weld
formation [9,10]. If the nitrogen bubbles trapped in the molten pool cannot escape before
solidification, they will remain in the weld, forming gas pores that degrade joint quality.
Furthermore, the loss of nitrogen content can alter the microstructure and negatively
affect the mechanical properties of the joint [11,12]. Several studies have highlighted the
instability of droplet transfer in the GMAW of HNS. Yang et al. [13] found the expansion,
explosion, and splashing of large-sized HNS droplets captured by high-speed cameras.
Liu et al. [14] found that with the increase in nitrogen content in the welding wire, the
intensity of nitrogen gas escaping from the droplet gradually increases, leading to unstable
arc and exploding droplets, which in turn cause spatter and smoke. Yang et al. [15] also
reported that in the Wire Arc Additive Manufacturing (WAAM) process of high nitrogen
austenitic stainless steel (HNASS), a sharp decrease in nitrogen solubility in the molten
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droplet caused violent explosions and splashing, leading to defects such as incomplete
fusion, cracks, and inclusions.

A decrease in the dissolved nitrogen content in the weld joint adversely affects the
mechanical properties, necessitating measures to prevent nitrogen loss. Many studies have
addressed nitrogen loss by optimizing shielding gas composition and content or modifying
the composition of welding wires. Cui et al. [16] found that the droplet transfer mode shifts
to spray transfer when O; is added to the shielding gas, improving weld formation and
stability. The highest nitrogen content in the weld seam is achieved when using 89%Ar
+ 10%N3 + 1%0O; as the shielding gas. Liu et al. [14] designed three high nitrogen steel
welding wires for GMAW. As the nitrogen content of the welding wire increased, nitrogen
loss in the weld became more serious, and observation of the droplet transfer showed
obvious growth and rupture upon droplet detachment. Ultrasonic vibration has also been
shown to reduce nitrogen gas pores. Cui et al. [17] studied ultrasonic-assisted laser-arc
hybrid welding of HNS. The porosity defects are suppressed under an ultrasonic power of
180 W, resulting in optimal mechanical properties. However, the nitrogen content decreases
when the ultrasonic power exceeds a certain threshold, leading to a decrease in the hardness
of the weld seam.

Research on the control of nitrogen content loss mainly focuses on the design of the
components of shielding gas and welding wire to add nitrogen to the molten pool, while
few studies on external auxiliary methods have been studied. Droplet transfer is a critical
stage of GMAW, during which nitrogen bubbles are generated and ruptured. Droplet
transfer behavior directly impacts welding quality, process stability, and efficiency of
GMAW. Therefore, it is necessary to take measures to control the droplet transfer behavior
of GMAW for high nitrogen steel, inhibit the growth of nitrogen bubbles, and thus reduce
nitrogen loss. According to our previous research [18], ultrasound significantly compresses
the arc, making it brighter compared to conventional GMAW. Additionally, the droplet
transfer frequency and stability of the molten droplet increase under the influence of the
acoustic radiation force.

This study aims to explore a novel approach to coaxial ultrasonic assistance for con-
trolling the droplet transfer behavior in the GMAW process of HNS welding wire, with the
goal of mitigating nitrogen loss. The ultrasonic probe vibrates coaxially with the welding
wire, and the direction of ultrasonic vibration aligns with the transfer direction of the
molten droplet. The influence of ultrasonic power on two typical droplet transfer modes
was investigated by analyzing the droplet transfer behavior captured by a high-speed
camera and the corresponding electrical signals. Subsequently, the mechanisms by which
ultrasound influences these two droplet transfer modes were analyzed, providing a new
method for controlling the droplet transfer behavior in HNS GMAW. By introducing ul-
trasonic assistance to the GMAW process, this study presents a unique perspective and
practical solution for enhancing the stability of HNS droplet transfer behavior. It provides
a strong guarantee for the safe and reliable operation of engineering welding structures
and promotes the broader application of HNS in various industries.

2. Materials and Methods

The base material is 304 stainless steel, with dimensions of 130 mm x 50 mm X 7 mm,
and the welding wire has a diameter of 1.2 mm, with nitrogen content of 0.35%, as shown in
Table 1. The shielding gas composition is 98%Ar + 2%0,, and the gas flow rate is 20 L /min.
The substrate surface was polished and cleaned to degrease with ethanol before deposition.

Table 1. Composition of High Nitrogen Steel Welding Wire (wt.%).

Element C Si Mn Cr Ni Mo N
Content 0.071 0.832 8.84 22.26 6.54 0.27 0.35
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The ultrasonic-assisted GMAW (U-GMAW) platform consists of a welding system and
a high-speed camera acquisition system, as illustrated in Figure 1. The ultrasonic trans-
ducer is coaxially integrated with the welding wire, and both the z-axis of the ultrasonic
equipment and the GMAW welding gun can be independently adjusted. The maximum
power output of the ultrasonic transducer is 2 kW. The experiments were conducted with
the CLOOS QinTron welding machine (CLOOS, Haiger, Germany) operating on direct
current. A high-speed camera captures images of the whole process of droplet formation
and its transfer into the molten pool, with a photo resolution of 512 x 512 dpi, a capture
frequency of 2000 fps, and exposure settings optimized for the specific experimental condi-
tions. A filter with a wavelength of 808 nm and bandwidth of £10 nm is placed in front of
the camera to improve image quality. The high-speed video is subsequently played back in
slow motion to analyze the details of the droplet transfer and analyze the droplet and arc
behavior to determine the droplet transfer mode. The high-speed imaging system used is a
PHANTOM v311 (Vision Research, Wayne, NJ, USA). Prior to welding, a copper plate is
placed on the workbench to facilitate heat dissipation. The high nitrogen steel substrate
is fixed on the copper plate and workbench using a fixture, allowing it to move along the
slider at a controlled speed.

Ultrasonic transducer

Computer

Coaxial
ultrasonic
power

Current sensor
Ultrasonic horn

Voltage sensorI

|

\ \
— o )
:]] |\—/\ Acoustic field Z Hisuspesdicnas

Working platform %

Welding wire

Ultrasonic emission end
Shielding gas

Welding
power

Figure 1. U-GMAW platform.

The distribution of droplet transfers of the HNS welding wire was analyzed. The
welding parameters are presented in Table 2. Welding Voltages (U) of 22, 24.5, 26, 28.5V,
and 30 V, and Wire Feed Speeds (WFS) of 1.5, 3.5, 6, 8, and 10.5 m/min were selected.
The high-speed camera captured the droplet transfer behavior of each experimental group
and recorded their transfer modes. The main ultrasonic process parameters include the
ultrasonic emission height (H, mm) and the ultrasonic power (P, kW). During the short
circuit transfer, the ultrasonic emission height is set at the First Resonant Height (H1),
where the ultrasonic effect is strongest. According to the preliminary experiment, H; was
measured as 14 mm. In the case of globular transfer, where the arc voltage is higher and the
arc is longer, the ultrasonic emitter operates at the Second Resonant Height (H) of 20 mm
to avoid damage to the emitter and to maximize the ultrasonic radiation force.

Table 2. Welding parameters.

Wire Feeding Speed
(WES)/(m-min—1)

120~350 20~32 1.5~12

Welding Current (I)/A Welding Voltage (U)/V
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3. Results
3.1. Distribution of Droplet Transfer Modes

The distribution of droplet transfer modes under different welding parameters is
presented in Figure 2. Four droplet transfer modes are observed: short circuit transfer (red
area), globular transfer (green area), mixed transfer (orange area), and unstable transfer
(blue area) among the 25 sets of parameters. The short circuit and globular transfer
modes exhibit distinctly representative behaviors of droplet transfer, as shown in Figure 3.
Therefore, ultrasound is applied in short circuit transfer and globular transfer modes for
further investigation. In the conventional GMAW process, the expansion and explosion of
droplets are notably evident. In Figure 3a, the droplet expands and then explodes upon
contact with the molten pool during short circuit transfer. In Figure 3b, the molten droplet
expands dramatically and then explodes, turning into a smaller and incomplete shape.

34 | m Short circuit transfer
L m Globular transfer
32k Mixed transfer
= Unstable transfer
E 30 L W R eeeeeeees -l
5
% 28 | I- [ ] [ ] p |
> | :
o0 ;
§ 26 (S - RIS
[5) memmmmmmm T i
=2 e :
2 | ‘-’ ] ] ] ;
22 | R O —— R 1 m
0 2 4 6 8 10 12

Wire Feeding Speed (m/min)

Figure 2. Parameter range of conventional GMAW droplet transfer modes.

20.5ms 22.5Sms

(b)

Figure 3. Droplet transfer process of short circuit transfer and globular transfer. (a) Short circuit
transfer, U = 24.5 V, WFS = 6 mm/min; (b) Globular transfer, U = 28.5 V, WFS = 6 mm/min.
3.2. Effect of Ultrasound on Short Circuit Transfer Behavior

The ultrasonic output power is set to 0.8, 1.2, 1.6, and 2.0 kW to investigate the effect
of ultrasonic power on the short circuit transfer. Welding voltage is 24 V, WES is 6 m/min.
Figure 4. Illustrates the droplet transfer behavior captured by the high-speed camera. The
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(a)

(b)

(c)

(d)

arc is significantly compressed compared to conventional GMAW in Figure 3a. The droplet
still notably expands at the end of the wire, and a certain amount of nitrogen gas escapes,
leading to nitrogen loss. Then the droplet continues to expand until it contacts the weld
pool, forming a short circuit transfer. When the ultrasonic output power is 1.2 kW, the
large-sized expansion of droplets decreases, and the surface shape of the droplets shows
a wavy fluctuation due to the pressure difference between the inside and outside of the
droplet. Local fragmentation and escape of a small amount of nitrogen gas occur in some
areas occasionally, mainly due to insufficient surface tension and ultrasonic radiation force
to balance the internal pressure exerted by nitrogen gas within the droplet. At other times,
intense expansion can cause the rupture of molten droplets. When the ultrasonic output
power increases to 1.6 kW and 2.0 kW, the droplet transfer phenomenon is similar to that
at 1.2 kW, although the ultrasonic radiation force increases, there are still instances of
droplet fragmentation and a certain degree of expansion and explosion, but the frequency
Is relatively less. Increasing the ultrasonic power also Increases transfer frequency, causing
the droplets to contact the weld pool before experiencing large-sized expansion, leading to
reduced nitrogen escape.

Figure 4. Influence of ultrasonic power on short circuit transfer. (a) 0.8 kW; (b) 1.2 kW; (c) 1.6 kW;
(d) 2.0 kW.

The electric signals of the droplet transfer process were collected under conventional
GMAW and different ultrasonic power levels, as shown in Figure 5. Under conventional
GMAW conditions, the droplet transfer frequency is low, with a peak current reaching 400 A
and a peak voltage of 40 V. When an ultrasonic power of 0.8 kW is applied, the number
of wave peaks increases, and the peak current decreases to approximately 370 A, and the
peak voltage decreases to around 37 V. As the ultrasonic power is increased to 1.2 kW and
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1.6 kW, the number of wave peaks increases, and the peak current and voltage further
decrease. At 2.0 kW ultrasonic power, compared to the previous conditions, the number of
current and voltage wave peaks is the highest and the lowest, while the peak current drops
to around 350 A and the peak voltage decreases to around 35 V. Analysis indicates that
under conventional GMAW conditions, the re-ignition time of the arc after the droplet short
circuit is long and the droplet transfer is unstable. However, with ultrasonic assistance, an
increase in ultrasonic output power accelerates droplet transfer frequency, while the peak
current and voltage decrease during short circuit transfer, indicating a shortened re-ignition
time after the short circuit transfer and a more stable droplet transfer process.

GMAW U-GMAW

s
&
8

&

g

g

8

Welding Current (A)
S

INLLL

5
g

Welding Current (A)
Welding Current (A)
Welding Current (A)

Welding Currcpl (A)

g

U] g Bl g

3.6 57 59 5.5 57

.38 58 .56 8 59
Time (s) Time (s) Time (s) Time (s)

40 40 40

(AT O

g

Welding Voltage (V)

Welding Voltage (V)
2
Welding \gltage_: V)
Welding V;)Itage V)
Welding \Z)]tage (\%]

S

13
136

L L

39 B,

38 135 56
Time (s) Time (s) Time (s)

(a) (b) (©) (d) (e)

58
Time (s)

Figure 5. Current and voltage waveforms of conventional GMAW and U-GMAW. (a) Conventional
GMAW; (b) 0.8 kW; (c) 1.2 kW; (d) 1.6 kW; (e) 2.0 kW.

Statistical analysis of droplet characteristic parameters at different ultrasonic power
levels is shown in Figure 6. As the ultrasonic output power increases, the arc length
gradually decreases, reaching a minimum at 2.0 kW. With the increase of ultrasonic power,
the short circuit transfer frequency increases, and the droplet size decreases, exhibiting
a reduction in numerical dispersion. This suggests that at higher ultrasonic power, the

expansion of large droplets is suppressed, and the short circuit transfer frequency becomes
more stable.
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Figure 6. Short circuit transfer characteristic parameters under different ultrasonic powers. (a) Arc
length; (b) Transfer frequency; (c) Droplet size.

3.3. Effect of Ultrasound on Globular Transfer Behavior

Figure 7 illustrates the globular transfer behavior under different ultrasonic power
levels with a WES of 6 m/min. At lower ultrasonic powers (0.8 kW and 1.2 kW), the arc
length is significantly reduced compared to conventional GMAW in Figure 3b. However,
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(a)

(b)

(d)

droplets still expand and explode, suggesting insufficiency in ultrasonic radiation force.
When the ultrasonic output power reaches 1.6 kW and 2.0 kW, the arc length decreases
further, with a marked reduction in large-sized expansion. Nonetheless, some degree of
expansion persists, and irregular surface shapes are noted in the droplets. Local fragmen-
tation of droplets is observed, yet nitrogen emissions from fragmentation are lower than
those resulting from large-scale bursting under conventional GMAW conditions. This
indicates that ultrasonic assistance, to some extent, reduces nitrogen escape during droplet
transfer in high nitrogen steel welding, thereby reducing nitrogen loss.

Figure 7. Influence of ultrasonic power on globular transfer. (a) 0.8 kW; (b) 1.2 kW; (c) 1.6 kW;
(d) 2.0 kW.

The electrical signals at different ultrasonic power were collected, as shown in Figure 8.
The current fluctuation range is 170 A to 270 A, and the welding voltage fluctuation range
is 20 V to 40 V under conventional GMAW. The large fluctuations in the current and voltage
values indicate the instability of the arc and the droplet transfer during globular transfer in
GMAW. With the assistance of 0.8 kW ultrasound, the current fluctuation range narrows to
180 A to 250 A, indicating an improvement in the stability of the droplet transfer process.
As the ultrasonic output power increases, the fluctuation range of the current and voltage
values progressively decreases, thereby enhancing the stability of droplet transfer while
mitigating the expansion and bursting of large droplets.
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Figure 8. Current and voltage waveforms of conventional GMAW and U-GMAW. (a) conventional
GMAW; (b) 0.8 kW; (c) 1.2 kW; (d) 1.6 kW; (e) 2.0 kW.

Figure 9 illustrates the droplet transfer characteristic parameters under different
ultrasonic power levels. As ultrasonic power increases, the ultrasonic radiation force
increases, causing the arc length to gradually decrease, accompanied by a reduction in
droplet transfer period, bursting frequency, and droplet size, reaching the minimum values
at an ultrasonic output power of 2.0 kW. This indicates the effective inhibition of large-
scale droplet expansion under high ultrasonic power conditions. Regarding numerical
dispersion, the magnitude of numerical variations decreases as ultrasonic output power
increases. A sharp reduction in numerical dispersion is observed under ultrasonic power
of 1.2 kW and 1.6 kW, where most droplets exhibit stable transfer with relatively minor size
expansion. The most stable droplet transfer is achieved under 2.0 kW.
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Figure 9. Globular transfer characteristic parameters at different ultrasonic powers. (a) Arc length;
(b) Transfer frequency; (c) Number of explosions within 20 cycles; (d) Droplet size.

4. Discussion

Based on the arc constriction and droplet size reduction induced by ultrasonic radia-
tion force, coaxial ultrasonic assistance presents a promising approach to controlling droplet
transfer behavior in GMAW of high nitrogen steel. The discussion on the mechanism of
droplet transfer in ultrasonic-assisted GMAW is as follows.

4.1. Mechanism of Ultrasound on Short Circuit Transfer

The process diagram of short circuit transfer behavior in GMAW and U-GMAW is
presented in Figure 10. During the arcing phase, molten droplets form at the tip of the
welding wire. As the droplets grow, a short circuit occurs when they contact with the weld
pool. Under the combined effects of electromagnetic forces and surface tension, necking
occurs, separating the molten droplet from the welding wire. The arc then re-ignites
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to initiate a new transfer cycle. While the short circuit transfer process in U-GMAW is
similar to conventional GMAW, it features an increased transfer frequency and decreased
arc length.
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Figure 10. Schematic of the short circuit transfer process of GMAW and U-GMAW. (a) GMAW;
(b) U-GMAW.

During conventional GMAW), as illustrated in Figure 10a, the molten droplets at the
tip of the welding wire are subjected to electromagnetic force F;;, plasma flow force F,
gravity G, and surface tension F,,. The combined forces of F;;, F;, and G act downward,
promoting droplet transfer. When the droplet has not yet detached from the welding wire,
F., prevents the droplet from falling, as expressed by Equation (1) (where R represents
welding wire diameter and 7 represents surface tension coefficient). Notably, F,, is not
significantly influenced by ultrasound.

EFy, =21Ry (1)

Equation (2) is the expression for the electromagnetic force F;, acting on a unit volume,

[N

where | represents the current density, and B represents the magnetic field line density.

Fn=1]XxB 2)
During the welding process, droplets serve as channels for current flow and are also

subjected to electromagnetic forces. According to the high-speed camera results, under
the experimental conditions of this study, the arc nearly envelops the molten droplets,
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causing F, to promote the downward transfer of the molten droplets [19], as expressed by
Equation (3).

_ Hol* [, Rgsing 1 1 2 2
Fn = "0 (In R 4 1—cos(9+(1fco59)21nl—cosﬂ ®)

where pg represents the vacuum permeability, I represents the welding current, R; rep-
resents the droplet diameter, and 6 is the angle between the line connecting the droplet
center and the contact point of the arc on the droplet and the direction of gravity. In this
study, the molten droplets are enveloped by the arc, making 6 greater than 60° degrees.
The coefficient in parentheses of Equation (3) is close to 1, and the electromagnetic force
can be expressed in Equation (4). The electromagnetic force in this study is mainly affected
by welding current.

12
Fy = % (4)

Plasma flow force F;, detailed in Equation (5), also has an effect on molten droplets [20]:

R2
Fj = 0.5C4pgv5 TR} (1 — 21<2> (5)
d

where C; represents the plasma flow coefficient, related to the droplet diameter D; and
viscosity p, pg represents the gas density, and v, represents the gas flow rate.
The droplet gravity is expressed in Equation (6):

G=pVg (6)

where p represents the density of molten droplets, V represents droplet volume, and g
represents gravitational acceleration.

During U-GMAW), the ultrasonic device emits ultrasound in a downward direction,
generating a standing wave sound field and exerting acoustic radiation pressure on the
molten droplets. The ultrasonic radiation force Fy; is expressed in Equation (7), where
om represents the density of the sound propagation medium, A represents the velocity
amplitude of the incident wave, k represents the number of waves, R; represents the droplet
radius m, and A, represents the ratio of medium density to droplet density [18].

521,
2+ Ap

Fy = %npm|A|2(de)3 sin(2kd) %)

Based on the research results mentioned above, it is evident that the introduction
of ultrasound compresses the molten droplets, reducing their volume and consequently
lowering the gravitational force (Gy; < G), which impedes droplets from making contact
with the weld pool below. Reduced droplet size also leads to a decrease in F ;7 (Fa1 < Fy).
The electromagnetic force will slightly decrease (F,,;; < Fy;), as ultrasound will cause a
decrease in the peak current of short circuit transfer. However, the downward pressure
exerted by the ultrasound field (F{;) compensates for the reduction in Gy, Fyy, and Fy.
The force exerted by ultrasound on molten droplets is the main reason for promoting
droplet transfer.

The ultrasound significantly compresses the arc, reducing its length and facilitating
easier contact between the molten droplets and the weld pool, thereby promoting short
circuit transfer. Additionally, ultrasound radiation forces oscillate the molten weld pool,
causing surface fluctuations that facilitate faster contact between droplets and the weld
pool, thereby accelerating the transfer frequency. Consequently, ultrasound promotes short
circuit transfer, allowing the droplets to make contact with the weld pool and undergo
short circuit transfer even when the nitrogen bubble aggregation in the droplets is minimal,
thus reducing nitrogen loss.
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(a)

(b)

4.2. Mechanism of Ultrasound on Globular Transfer

The schematic depiction of the globular transfer behavior of GMAW and U-GMAW
is presented in Figure 11. The droplet transfer process differs from that of short circuit
transfer, where the molten droplet detaches from the welding wire tip and then enters
the weld pool. Similar to short circuit transfer, ultrasound radiation force compresses the
droplet, reducing nitrogen accumulation.

Nitrogen bubble

Entering
imolten pool

Q Fy Entering
imolten pool

| N

Fyy E
Nitrogen bubble:

Figure 11. Schematic of the globular transfer process of GMAW and U-GMAW. (a) GMAW;
(b) U-GMAW.

Additionally, ultrasound has an inhibitory effect on the formation of nitrogen bubbles.
Research has shown that the factors affecting the solubility of nitrogen in steel mainly
include nitrogen partial pressure, temperature, and alloy composition [21]. During the
droplet transfer process, the alloy composition of high nitrogen steel droplets remains
unchanged. Given the rapid droplet transfer process, and assuming that the temperature
of the droplets remains constant from the welding wire tip to entering the molten pool,
nitrogen partial pressure is the primary factor affecting the solubility of nitrogen in molten
droplets. Nitrogen dissolved in molten iron exists in the form of nitrogen ions, but nitrogen
in molten steel often exists in the form of nitrogen atoms [22]. The reaction of nitrogen
dissolution in liquid steel is:

Na(g) = IN] ®

Ky is the equilibrium constant of nitrogen dissolution reaction, as measured in
Equation (9) [23], where ay and fy are the nitrogen activity and Henrian activity coef-
ficients of the assumed 1% N alloy melt as reference states, [% N] represents the mass
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percentage of dissolved nitrogen, Py, is the partial pressure of nitrogen, and P’ is a standard
atmospheric pressure of 1.01325 x 10° Pa.

a %N
KN _ N _ fN[ ] (9)
VPa/P [Py /P
Taking the logarithm of both sides of Equation (9) yields Equation (10):
o 1 0
1g[%N] = S1g(Pxy/P°) +1gKn — Ifi (10)

The Ky of steel can be expressed as Equation (11) [24], and Ky can be considered a
constant at a constant temperature.

lgKn = —? ~1.17 (11)

fN is mainly affected by temperature and alloy composition [25]. During the droplet
transfer process, the composition and temperature changes of the droplets are negligible,
and fy is considered a constant value. Thus, the solubility of nitrogen is mainly influenced
by the partial pressure of nitrogen. The dissolved nitrogen concentration in the droplet
during the droplet transfer of GMAW and U-GMAW is primarily determined by the nitro-
gen partial pressure. According to Equation (11), [% NJ and (Py, / P°)!/2 are approximately
proportional, meaning the solubility of nitrogen increases as the nitrogen partial pressure
increases. The ultrasonic radiation applied to droplets increases the pressure (Pn,-i; > Py;,)
on nitrogen bubbles in the droplets, resulting in an increase in nitrogen solubility. This effect
mitigates the formation of nitrogen bubbles and subsequently reduces the tendency for
nitrogen escape. Furthermore, as ultrasonic power intensifies, the radiation force exerted
by ultrasound increases, further reducing the propensity of nitrogen escape.

5. Conclusions

The study investigated the droplet transfer behavior of wires with nitrogen contents
of 0.35% in ultrasonic-assisted GMAW (U-GMAW), focusing on short circuit transfer and
globular transfer. The influence of ultrasonic output power on droplet transfer behavior
was investigated, and the underlying mechanisms were analyzed. The main conclusions
are summarized as follows:

1. Ultrasonic power has a significant influence on the droplet transfer process of HNS
welding wire. Ultrasonic assistance improves the stability of droplet transfer: as
ultrasonic power increases, the arc is further compressed, leading to a reduction in
arc length. Droplet expansion is effectively inhibited under both short circuit transfer
and globular transfer modes.

2. The influence of ultrasonic assistance on welding electrical signals was studied. It
was found that the droplet transfer frequency is lower during conventional GMAW
short circuit transfer, with relatively high peak current and voltage under both trans-
fer modes. As the ultrasonic power increases, the short circuit transfer frequency
increases, and the peak current and voltage under both modes decrease, making the
droplet transfer process more stable.

3. The behavior mechanisms of short circuit transfer and globular transfer in U-GMAW
were analyzed. The ultrasonic radiation force compresses the arc length, accelerates
droplet transfer frequency, and suppresses droplet expansion, thereby reducing nitro-
gen accumulation within the droplets. Consequently, more nitrogen elements can be
transferred into the molten pool during welding with HNS welding wires, leading to
a reduction in nitrogen loss.
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Abstract: The article describes the results of the study on laser welding of armor plates with a
nominal thickness of 3.0 mm. The plates were made of Armox 500T steel characterized by a hardness
of up to 540 HB, a minimum yield strength of 1250 MPa, an ultimate strength of up to 1750 MPa, and
an elongation A5 minimum of 8%. The laser used for the welding tests was a solid state Yb:YAG laser.
The influence of basic parameters such as laser output power, welding speed, and focal plane position
on the weld geometry was determined during bead-on-plate welding tests. The optimal conditions
for butt joint welding were determined, and the test joints were subjected to mechanical and impact
tests, metallographic analysis, and hardness measurements. It has been shown that it is possible
to laser weld Armox 500T armor plates, and at the same time it is possible to provide high quality
butt joints, but this requires precise selection of welding parameters. A decrease in HAZ hardness of
about 22-35% in relation to the hardness of the base material, ranging from 470 to 510 HV0.2, was
found. The ultimate tensile strength of the test joints was approx. 20% lower than the Armox 500T
steel. The bending tests revealed the low plasticity of the tested joints because the bending angle was
just 25-35°. The results of Charpy V-notch test revealed that the impact toughness of the weld metal
at —20 °C was approx. 30% lower than at room temperature.

Keywords: laser welding; armor steel; Armox 500T; microstructure; mechanical properties

1. Introduction

Armored vehicles must provide high ballistic protection, and on the other hand, they
must have the lowest possible weight to ensure high mobility even in very difficult terrain
and environments [1]. The basic structural material for such vehicles is steel because
it is susceptible to plastic processing, joined via welding, and facilitates the shaping of
functional properties in a wide range as a result of heat treatment [1,2]. Steels that pro-
vide good ballistic properties are usually ultra-high strength (UHS) steels processed by
quenching and tempering (Q&T). High mechanical properties are provided by martensitic
microstructure. However, due to subsequent tempering, the ductility and toughness is
increased, providing better impact energy absorption which is crucial for ballistic perfor-
mance. Many researchers involved in testing the ballistic characteristic of armor plates
made of different grades of armor steel indicate that the higher the hardness of the steel
obtained as a result of tempering, the higher the ballistic resistance [3-5]. Therefore, tem-
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pering takes place at a relatively low temperature, retaining high hardness and thus high
ballistic performance [1,6].

The most commonly used joining methods of the armor steel components are gas
metal arc welding (GMA) and submerged arc welding (SAW). Recent research has also
been conducted on hybrid laser arc welding (HLAW) [1,7-10]. Fei et al. [1] presented
a novel technique of TIG welding of armor steel with a trapezoidal AISI309 austenitic
stainless steel interlayer. Thanks to controlling the dilution and sequence of solidification,
they provided the desired chemical composition and microstructure of the weld metal,
contributing improvements in strength and toughness, as well as limiting the tendency
toward both solidification cracking and hydrogen-assisted cold cracking.

Turichin et al. [7] investigated laser arc hybrid welding of ultra-high strength steels,
including Armox 600T steel. They used three filler wires of different chemical compositions
and determined the influence of the filler wires’ chemical composition on the microstructure
and mechanical properties of the welds. The main conclusion drawn from the investigations
was that the welds of 7.0 mm thick Armox 600T plates were about 14% weaker than the
base metal.

Kumar et al. [8] conducted a study on shielded metal arc welding of ultra-high hard
armor steel of CE equivalent 0.91 using the following different electrodes: austenitic
stainless steel type, super duplex stainless steel type, and low-hydrogen ferritic type. They
found that the joints made via the austenitic stainless steel electrodes showed the best
impact toughness, while the joints made via low-hydrogen ferritic electrodes exhibited the
best tensile strength and the highest hardness.

Skowroriska et al. [9] also investigated a hybrid process of armor steel welding. They in-
vestigated PTA-MAG (plasma transferred arc—metal active gas) welding of RAMOR 500 steel
plates 6.7 mm thick with a filler type Mn4Ni2CrMo. They pointed some advantages of
the welding process, including limited decreasing of mechanical properties of HAZ at an
acceptable level from the point of view of maintaining the antiballistic properties of the
base material.

All of the mentioned methods usually utilize austenitic type wire as the additional
material because the weldability of the armor grade steel is limited due its high carbon
equivalent, high hardness, and thus tendency for cold cracking. However, the use of a
plastic austenitic deposit leads to a significant reduction in the ballistic performance of
welded joints, as reported by Fei et al. [1] and Magudeeswaran et al. [6]. Moreover, even
the plastic and relatively soft austenitic deposit does not completely solve the problem of
hydrogen-induced cracking (HIC) in the heat-affected zone (HAZ) of the welded joints of
armor steel [6].

A method that has not yet been used industrially for the welding of armor steel, but
provides some benefits and gives the possibility of further optimization and development
of welding technology of this grade of steel is laser welding [11-17]. Laser welding may be
conducted as an autogenous process, without additional material, and thanks to efficient
shielding of inert gas, the process can be considered as a low-hydrogen process. Moreover,
the characteristic feature of laser welding is a narrow HAZ and a relatively low level of
welding stresses, which in turn is beneficial to the reduction in the tendency for hydrogen-
induced cracking. It is also worth noting that currently available lasers with a power of
several dozen kW allow for welding joints with a thickness over 30 mm in one pass. The
studies carried out so far in the field of laser welding of armor steel indicate that despite
the low heat input of laser welding and rapid cooling, softening of HAZ occurs, which may
be additionally beneficial in terms of the reduction in the tendency for hydrogen-induced
cracking. Janicki [11] investigated the autogenous laser welding of butt joints of 3.6 mm
thick Armox 500T steel, and within the investigated technological conditions of welding
he reported a significant drop of hardness in the HAZ, up to 40% comparing to the base
material. Similar results were reported by Bassett [12] who found 30% hardness drop in
HAZ of laser welded 13.0 mm thick armor steel CP50.
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Laser welding also shows some limitations. Since the laser beam is very a precise
heat source, usually focused to a diameter of 0.2-0.3 mm, it requires high tolerance of
edges preparation and positioning of the laser beam along the weld trajectory, in the case
of butt joint welding. Moreover, in the case of autogenous welding, it is not possible to
control the chemical composition of the weld metal, and weld undercuts are typical. These
limitations make the application of laser welding on an industrial scale difficult in certain
areas [15-24].

However, there are few publications in the world on the laser welding of armor
steel. Therefore, research was undertaken on the technology of autogenous laser welding
of armor plates in order to determine the influence of basic welding parameters on the
microstructure and mechanical properties, in particular the plasticity and impact toughness
of test joints also at low temperature. As a result, laser welding conditions in which weld
porosity has been eliminated were determined. The obtained narrow welds, compared to
arc and hybrid welding methods, may be beneficial for ensuring better ballistic performance
of the entire butt joints of armor plates. Therefore, it is planned to continue research in this
area, expanding the range of plates thicknesses and grades of armor steels.

Moreover, the preliminary tests of welding these armor plates with a single-mode
beam and also via a unique technique with two combined laser beams, AMB (adjustable
mode beam) with a total power of 6.0 kW, and beam oscillation have been already carried
out. Results have shown that it is possible to further optimize the laser welding process,
which ensures a favorable shape of the weld and favorable joint properties, even in the case
of larger sheet thicknesses.

2. Materials and Methods

The armor plates with the dimensions of 250 x 250 mm used in this study were
made of armor steel Armox 500T (SSAB, Stockholm, Sweden) in quenched and tempered
condition (Q&T). The smallest thickness plate available from the manufacturer, intended for
ballistic protection of light vehicles, was selected for the tests. The nominal thickness of the
plates was 3.0 mm. Such an armor plate should provide protection against normal 7.62 mm
caliber bullets (excluding armor-piercing bullets, e.g., with a tungsten core). Chemical
composition and mechanical properties of Armox 500T steel, provided by manufacturer
SSAB and determined within the study, are listed in Tables 1 and 2, respectively.

Table 1. Chemical composition of Armox 500T steel (wt%).

Accor. to C Mn Si P S Cr Ni Mo B
SSAB 0.32 1.2 0.4 0.01 0.003 1.0 1.8 0.7 0.005
Tested 0.28 1.1 0.2 - - 0.88 1.4 0.6 -

Remarks: SSAB: results provided by the manufacturer, tested: GDS analysis of 3.0 mm thick Armox 500T plate.

Table 2. Mechanical properties of Armox 500T steel (wWt%).

Hardness, Minimum Yield Tensile Total Elongation, Total Elongation, Notch Impac:
Accor. to HBW Strength Rpy2, Strength Rm, Ax o A % Energy at —40 °C,
MPa MPa 570 50,70 KV,J
SSAB 480-540 1250 1450-1750 8 10 32
Tested - 1298 1553 8.2 11 22

Remarks: SSAB: results provided by the manufacturer, tested: results determined during mechanical testing of 3.0
mm thick Armox 500T plate.

The laser welding tests were conducted on a fully automated stand with the solid state
Yb:YAG Disk laser (Trumpf, Ditzingen, Germany) emitted in continuous wave (cw) mode
at 1.03 pm wavelength with maximum output power of 3.3 kW, and beam quality (beam
parameter product—BPP) of 8.0 mm-mrad. The laser beam was focused to a diameter of
200 pm.
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In the initial stage of the study, the bead-on-plate welds were produced to simulate
the process of autogenous butt joint welding and to investigate the influence of the basic
welding parameters on the penetration depth, weld shape, and quality of welds (e.g.,
presence of voids, lack of penetration, undercuts, etc.). The initial tests were conducted in
the laser output power range from 1.0 to 3.0 kW, welding speed from 0.5 to 2.5 m/min,
and different focal position. The detailed bead-on-plate laser welding conditions are
summarized in Table 3.

Table 3. Parameters of bead-on-plate laser welding of the 3.0 mm thick plates of Armox 500T steel.

Weld Bead Output Welding Focal Energy Width of the Width of the Weld Fusion Zone

No. Laselr( ‘I/’vower ;p/a:;elcrll Posmitri:l)n * IrJl/p;:‘lrtn i Wei;l;ace Root/PeneIt;;:Itlion Depth Shape Remarks
Bl 1.0 0.5 0 120 2.0 -/2.7 Y L, P
B2 1.25 0.5 0 150 24 1.3 X L P
B3 1.25 0.5 1.5 150 3.0 0.3 X F
B4 1.25 0.5 -1.5 150 2.5 1.3 Y FP
B5 1.25 0.5 -3.0 150 2.7 -/2.5 Y L P
B6 15 0.5 0 180 2.6 1.8 X F
B7 1.5 1.0 0 90 2.7 1.2 Y F
B8 3.0 2.0 0 90 1.8 2.5 X F
B9 3.0 2.5 0 70 14 23 X EH

Remarks: * position relative to the top surface of plate (negative value means focusing below the surface);
** energy input is simply calculated by considering laser output power and welding speed only, while the
heat input also takes into account the heat transfer coefficient; Quality assessment: L—lack of fusion, F—full
penetration, H—hollow face, P—porosity.

Based on the initial tests, parameters providing full penetration and required weld
quality (proper shape and no voids in weld) were chosen for autogenous butt joint laser
welding. In order to determine the influence of energy input on the microstructure and
mechanical properties of test joints, the extreme parameters with the highest (180 J/mm)
and lowest (70 ] /mm) energy input were chosen for laser welding of butt joints.

Specimens for welding tests were cut from the armor plate into pieces in dimensions
of 120.0 x 45.0 mm via mechanical cutting. Prior to the welding test, the specimens were
sandblasted and additionally the edges to be welded were cleaned with acetone.

The specimens to be welded were mounted in a stiffening clamping device with
backing gas flow (argon of purity 99.999%) to protect the root side of the weld against
ambient air. The argon flow from the root side was kept constant at 5.0 L/min. The top
side of the welding zone was protected by argon flow via four cylindrical nozzles 8.0 mm
in diameter each, and set at an angle of 45° to the sample surface. The flow of argon was
kept at approx. 20.0 L/min. The experimental setup and a view of laser welding is shown
in Figure 1.

When the laser welding tests were completed, first the visual inspections (VT) were
performed according to PN-EN ISO 17637:2017-02 standard [25]. Next the metallographic
examinations were carried out. The samples for metallographic examinations were cut
perpendicularly to the weld axis away from the region of initiation and completion
of welding.

The samples were mounted in thermosetting phenol resin with graphite filler Electro-
WEM (Metalogis, Warsaw, Poland), and next the samples were wet ground via water papers
with grit 120 to 2500 using an automatic grinding/polishing machine Struers Labopol-2
(Struers, Rodovre, Denmark). Next the cross-sections were polished with 1 um diamond
suspension Metkon Diapat-M (Metkon Instruments Inc., Bursa, Turkey). After polishing,
the cross-sections were etched via Nital solution (3.0%).

Macrostructure analyses were carried out on the OLYMPUS SZX9 microscope (Olum-
pus Corporation, Tokyo, Japan), while the microstructure observations were performed
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with a NIKON Eclipse MA100 microscope (Nikon Corporation, Tokyo, Japan). The mi-
crostructure was also examined via scanning electron microscopy (SEM) (Carl Zeiss,
Oberkochen, Germany), equipped with the energy dispersive spectrometer (EDS) (Oxford
Instruments, Abingdon, UK). The phase composition was determined via X-ray diffrac-
tion (Panalitycal, Almelo, The Netherlands) with CuKe source of radiation andwith the
scanning range of the diffraction angle 26 from 0 to 140°. Chemical composition of the
investigated steel was determined via a glow discharge spectrometer GDS850 (LECO,
Geleen, The Netherlands).

Figure 1. The autogenous laser welding of butt joints of Armox 500T steel samples.

The hardness distribution was measured on the cross-section of the test butt joints via
the hardness tester WILSON WOLPERT 401 MVD (Wolpert Wilson Instruments, Aachen,
Germany) at the load 5 N and the dwell time 10 s. The measurements were conducted in
the middle of the plate thickness according to the PN-EN ISO 9015-2:2016-04 standard [26].

Mechanical properties of test joints were determined via the technological bending
test (PN-EN ISO 5173:2023-06 [27], static tensile test (PN-EN ISO 148-1:2017-02 [28]), and
Charpy V-notch test (PN-EN ISO 4136:2022-12 [29]).

The typical size of samples for impact tests according to the standard is 10 x 10 mm,
but the standard allows samples with a smaller thickness, even up to 2.5 mm. In this case it
is necessary to specify the thickness and total cross-section. The impact tests were carried
out for at least 3 samples. The V-notch was cut in the weld from the face side. A load
corresponding to impact energy of 150 ] was used for the tests.

Samples for bending test were 20.0 mm wide and two samples were taken from each
tested weld joint. The bending mandrel with a diameter of 35 mm was chosen according to
the standard for a plate thickness of 3.0 mm and elongation of the steel A = 8%, Table 2.

The samples for the static tensile test were 25.0 mm wide in the gripping part, 12.0 mm
wide and 70 mm long in the measuring part. The jaw travel speed was 0.008 mm/s.

3. Results and Discussion
3.1. Testing the Shape of Fusion Zone and the Quality of Bead-on-Plate Welds

The preliminary tests were conducted for the simulation of an autogenous laser
welding process of butt joints of 3.0 mm thick Armox 500T steel plates. The aim of this
stage of the study was to establish the range of basic laser welding parameters for butt
joints, providing full penetration and accepted quality of the welds. The influence of the
laser beam focal position on the penetration depth and shape of the fusion zone during
bead-on-plate laser welding at laser output power was 1.25 kW, with a welding speed of
0.5 m/min, and an energy input of 150 J/mm (Figure 2). As can be seen, the geometry of
the welds produced with the laser beam focused on the top surface (Figure 2a), and with
the beam focused 1.5 mm under the top surface (Figure 2c) was almost identical, Table 3. In
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this case, the width of the weld face was 2.4-2.5 mm, while the width of the weld root was
1.3 mm. Therefore, the location of the focal plane in the range from the top surface to the
center of the plate thickness (focal position from 0 to —1.5 mm) did not affect significantly
the shape of the fusion zone and penetration depth. The shape of the fusion zone of both
welds was in X configuration (also called the hourglass shape), and the depth/width ratio
of FZ 1.25 indicates that the welds were produced at keyhole mode welding. Further
lowering the focal position led to lack of penetration, and at the same time widening of the
weld face to 2.7 mm as can be seen in Figure 2d. Focusing the laser beam above the top
surface of the plate was also unfavorable, as it led to a change in shape to a Y configuration
(also called as mushroom shape) and a reduction in width of the root, Figure 2b. In this case,
the width of the weld face increased to approx. 3.0 mm, while the width of the weld root
was reduced to only 0.3 mm. Moreover, the clear tendency of porosity formation mainly
in the lower region of the welds was found in the range of the investigated parameters of
welding, regardless of whether there was a full penetration or not.

(a)

Figure 2. Influence of focal position of the laser beam on the penetration depth and shape of the
fusion zone during bead-on-plate laser welding at laser output power 1.25 kW, welding speed
0.5 m/min (energy input 150 ]/ mm, Table 3); focal position: (a) B2, f: 0 mm, (b) B3, f: 1.5 mm, (c) B4,
f: —1.5mm, and (d) B5, f: —3.0 mm.

The influence of laser output power increase by 50% on the penetration depth and
shape of the fusion zone during bead-on-plate laser welding at welding speed 0.5 m/min
is shown in Figure 3. Laser welding at the laser output power 1.0 kW and welding speed
0.5 m/min, simply calculated via the energy input (ignoring the heat transfer coefficient)
120 J/mm, resulted in a weld face width of 2.0 mm but also lack of penetration, Figure 3a.
Increasing the laser output power to 1.5 kW provided full penetration of the steel plate and
resulted in an increase in the width of the weld face to 2.6 mm. The width of the root was
1.8 mm in this case, Figure 3b. While it is obvious that the increase in laser power resulted in
an increase in heat input of welding and therefore, led to increase in penetration and width
of the fusion zone, it should be noted that the energy input is a simplified parameter and
does not directly determine the shape of the weld, especially in the case of laser welding in
keyhole mode. This phenomenon is illustrated in Figure 4 which shows different geometry
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of welds produced at the same energy input 90 J]/mm. The weld shown in Figure 4a,
produced at a laser output power 1.5 kW and a welding speed 1.0 m/min, exhibits a Y
shape fusion zone, with a weld face width of 2.7 mm and a root width of 1.2 mm. While
the weld shown in Figure 4b, produced at double the laser output power (3.0 kW) and a
welding speed (2.0 m/min), exhibits an X shape fusion zone, with a weld face width of
1.8 mm and a root width of 2.5 mm. Due to the significant difference in welding speed,
despite constant energy input, the mechanisms of material heating, melting, solidification,
and heat transfer are different. Moreover, the power density of the laser beam, as a heat
source, affects the absorptivity of laser radiation and thus the efficiency of heat transfer.
Therefore, the simply calculated energy input (based on power and welding speed) is not a
determinant of the real heat input, which depends also on the efficiency of heat transfer.

(a) (b)

Figure 3. Influence of laser output power on the shape of fusion zone during bead-on-plate laser
welding at welding speed 0.5 m/min and laser beam focused on the top surface (focal position,
f 0 mm, Table 3); laser output power: (a) B1, 1.0 kW (energy input 120 J/min), (b) B6, 1.5 kW (energy
input 180 J/min).

(@) (b)

Figure 4. Comparison of the shape of fusion zone of welds produced during bead-on-plate laser
welding at constant energy input of 90 ]/mm, but different laser output power and welding speed
(Table 3); (a) B7, laser output power 1.5 kW, welding speed 1.0 m/min; and (b) B8, laser output power
3.0 kW, welding speed 2.0 m/min.

The results of bead-on-plate laser welding also showed that the Y shape of welds
and low welding speed of 0.5 m/min favored porosity mainly in the lower area of the
weld (root porosity), Figures 2—4, and Table 3. This type of porosity is typical of laser
welding in keyhole mode. Such porosity occurs usually within a certain range of welding
parameters, and this phenomenon is related to the convection flow of liquid metal and
partial evaporation. Many research results on the phenomenon of weld porosity during
keyhole laser welding have been presented so far [18,21-23]. Some of the researchers found
that the size and type of weld porosity (e.g., uniform, transitional, or root) is related mainly
to the laser welding speed. In turn, other researchers pointed out that the porosity depends
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(a)

on the weld geometry (depth/width ratio). However, the geometry of the weld (fusion
zone) during laser welding is related to the power density of the laser beam on the material
(laser beam power relative to the surface area on which it affects, W/ cm?), and thus spot
size, focal plane position, and also heat input of laser welding (both welding speed and
laser power). Under such conditions the unstable keyhole may easily collapse. Therefore,
the collapsing molten metal from the top regions of the keyhole is thought to trap the
gases and vapors in the solidifying weld leading finally to pore formation in the weld
metal [22-24,30-32].

3.2. Microstructure and Hardness Distribution of Butt Joints

The microstructure of the base metal of 3.0 mm thick Armox 500T steel plate is shown
in Figure 5. As can be seen in Figure 5a, the base metal is characterized by very fine grains
with clear segregation shearing lines, expanding along the plate rolling direction, as a
result of inhomogeneous plastic deformation, in subsequent rolling passes. Moreover, the
microphotograph in Figure 5a may suggest the presence of dispersed fine precipitations.
In turn, based on the chemical composition, it can be suspected that they were carbides.
However, the results of the XRD analysis of the base metal of Armox 500T steel at delivery
conditions revealed peaks only from Fex’ (martensite), see Figure 6. However, it should be
noted that the detection level of the applied XRD method was about 3% for the specific y
phase. Therefore, it did not allow for the precise identification of the fine precipitations or
phases at a share lower than 3%.

()

Mag = 10.00 K X Signal A = SE2 EHT = 15.00 kV.

Figure 5. Microstructure of base metal of 3.0 mm thick Armox 500T steel plate (Tables 1 and 2);
(a) optical micrograph, (b) SEM micrograph; LM—Iath martensite, PAGB—prior austenite grain
boundary, LB—lath boundaries, RA—traces of retained austenite.

Moreover, detailed observation of the microstructure at high magnification on SEM
micrographs indicated that the base metal consisted mainly of tempered lath martensite.
Some traces of morphology typical for retained austenite can be also observed, as shown in
Figure 5b [1,3,33,34]. Planimetric analysis of the morphology typical of retained austenite
indicated its share of 1.5-2%. The typical microstructure of Armox 500T steel consists
of martensite and a few percent of retained austenite, as provided by the manufacturer
(SSAB), and proved by many studies [1,3,4,11].

However, it should be noted that the microstructure of the armor steel Armox 500T
is highly dependent on the heat treatment conditions. The microstructure changes with
decreasing cooling rate during hardening, from martensitic to martensitic-bainitic, bainitic,
bainitic-ferritic-pearlitic, to pearlitic-ferritic [3-5].

The fine-grained tempered lath martensite microstructure with a small amount of
retained austenite is most preferable from the point of view of ballistic performance [1,4,6].
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Hard tempered martensite with fine morphology and with some fraction of stable retained
austenite is able to absorb excess of strain energy through plastically induced transforma-
tion into becc-martensite. The most preferable amount of retained austenite in the case of
armor steel plates should be in the range of 3-5%, and additionally it should be stable. Heat
treatment, which leads to the precipitation of carbides and causes a significant reduction in
ballistic resistance which was described by El-Fawakhry et al. [3].

Based on the initial tests of bead-on-plate laser welding, the extreme parameters with
the highest and the lowest energy input, providing full penetration and required weld
quality with limited tendency to porosity, were chosen for autogenous butt joint laser
welding. The cross-sections of representative butt joints are presented in Figure 7. The butt
joint produced at the lowest energy input of 70 J/mm shows just a slight undercut of the
weld face (Figure 7a).
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Figure 6. XRD pattern of the base metal Armox 500T steel plate 3.0 mm thick.

However, such weld face undercuts of not more than 10% of the plate thickness are
typical and acceptable in the case of autogenous laser welding. In turn, the butt joint
produced at the highest energy input 180 ]/mm showed small single pores in the middle
region of the weld, and with a diameter of not more than 125 um (Figure 7b). The shape
and the width of the weld and heat-affected zone are obviously related to the energy
input. It is worth noting that the shape (configuration of fusion zone) and dimensions
of the butt joints differed to the bead-on-plate welds. This phenomenon is related to the
different conditions of melting and solidification of I-joint type during autogenous welding
(without filler).

The optical micrographs of the central region of fusion zone, along with the fusion
line and HAZ of the butt joints are shown in Figure 8. As can be seen, the fusion line
was sharp and clear. Therefore, the coarse-grained region of HAZ, adjacent to the fusion
line, was very narrow in the case of both butt joints. In this region, due to high tempera-
ture, a slight grain growth occurred if compared to the microstructure of the base metal.
Due to recrystallization the austenite grains transformed into martensite with possible
content of bainite and retained austenite. The XRD spectra of weld metal taken from
both joints produced at different parameters were very similar with peaks only from Fex’
(martensite), as can be seen in Figure 9. However, traces of the morphology typical for
retained austenite in weld metal can be also observed in SEM micrographs, as shown in
Figures 10b and 11b.
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Figure 7. Cross-sections of the 3.0 mm thick butt joints of Armox 500T steel produced via autogenous
laser welding (Table 4); (a) at lowest energy input of 70 J/mm (3.0 kW, 2.5 m/min), (b) at highest
energy input of 180 J/mm (1.5 kW, 0.5 m/min); BM: Base Metal, FZ: Fusion Zone, HAZgg: Fine-
Grained Heat-Affected Zone, HAZgg: Coarse-Grained Heat-Affected Zone.

Table 4. Parameters of autogenous butt joint laser welding of the 3.0 mm thick plates of Armox

500T steel.
Weld Output Welding Focal Energy Width of the Width of Fusion
Laser Power Speed Position * Input Weld Face the Weld Zone Remarks
Bead No. .
kW m/min mm J/mm mm Root Shape
BJ1 15 0.5 0 180 2.6 2.8 X FP
BJ2 3.0 2.5 0 70 2.5 1.3 Y FPU

Remarks: * position relative to the top surface of plate; Quality assessment: LF—lack of fusion, FP—full penetra-
tion, U—undercut of wed face.

In turn, the fine-grained region and partially transformed region of HAZ was directly
dependent on the energy input, as can be seen in Figures 7 and 8.

Figure 8. Optical micrographs of the middle region of fusion zone of 3.0 mm thick butt joints of
Armox 500T steel produced via autogenous laser welding (Table 4); (a) at lowest energy input of
70 J/mm (3.0 kW, 2.5 m/min), (b) at highest energy input of 180 J/mm (1.5 kW, 0.5 m/min); CG:
Columnar Grains, EG: Equiaxed Grains, FGEG: Fine-Grained Equiaxed Grains.
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Figure 9. XRD pattern of butt joints of Armox 500T 3.0 mm thick steel produced via autogenous

laser welding.
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Figure 10. SEM micrographs of butt joints produced the at lowest energy input of 70 J/mm
(Table 4); (a) HAZ adjacent to the fusion line, (b) fusion zone in the center region of weld; LM—lath
martensite, PAGB—prior austenite grain boundary, LB—lath boundaries, B—bainite, RA—traces of
retained austenite.

It should be noted that the HAZ did not end at the clearly visible “white line”, but
extended much further, as marked with red dashed lines in Figure 7a,b. The actual width
of the HAZ was identified during measurements of microhardness distribution on the
cross-section of the test joints. Additionally, the fine-grained region of HAZ was divided
into two areas marked as I and II, due to the different distribution of microhardness. As
can be see, the total width of the HAZ was twice to three times larger than the width of the
fusion zone.

The SEM micrographs taken from the “white line” zone of fine-grained HAZ of butt
joints produced at different parameters is shown in Figures 10a and 11a.

As can be seen, the microstructure of this zone differed from the base metal and fusion
zone, and the share of martensite was much smaller and its morphology was different
(small grained martensite), see Figures 10a and 11a. Other researchers also point to the
existence of a soft zone with soft patches of white ferrite phase, placed between the fine-
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grained HAZ and base metal [6,18]. However, accurate microhardness measurements on
the cross-section of the joints allowed for the precision location of areas with significant
changes in hardness. The area of lowest hardness, where the hardness drops off rapidly, is
the clearly visible “white line” in the fine-grained HAZ. In turn, between the fusion line
and the “white line”, the hardness even increases. SEM images of the microstructure in the
“white line” zone located in the fine-grained HAZ of both tested test joints indicated the
dominant share of bainite in relation to martensite, see Figures 10a and 11a.

Mag= 3.00KX Signal A = SE2 EHT = 20,00 kv H Mag = 10.00 KX Signal A= SE2 EHT =15.00 kv

Figure 11. SEM micrographs of butt joints produced the at highest energy input of 180 J/mm
(Table 4); (a) HAZ adjacent to the fusion line, (b) fusion zone in the center region of weld; LM—lath
martensite, PAGB—prior austenite grain boundary, LB—lath boundaries, B—bainite, RA—traces of
retained austenite.

The optical micrographs of the joints in the central region of welds exhibited typical
primary structure with columnar grains growing from partially melted grains at the fusion
line and equiaxed grains in the central region of the fusion zone (Figure 8). The structure of
the fusion zone and the share of columnar and equiaxed grains obviously depended on the
thermal conditions and heat input during laser welding.

The primary structure of the weld was formed during its solidification. The weld
produced at the higher heat input exhibited a thin, fine-grained zone of equiaxed grains
in the vicinity of the fusion line, which grew on partially melted grains of the base metal.
The cooling rate during solidification in this region was the highest and the molten metal
was highly supercooled. The width of this zone was approx. 40-50 um, as can be seen
in Figure 8b. When this zone was formed, it reduced the cooling rate, which reduced
supercooling and the rate of nucleation as well. Therefore, this led to the formation of
a zone of large columnar grains with a privileged crystallographic orientation, and the
direction of their rapid growth coincided with the direction of heat dissipation. The
solidification of the central zone of the weld took place with the lowest supercooling and
without a clear direction of heat dissipation. Randomly oriented nuclei passed through
the dendritic crystallization phase and grew to size depending on the thermal conditions
of the welding process. As can be seen in Figure 8b, the columnar grain size is approx.
250-300 um, which almost converged in the middle of the weld, due to which the area of
equiaxed grains in its region is narrow.

On the other hand, the structure of the weld made with lower energy input was
different, mainly due to the lower proportion of columnar grains, as can be seen in Figure 8a.
This was related to the higher rate of cooling, crystallization, and thus the difference in
the primary structure. It should be also noted that the structure on the cross-section of the
weld was not homogeneous. The results of EDS analysis of some constituents of the weld
metal of the joint produced at higher energy input (180 ] /mm) are presented in Figure 12,
Table 5. However, the higher cooling rate affected the extent and intensity of the martensitic
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transformation in the solid state, and thus the final microstructure of the weld. Moreover,
the size of martensite laths in the grains also depended on the heat input. Higher heat
input led to coarsening of the laths of martensite, as can be seen in Figures 10b and 11b.

(b)
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Figure 12. SEM micrographs of fusion zone of butt joint produced the at highest energy input of
180 J/mm (a), representative EDS spectra taken from point 1 (b) and point 4 (c).

Table 5. Quantitative results of EDS analysis in different points in fusion zone of butt joint produced
the at highest energy input (Figure 12a).

Si Cr Mn Fe
Tested Region 00 o, At.% Wt.% At% Wt.% At% Wt.% At%
Point 1 0.4 0.8 0.9 1.0 14 14 97.3 9.8
Point 2 0.4 0.7 11 11 11 12 97.4 97.0
Point 3 03 0.7 1.0 1.0 11 11 97.6 97.2
Point 4 0.3 0.6 0.7 0.7 0.9 1.0 98.1 97.7
Point 5 0.4 0.9 0.8 0.9 18 19 96.9 96.4
Point 6 05 11 0.9 1.0 13 13 97.2 9.6

Microhardness measurements conducted on cross-sections of the butt joints showed
that the base metal of Armox 500T steel was characterized by the microhardness ranging in
470-510 HV0.2 (Figure 13).

The microhardness distribution across the joint welded at lower energy input of
70 J/mm was very uniform with low scatter. The microhardness of the fusion zone was
slightly lower compared to the BM from 477 to 480 HVO0.2 (Figure 13). The highest values
up to 526 HV0.2 were determined in the first region “I” of HAZ, see Figures 7a and 13a. As
can be seen in Figure 13a, the rapid drop of the microhardness to375-390 HV0.2 occurred
exactly at the sharp “white line”. Then the microhardness increased gradually in the second
region “II” of HAZ up to the microhardness of the base metal. A similar microhardness
distribution occurred in the case of the joint welded at higher energy input of 180 J/mm.
However, the width of the characteristic zones was larger, the microhardness values were
different and the scatter of results was greater. It is worth noting that the microhardness
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was measured along three parallel lines, but the error bars were omitted so as not to reduce
the clarity of the graphs, especially for the joint welded with higher energy input. As
can be seen, the microhardness in the fusion zone varied in range from 446 HVO0.2 to
525 HVO0.2 (Figure 13b). There was also significant scatter of result in the coarse-grained
HAZ adjacent to the fusion line. In this region the microhardness varied from 437 HVO0.2 to
517 HV0.2 (Figure 13b). Similar to the previous joint, the maximum value of microhardness
531 HV0.2 was determined in the first region “I” of HAZ. The drop in microhardness at the
“white line” zone was even greater and reached 315-345 HV0.2 (Figure 13b). Although, the
decrease was significant, the microhardness level was typical of bainitic structure rather
than ferritic structure.

(a) (b)
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Figure 13. Microhardness distribution on the cross-section of 3.0 mm thick butt joints of Armox 500T
steel produced via autogenous laser welding (Table 4); (a) at lowest energy input of 70 J/mm (3.0 kW,
2.5 m/min), (b) at highest energy input of 180 J/mm (1.5 kW, 0.5 m/min).

The hardness distribution was obviously related to the change in microstructure
caused by the thermal cycle, i.e., the temperature range and cooling rate. Determining the
temperature distribution in the HAZ under laser welding conditions is not easy due to the
high temperature gradient and high traveling speed of the heat source. However, it can
be assumed that at the fusion line the temperature reaches the melting point, as indicated
in Figure 13. On the other hand, the influence of heat treatment of Armox 500T steel on
hardness, tensile strength, and impact strength is well studied and there are many articles
in this area. Hyeon-Seok et al. [35] found that there is no significant decrease in hardness at
the tempering temperature of 150-200 °C. In turn, at the tempering temperature of 600 °C,
the hardness decreased to approximately 320 HV [35].

The sudden drop in microhardness in the HAZ can be explained after estimating
the temperature distribution in this area. If it is assumed that the hardness in the HAZ
is proportional to the tempering temperature of Armox 500T steel, then characteristic
temperature can be assigned to the boundary lines, as shown in Figure 13. An increase in
the tempering temperature of Armox 500T steel up to 600 °C generally leads to coarsening of
the martensite laths, carbon diffusion and a decrease in the dislocation density in martensite,
as well as carbide precipitation. In turn, in the HAZ area, where the temperature is between
700 °C up to the fusion line, recrystallization of the primary structure takes place.

In the earlier work Lisiecki A. [15] proposed a methodology for determining the cool-
ing time in the temperature range of 800 and 500 °C (tg/s5), i.e., in the HAZ recrystallization
zone under autogenous laser welding conditions. Since the detailed methodology for
determining the cooling time tg 5 is presented in this reference [15], it was omitted in the

53



Materials 2024, 17, 3427

current work. The cooling times determined according to this methodology for the butt
joints of Armox 500T were 0.45 s for the heat input of 70 ] /mm (BJ2) and 2.98 s for the heat
input of 180 J/mm (BJ1), respectively.

3.3. Mechanical Properties and Fracture Mode of Butt Joints

The results of technological bending test of butt joints of 3.0 mm thick Armox 500T
steel autogenously laser welded revealed low plasticity of the welds and HAZ of the joints.
While the base metal of Armox 500T steel should withstand a full bending angle of 180°,
the butt joint’s failure occurred at a bending angle of just 25-35°, Figure 14, Table 6.

(@) (b)

Figure 14. A view of the samples after technological bend test (weld root bending) of 3.0 mm thick
butt joints of Armox 500T steel produced via autogenous laser welding (Tables 4 and 6); (a) at lowest
energy input of 70 J/mm (3.0 kW, 2.5 m/min), (b) at highest energy input of 180 J/mm (1.5 kW,
0.5 m/min).

Table 6. Results of the technological bending test of 3.0 mm thick butt joint of Armox 500T steel
produced via autogenous laser welding (Table 4), according to the PN-EN ISO 5173:2023-06 standard,

Figure 14.
Joint/Sample Type Test Type Bending Angle, ° Remarks/Location of Failure
Face bend 35 Longitudinal ar.ld trgnsverse fracture along the
JA (707 /mm) entire width/HAZ/FZ
Root bend 32 Longitudinal fracture along the entire width/HAZ
Face bend 25 Longitudinal fracture along the entire width/HAZ
JB (180 J/mm) o o
Root bend 28 Longitudinal fracture along the entire width/HAZ

Remarks: HAZ—heat-affected zone, FZ—fusion zone.

The results of static tensile test of butt joints of 3.0 mm thick Armox 500T steel autoge-
nously laser welded has shown satisfactory ultimate tensile strength, especially in the case
of the joint welded at the highest energy input, although the rupture occurred at the HAZ
location with the lowest hardness. The mean value of tensile strength for samples of the
joint welded at 180 ] /mm was over 1400 MPa (Figure 15 and Table 7).

On the other hand, the joint welded at the lowest energy input of 70 ]/ mm showed
lower tensile strength, which was related to the crack location at the fusion zone boundary
(Figure 15 and Table 7). However, in this case, the zone between the fusion line and the
region of the lowest microhardness was very narrow, approximately 0.5 mm, so it was
not possible to clearly identify the place where the crack was initiated. Additionally, a
decrease in hardness was also identified near the fusion line, which may indicate a decrease
in strength in this area, Figure 13a.
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Figure 15. A view of broken samples after the static tensile tests of butt joint of Armox 500T steel
produced via autogenous laser welding (Table 4) at lowest energy input of 70 ] /mm.

Table 7. Results of static tensile test of 3.0 mm thick butt joint of Armox 500T steel produced via
autogenous laser welding (Table 4), according to the PN-EN ISO 148-1:2017-02 standard, Figure 15.

Joint Type Sample No. Tensile Strength Rm, MPa  Location of Failure
JA1 1373.09 FZ/HAZ
JA (70J/mm)
JA2 1369.14 FZ/HAZ
JB1 1402.39 HAZ (weakest zone)
JB (180 J/mm)
JB2 1401.29 HAZ (weakest zone)

Remarks: HAZ—heat-affected zone, FZ—fusion zone, BM—base metal.

The hardness drop and weakening of the material in HAZ was related with coarsening
the microstructure due to thermal cycle, especially in the region of coarse-grained HAZ
but also as a result of tempering and the related structure transformation resulted in the
formation of bainitic microstructure in a certain zone; this can be seen as a white line in the
HAZ. Moreover, in the case of the investigated steel the thermal cycle in HAZ may lead to
the transformation of the retained austenite into bainite, which is less ductile, and also to
precipitation of complex carbides such M»3Cy and M7;C3 [24,30-32,34,36,37].

The results of Charpy V-notch test of the butt joints 3.0 mm thick of Armox 500T
steel produced via autogenous laser welding at different energy inputs, tested at room
temperature, and also at reduced temperature are summarized in Table 7. As can be seen,
the impact toughness of the welded joints tested at 20 °C (room temperature) was at the
level required for the base metal of Armox 500T steel at —40 °C, Tables 2 and 7. In turn,
the impact toughness of the welded joints tested at —20 °C is approximately 25-30% lower
than values determined at room temperature.

The fracture surface of the Charpy impact samples were examined under SEM mi-
croscope to determine the mode of fracture of butt joints produced at different heat input
and different temperature. As can be seen in Figures 16b and 17b, the fracture surface
of samples tested at —20 °C showed mainly cleavage fracture mode for both joints. The
cleavage facets and very limited amount of dimples, as well as microvoids and holes can
be observed on the fracture surface in the case of joint produced at the lowest energy input
of 70 J/mm (Figure 16b). In turn, the fracture surface of the joint produced at the higher
energy input of 180 ]/ mm shows rather quasi-cleavage facets with clear shearing areas and
tear ridges (Figure 17b). This also corresponded with the higher impact energy absorbed
during the tests by this joint (9.5 J), compared to the joint produced at lower energy input
(8.6]), as seen in Table 8.
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Figure 16. SEM images of fracture surfaces of Charpy impact samples of butt joints produced the at
lowest energy input of 70 J/mm (Table 4); (a) tested at 20 °C, (b) tested at —20 °C.

@ , O

EHT = 1000KV Mag= 700X 20 um EHT= 500kV  Mag= 100K X 20 um
WD=17.1mm  Signal A=SE2 i WD=70mm  Signal A =InLens

Figure 17. SEM images of fracture surfaces of Charpy impact samples of butt joints produced the at
lowest energy input of 180 J/mm (Table 4); (a) tested at 20 °C, (b) tested at —20 °C.

Table 8. Results of Charpy V-notch test of 3.0 mm thick butt joint of Armox 500T steel produced
via autogenous laser welding (Table 4), according to the PN-EN ISO 4136:2022-12 standard, see
Figures 16 and 17.

Joint Type Temlzler;;ure of Charpy Mean Value of Absorbed Mean Value of Impzact
—Notch Test Impact Energy, J Toughness, J/cm
20°C 11.4 34.2
JA 701 fmmy —20°C 8.6 258
20°C 13.3 39.9
JB (180 J/mm) —20°C 9.5 28.5

In turn, the samples tested at 20 °C (room temperature) indicated a mixed mode of
fracture with dimples that can be seen on the surfaces. Such fracture surface topography
indicated that the progress of damage partially followed a void growth and subsequent
coalescence (Figure 16a,b). The fracture surfaces in Figures 16a and 17a showed a large
density of the fine dimples of different sizes. Some microvoids and holes can be also
identified on fracture surfaces of both tested joints. However, more ductile dimples may be
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observed on the fracture surface of the joint produced at higher energy input. The results
of impact test also showed higher impact energy absorbed by the joint (13.3 J), compared to
the joint produced at a lower energy input (11.4 J).

In general, the drop of impact toughness of weld metal was mainly related to the grain
size coursing and grain orientation [24,30,33]. Considering that higher energy input of
laser welding leads to grain growth, it can be concluded that the grains orientation had a
greater influence on the impact characteristics of the tested butt joints produced within the
specific parameters and conditions of welding.

4. Conclusions

Based on the results of the study on autogenous laser welding of 3.0 mm thick Armox
500T plates, the following conclusions were drawn:

- Low welding speed of 0.5 m/min and Y-type shape of fusion zone favor porosity in
the bottom of the weld (root porosity), which is a common problem during keyhole
laser welding.

- Welding at higher speed provided a columnar (I configuration) or hourglass (X con-
figuration) shape of the fusion zone, and eliminated the risk of porosity. Therefore,
it was possible to ensure satisfactory quality of butt joints, characterized by a proper
geometry, and no internal defects.

- Microstructure of the fusion zone and HAZ was related directly to the energy input
of laser welding, thus thermal conditions of solidification and cooling rates. The
dominant phase constituent in the fusion zone and HAZ was martensite. The fusion
zone consisted of columnar and equiaxed grains with the size of martensite dependent
on the energy input of laser welding process.

- Thebuttjoints were characterized by significantly lower microhardness in HAZ due to
transformation of microstructure into bainitic in the specific zone. Therefore, the static
tensile strength of the joints was lower that the base metal. Impact tests conducted at
reduced temperature (—20 °C) showed a reduction of the impact toughness by approx.
25-30%, if compared to the values achieved at room temperature. The fracture surface
of samples tested at —20 °C exhibited clearly a cleavage fracture mode, while the
samples tested at 20 °C exhibited a mixed mode of fracture with some dimples.

- Narrow weld and HAZ may be beneficial from the point of view of the ballistic
performance of the butt joint of armor plates.

- Itis planned to continue research in the field of laser welding greater thicknesses of
armor plates.
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Abstract

Laser weld quality remains a critical priority across nearly all industries. However, iden-
tifying optimal laser parameter sets continues to be highly challenging, often relying on
costly, time-consuming trial-and-error experiments. This difficulty is largely attributed
to the severe fluctuations and instabilities inherent in laser welding, particularly keyhole
instabilities. This study examines the impact of laser power modulation parameters, which,
when properly applied, have been found effective in controlling and minimizing process
instabilities. The investigated parameters include different pulse shapes (sinusoidal and
cosinusoidal) and their associated characteristics, namely frequency (100-800 Hz) and
amplitude (1000-4000 W). The impact of these modulation parameters on keyhole mode
laser spot welding performance in aluminum is investigated. Using a Taguchi experimental
design, a series of tests were developed, focusing on eight key welding responses, including
keyhole dimensions, mean temperature, and the variability of instability-inducing forces
and related factors affecting process stability. Grey relational analysis (GRA) combined
with analysis of variance (ANOVA) is applied to identify the optimal combinations of
laser parameters. The results indicate that low amplitude (1000 W), low to intermediate
frequencies (100-400 Hz), and cosinusoidal waveforms significantly enhance weld qual-
ity by improving process stability and balancing penetration depth. Among the factors,
amplitude has the greatest impact, accounting for over 50% of the performance variation,
followed by frequency and pulse shape. The findings provide clear guidance for optimizing
laser welding parameters to achieve stable, high-quality aluminum welds.

Keywords: keyhole; surface tension; darcy damping force; instability; optimization; RSD;
GRA analysis; ANOVA

1. Introduction

Aluminum and its alloys are widely used in industry due to their high strength-to-
weight ratio, corrosion resistance, and excellent electrical conductivity [1]. Being nearly
three times lighter than steel and about half the weight of titanium, they are particularly
suitable for electric vehicle body structures and battery components [2].

Laser welding is widely adopted in the automotive and aerospace sectors for pro-
ducing deep, precise welds in aluminum alloys [3,4]. However, challenges persist due to
aluminum’s high reflectivity, thermal conductivity, and oxidation tendency [5]. Pulsed
wave (PW) lasers help address these issues by using high initial energy density to overcome
reflectivity while maintaining controlled average power to reduce overall heat input [6,7].
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Keyhole-mode laser welding, a deep penetration technique for aluminum alloys, has been
widely studied due to its complex process control. This mode typically initiates at a power
density around 10® W/cm?, where intense metal vaporization creates a keyhole and in-
duces recoil pressure [8]. Keyhole-mode laser welding enhances productivity with welding
speeds up to 20-30 times faster, while optimized parameters improve the mechanical
properties of welded aluminum components [9].

Porosity is a common challenge in aluminum welding, mainly due to hydrogen
solubility and keyhole instability. The evaporation of volatile alloying elements (e.g., Zn,
Mg, and Li) further destabilizes the process [5]. Additionally, the narrow process window
and rapid keyhole formation within microseconds complicate experimental studies due to
erratic weld pool and keyhole behavior [10]. Inherent instabilities in keyhole laser welding
limit its broader industrial adoption. Keyhole stability depends on the dynamic interplay of
highly transient and fluctuating forces, such as surface tension (Marangoni and curvature
effects), recoil pressure, hydrostatic and hydrodynamic pressures, and Darcy damping.
Balancing these forces is essential to improve stability and reduce defects [11,12].

Laser power manipulation has shown effectiveness in controlling instabilities. Arda-
haei et al. provided insights into the numerical modeling of keyhole instabilities in laser
spot welding of aluminum using power wave modulation (PWM) [12,13]. Their study
revealed that curvature effects and Darcy damping forces are key contributors to keyhole
instability. Optimized pulse shapes, such as single- or quadruple-peak triangular and ramp-
down rectangular pulses, effectively reduced spontaneous force fluctuations, enhancing
process stability and minimizing defect probability. In a separate study, they demonstrated
that rectangular pulses increased penetration depth by over 80% compared to continuous
wave (CW) lasers, with power and frequency modulation significantly affecting keyhole
behavior. Matasunawa et al. [14] showed that PWM considerably minimizes porosity by
stabilizing keyhole and molten pool behavior. Tsukamoto et al. [15] further demonstrated
that aligning modulation frequency with the molten pool’s natural oscillations significantly
enhances keyhole stability and minimizes porosity formation. Zhang et al. [16] investigated
sinusoidal power modulation in fiber laser welding of AZ31B magnesium alloy, report-
ing improved energy coupling, reduced underfill, refined microstructure, and enhanced
mechanical properties due to improved keyhole and melt pool stability. Heider et al. [17]
studied copper welding and found that sinusoidal power modulation, particularly at
normalized frequencies of 0.2-0.4, reduced defects like pores and melt ejections by up to
90%, while improving keyhole stability. They optimized parameters such as modulation
frequency, amplitude, and focal size to achieve deeper, more stable penetration.

A review of the literature indicates a gap in multi-response optimization for keyhole-
mode laser welding of aluminum. While several researchers have proposed such tech-
niques, most studies have lacked a comprehensive approach to simultaneously optimize
multiple desired outcomes. Omoniyi et al. [18] applied the Taguchi method combined with
grey relational analysis (GRA) to optimize the laser welding of Ti6Al4V, balancing bead ge-
ometry and micro-hardness. Their study highlighted GRA’s effectiveness in multi-objective
welding problems where single-response optimization is insufficient. In another research,
Tsai et al. [19] used Taguchi-GRA to optimize multiple quality attributes, such as roundness,
taper, and HAZ, in the laser drilling of acrylic. By integrating diverse metrics into a single
grey relational grade, the method effectively identified optimal parameters and balanced
trade-offs among competing objectives, demonstrating GRA’s strength in multi-response
optimization. This study presents a numerical investigation of keyhole-mode laser spot
welding on aluminum, experimentally validated and optimized using Taguchi-based GRA.
A novel cosinusoidal PWM profile was introduced and compared with continuous and
sinusoidal profiles to assess its effectiveness in minimizing keyhole instabilities. GRA was
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employed to address the lack of robust multi-response optimization methods, enhancing
simulation precision by reducing factors contributing to instability.

2. Experimental Details and Materials

Figure 1 shows the experimental setup for laser spot welding on aluminum using
continuous, sinusoidal, and cosinusoidal pulse profiles. A fiber pulsed laser machine (IPG
YLS-6000: Ytterbium Laser, IPG Photonics Corporation, Marlborough, MA, USA) with a
maximum output laser power of 6 kW and a laser wavelength of 1090 nm was utilized
to perform laser spot welds on test samples. The focal length of the laser was 300 mm,
producing a beam diameter of 0.3 mm. The laser system used in this study was manu-
factured by IPG Photonics Corporation, headquartered in Marlborough, Massachusetts,
United States. The material being used was Aluminum 6061 with a 2 mm thickness. A
series of continuous, sinusoidal, and cosinusoidal laser pulses were used to create laser
spots on the material. The surface was brushed prior to welding to remove contaminants
and prevent oxidation. Due to aluminum’s high reflectivity, a 7.5 degree deviation was
applied to the laser head to avoid damaging the welding head. The thermal properties of

aluminum 6061 are listed in Table 1.

Robotic arm

Figure 1. Experimental setup of the laser welding system: (a) laser source (IPG YLS-6000: Ytterbium
Laser), (b) laser welding head and components.

Table 1. Thermophysical properties of 6061-T6 aluminum alloy [20,21].

Property Symbol Magnitude
Solidus temperature Ts 873.13 (K)
Liquidus temperature T; 915.15 (K)
Vaporization temperature Ty 2760 (K)
Thermal conductivity of solid ks 235 (W/m/K)
Thermal conductivity of liquid k; 90 (W/m/K)
Density of solid 0s 2660 (kg/ m?)
Density of liquid 01 2380 (kg/m?)
Latent heat of melting Ly 3.87 x 10° (J/kg)
Latent heat of vaporization Ly 1.05 x 107 (J/kg)
Specific heat capacity of solid Cpss 870 (J/kg/K)
Specific heat capacity of liquid Cpi 1170 (J/kg/K)
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Table 1. Cont.

Property Symbol Magnitude
Convective heat transfer coefficient h 20 (W/m2/K)
Coefficient of linear thermal expansion B 2.8 x 1072 (1/K)
Dynamic viscosity u 1.3 x 1073 (Pa.s)
Coefficient of surface tension o 0.95 x (1+0.13 x (1 — T/Tm))"¢7 (N/m)
Temperature-dependent surface tension coefficient do/aT —0.15 x 1073 (N/m/K)
Radiation emissivity ¢ 0.2

3. Methods and Configurations

Laser spot welding was simulated using a 2D axisymmetric model in COMSOL
Multiphysics 5.6, justified by the rotational symmetry of the stationary laser beam around
the vertical z-axis. This setup allowed for efficient representation of 3D behavior via
symmetry. This study investigated the pulse modulation impact by applying sinusoidal
and cosinusoidal laser power distributions, focusing on keyhole stability and overall
welding efficiency. The study applied sinusoidal and cosinusoidal laser power profiles
to examine their impact on keyhole stability and welding efficiency. The computational
domain and power profiles are shown in Figure 2. Boundaries ABGF and EGCD represent
air and aluminum, respectively. A Gaussian beam was used to model the laser heat source.
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Figure 2. (a) Schematic 2D axisymmetric representation of numerical sample geometry and results in
COMSOL Multiphysics. (b,c) Examples of sinusoidal power profiles under constant and variable
amplitudes/frequencies. (d,e) Examples of cosinusoidal power profiles under constant and variable
amplitudes/frequencies.

3.1. Heat and Fluid Dynamics

A detailed description of the numerical methods, governing equations, and mesh
sensitivity analysis used in this study is available and verified in our previous publica-
tions [12,13]. A brief summary is provided here, as the focus is on developing and applying
a novel optimization technique. The modified level set (LS) method [22], modified mix-
ture theory (MMT) [13,23], and the thermal enthalpy porosity technique (TEPT) [24,25]
were used to model multiphase interactions during laser welding. These models were
employed due to their proven effectiveness in dealing with phase transformations, keyhole
morphology, and fluid flow. These approaches effectively capture vapor/liquid interac-
tions (via LS/MMT) and solid/liquid interactions (via MMT/TEPT), ensuring reliable
simulation results. MMT also facilitates finite element calculations across multi-phase
elements applying mixture effects [13,23]. The model incorporated recoil pressure, surface
tension forces, Darcy damping force, evaporation and mass loss, buoyancy, and surface
dynamics. The numerical framework of this study was based on several assumptions
to simplify the complex multiphase simulation: (a) Newtonian, incompressible laminar
flow; (b) temperature-independent thermophysical properties; (c) mushy zone as a porous
medium [12]; (d) neglecting multiple beam reflections; and (e) treating vaporized material
as an ideal gas. The transport phenomena across all phases were modeled by solving the
modified forms of energy (Equation (1)), mass (Equation (2)), and momentum (Equation (3))
conservation equations, and the LS (Equation (4)) equation.

4)

0Cy S +0CyH VT = V-(KVT) + (q1aser — Quapor)3(9) (1)
Vi = 6(¢)mp_t <P1;2P'0> ()
= — =\ T — - Py
(v )) — Vo pl 4 (Vi + (v) 1) +08 — 0BT — Toetting) 39 — WKV + (1k — Vsy-0)3() @)
p) N % Vv \Y
a(f +u-Vo —6(¢p)mpy_r % + f{zz) + 75 V- <<P(1 - ¢)% - €lsv¢) =0

The energy equation (Equation (1)) includes the velocity vector i, specific heat capacity

Cp, temperature T, thermal conductivity k, and time ¢. The laser energy heat source g4,
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is defined as (ZD(PLuser/ nRg £ f)exp ( —2r2/ R? f f) B; where Py, is the peak laser power,
By is the analytic pulse-shaping function, « is the aluminum absorptivity, and R, is the
effective beam radius. Energy loss due to evaporation, Quapor, is calculated as —Lymy_p,
where Ly is the latent heat of vaporization, and mpy_; refers to the mass loss due to
evaporation, defined as (1 — B,) vVM/27R (Psgt(T) /T ) The saturated vapor pressure
Psat is determined by Pagmexp[(1 — (T /T)) ML,/ RTy) [26]. Here, By is the retro-diffusion
coefficient, R the universal gas constant, and M the molar mass of vaporized particles.
A delta function §(¢), characterized using the LS variable ¢, applies the laser heat flux
and energy loss due to evaporation only at the vapor/liquid interface (where ¢ = 0.5).
Equation (2) represents the modified mass conservation equation incorporating a source
term to add the impact of recoil pressure [25,27]. Equation (3) represents the momentum
conservation, including the dynamic viscosity p, pressure and viscous stresses, gravity,
buoyancy, Darcy damping, and surface tension forces. The Darcy drag coefficient K,
is defined with a relation as ((180 /d?) (1 — Vl)2) /( Vl3 + b)), with d, the dendrite size

constant set to 102 cm [28], and b, the constant used to avoid division by zero. f; and
T

€7> are the volume thermal expansion coefficient and the transpose of velocity vector
gradient. V] is the liquid volume fraction, assigned to one above the liquidus temperature,
zero below the solidus temperature, and (T — Ts)/(T; — Ts) between the two [24,29,30].
Equation (4) is the modified LS equation, improved by adding a gas dynamic source term
to model vaporization effects due to mass loss and vapor pressure at the vapor/liquid
interface [22]. Parameters 7;; and €5 are the reinitialization and the interface thickness
values, respectively, set based on sensitivity analysis [13]. V1 and V}, denote the gas and
solid/liquid volume fractions.

3.2. Optimization Approach

The Taguchi-based GRA was performed to optimize the numerical data from cosinu-
soidal and sinusoidal power profiles for enhancing keyhole laser welding performance on
aluminum.

3.2.1. Taguchi Design

The Taguchi method enhances product quality through system, parameter, and toler-
ance design strategies. This study adopted parameter design, focusing on identifying robust
parameter settings through controlled experimentation. An orthogonal array (OA) was
used to structure the experimental layout, minimizing the number of simulations. The se-
lection of OA was guided by computational cost, time constraints, and study objectives [31].
The total degrees of freedom (DOF) of the experiment are defined in Equation (5).

DOFexperiment = Z DOFfactor + Z DOFinteractions (5)

Table 2 lists the factors and levels used in the Taguchi design. The interaction DOF
between two factors was calculated as the product of their individual DOFs, where each
factor’s individual DOF was one unit less than its number of levels.

Table 2. Investigated factors and levels.

Symbol Parameter Level
1 2 3 4
A Pulse Shape Sinusoidal ~ Cosinusoidal ~ N/A N/A
B Frequency (Hz) 100 200 400 800
C Amplitude (W) 1000 2000 3000 4000
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This study considered three factor interactions: A X B, A x C, and B x C. The total
DOF yielded [(2—1) +2 x (4 — 1)}DOFme +[2% (1 x3) + (83X 3)]5x DoF, pmegions = 22- A
suitable OA must have a DOF equal to or greater than this value. Accordingly, an L3,
OA was selected to fully capture all main and interaction effects influencing the keyhole
welding process, as shown in Table 3.

Table 3. Chosen L32 mixed OA values.

Experiments A B C
1 1 1 1
2 1 1 2
3 1 1 3
4 1 1 4
5 1 2 1
6 1 2 2
7 1 2 3
8 1 2 4
9 1 3 1

10 1 3 2
11 1 3 3
12 1 3 4
13 1 4 1
14 1 4 2
15 1 4 3
16 1 4 4
17 2 1 1
18 2 1 2
19 2 1 3
20 2 1 4
21 2 2 1
22 2 2 2
23 2 2 3
24 2 2 4
25 2 3 1
26 2 3 2
27 2 3 3
28 2 3 4
29 2 4 1
30 2 4 2
31 2 4 3
32 2 4 4

3.2.2. Grey Relational Analysis (GRA)

The primary objective of this study was to optimize the welding process by minimizing
keyhole instability. Our previous work confirmed that large fluctuations in surface tension,
Darcy damping force, and velocity significantly increase the likelihood of keyhole collapse
by promoting instability [12]. Additionally, parameters such as mean temperature, keyhole
depth, and width are critical for ensuring mechanical integrity and welding efficiency.
Therefore, a multi-response optimization technique was developed to simultaneously
account for these key parameters and their desired behaviors.

e  Grey relational analysis (GRA)

The GRA approach is a technique that takes into account all the responses and com-
bines them into one particular response by transforming them into Grey relational grades
(GRGs) [18,19]. This study aimed to optimize desirable responses, such as keyhole depth,
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width, and mean temperature, while minimizing relative standard deviations (RSDs) of the
Darcy damping force, surface tension, and velocity as key contributors to instability. The
response objectives are summarized in Table 4. Preprocessing involved converting the raw
data into a comparable format. The equations for calculating the standard deviation (SD)
and RSD of the fluctuating forces and velocity are shown in Equations (6) and (7). The GRG
computation followed three steps: normalization, Grey relational coefficient (GRC) calcula-
tion, and final GRG evaluation, with normalization performed using either Equation (8)
or Equation (9), depending on the objective type being chosen as ‘larger-the-better” or
‘smaller-the-better” [32].

i S —(i)\?
SD](.) = \/1/n;(x]()(t) —x](.)) (6)

(i) _ (i) ;=)
RSD) = (SDj /%, ) % 100 @)
Xij* = (Xz] — min (X] ) / (maxX]- - T’I’llTlX]) (8)
Xii* = (maxXj — Xjj) / (maxX; — minX;) )

In Equations (6) and (7), x](i) (t) denotes the time-dependent value of the j-th response
(e.g., surface tension, Darcy damping force) for the i-th test at time step ¢, and YJ@ rep-
resents its mean over all n = 1000 simulation steps sampled from f =0 to t = 0.01 s. In
Equations (8) and (9), X;; and Xij* are the original and normalized values of the j-th re-
sponse of the i-th test. X; is defined as a set of all values of the j-th response across all 32
experiments or test cases (X; = {le, Xoj, .o ngj}). All the response values were scaled

into [0, 1] using these equations (Equations (8) and (9)).

Table 4. Chosen L32 mixed orthogonal array values.

Parameter Objective Reason
Keyhole depth/width Higher the better Deeper welds
Mean temperature Smaller the better Less overall material heat exposure

RSD of Darcy damping force
RSD of surface tension force Smaller the better
RSD of velocity

Reduced variability of parameter over time
Fewer fluctuations; less instability

The next steps are devoted to calculating the deviation from the ideal normalized
value and the GRC, which are shown in Equations (10) and (11) [32]. Finally, the GRG can
be calculated using Equation (12).

Aij _ ‘Xij*,ideal _ Xl]* (10)

GRCij = (Amin + gAmux)/ (Aij + ‘:Amax) (11)
m

GRG; = (1/m))_ GRCj; (12)

j=1
where A;; denotes the deviation of the normalized response from the ideal normalized
response (typically taken as 1), while A,,;;, and A,y represent the minimum and maximum
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possible deviations, usually set to 0 and 1. The distinguishing coefficient ¢, ranging from 0
to 1, was set to 0.5 for stability [18,32]. In Equation (12), m is the total number of responses
considered in this analysis (here, m = 8).

e  Analysis of variance (ANOVA)

The performance of the tests, factors, and levels in the Taguchi method was analyzed
using a statistical measurement approach known as ANOVA. This quantified the contri-
bution of each factor, their main effects, interactions, and associated errors on the overall
response. Since the optimization data were obtained from single-run numerical simulations,
standard ANOVA was applied without considering noise factors. The analysis assessed
the statistical significance of each factor on the optimized response, represented by the grey
relational grade (GRG).

3.3. System, Software, and Calculation Details

COMSOL Multiphysics 5.6 was used for simulations on a Lenovo ThinkStation P720
equipped with an Intel® Xeon® Gold 5118 CPU (12 cores, 24 threads) and 128 GB RAM. The
CPU was produced by Intel corporation, based in Santa Clara, California, USA. The system
was assembled by LENOVO, headquartered in Beijing, China. Three physics interfaces,
including Heat Transfer in Fluids, Laminar Flow, and Level Set, were employed and coupled
using the Non-Isothermal Flow and Two-Phase Flow interfaces. These ensured accurate
modeling of three-phase phenomena by linking the heat transfer, fluid flow, and level
set dynamics. A time step of 10 us was used, with an extra-fine mapped mesh (0.02 mm
quadrilateral elements) optimized for fluid dynamics. PARDISO solvers were applied:
a nested dissection multithreaded version for fluid flow and an automatic preordering
version for the Heat Transfer and Level Set equations. The optimal interface thickness
and reinitialization parameter for the level set method were set to 5 m/s and 0.03 mm,
respectively, ensuring better computational efficiency. All mathematical calculations related
to the optimization technique were performed using Microsoft Excel.

4. Results and Discussion

This section presents the experimental and numerical results, optimization outcomes,
and ANOVA analysis for laser spot welding on aluminum using sinusoidal and cosi-
nusoidal power profiles. Eight key criteria were used to guide the optimization, with
emphasis on minimizing keyhole instabilities and enhancing penetration depth and width.
Parameters such as the mean temperature, RSDs of surface tension and Darcy damping
forces, maximum fluid velocity, and keyhole geometry were analyzed to determine the
optimal welding conditions.

4.1. Experimental Results and Validation

The effects of the sinusoidal and cosinusoidal laser power profiles were evaluated
against the conventional continuous profile through laser spot welding trials. Cross-
sectional and top-view images (Figures 3 and 4) illustrate that both the weld depth and
width increased with modulated profiles. Specifically, the depth and width increased
from 0.755 mm and 1.788 mm (continuous) to 0.900 mm and 1.985 mm (cosinusoidal,
2000 W amplitude), and further to 1.119 mm and 2.011 mm (sinusoidal, 2000 W amplitude).
Moreover, increasing the amplitude from 1000 W to 2000 W at 100 Hz further enhanced the
weld geometry. For the cosinusoidal profiles, the depth and width increased from 0.781 mm
and 1.874 mm to 0.900 mm and 1.985 mm; for the sinusoidal profiles, they increased from
0.813 mm and 1.890 mm to 1.119 mm and 2.011 mm.
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_(a) Sinusoidal laser power profile.

(b) Continuous laser power profile.

T mm
R

(c) Cosinusoidal laser power profile.

Figure 3. Cross-sectional view of the samples under different laser power profiles using an identical
total laser energy of 40 j (4 kW over 10 ms) for (a) sinusoidal laser power profile under various laser
power amplitudes, (b) continuous laser power profile, and (c) cosinusoidal laser power profile under
various laser power amplitudes.

(b) CW versus cosinusoidal laser power profile.

Figure 4. Top view of the laser spots produced under CW and sin/cosinusoidal laser power profiles
for (a) comparison of CW with sinusoidal laser power profiles with varying laser power amplitudes
(left to right: CW, Sin: A = 2000, 1500, 1000) and (b) comparison of CW with cosinusoidal laser power
profiles with varying laser power amplitudes (left to right: CW, Cos: A = 2000, 1500, 1000).

Figure 4 presents top-view images of the laser spots under different power profiles.
The weld width increased with both sinusoidal and cosinusoidal profiles and further
widened with higher power amplitudes compared to the continuous mode. These results
confirm the superiority of modulated profiles in achieving greater depth-to-width ratios
using the same total laser energy.

The numerical simulation was validated by comparing the simulated weld width
and depth with the experimental results for three cases: the sinusoidal, cosinusoidal
(100 Hz, 2000 W), and continuous power profiles. As shown in Figure 5, the simulated
keyhole and molten pool dimensions closely matched the experimental measurements, with
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minimal error. This strong agreement confirms the reliability of the simulation approach in

accurately predicting weld geometry and keyhole behavior.

(a) Continuous. (b) Cosinusoidal. (c) Sinusoidal.

Figure 5. The numerical and experimental results of the top view and cross-section comparisons for
(a) CW, (b) cosinusoidal (A = 2000, f = 100), and (c) sinusoidal (A = 2000, f = 100); the black dashed
lines in the cross-section images represent the weld zone and HAZ, while the white dashed lines
represent the numerically-derived weld zone and keyhole lines. CS is short for cross-section view,
and TV is the top view.

4.2. Numerical Results and Optimization Procedures

Following the confirmed improvements in weld geometry using the sinusoidal and
cosinusoidal profiles, the numerical study was extended to explore various frequencies
and amplitudes under a constant total laser energy of 40 ] for consistency. Using the
Taguchi method (Tables 2 and 3), 32 simulations were performed. GRA and ANOVA
were applied to determine the optimal welding parameters. The numerical results for the
eight optimization criteria are summarized in Table 5 and Figure 6, with GRA-related and
ANOVA data presented in Tables 6 and 7.

Table 5. The obtained test results for eight response variables under varying frequencies and
amplitudes (RSD Sury,: RSD of surface tension in the radial or axial direction).

Test _Keyhole  Keyhole Width RSD Tem“:::a“ture RSD RSD RSD RSD
Depth (mm) (mm) Velocity (%) (K) Darcy; (%)  Darcy, (%)  Sury (%) Sur, (%)
1 0.793 1.500 46.9 2682 62.4 56.8 42.4 23.1
2 0.930 1.610 53.2 2403 58.0 72.0 54.8 36.9
3 1.067 1.670 56.8 2112 744 62.6 62.0 39.8
4 1.218 1.728 52.8 1941 77.8 62.2 67.1 39.5
5 0.852 1.434 449 2684 60.3 52.5 35.3 22.3
6 0.951 1.516 48.8 2439 58.7 63.4 48.9 34.9
7 1.008 1.580 53.3 2152 71.5 58.0 54.4 38.9
8 1.116 1.616 479 1995 78.4 58.2 57.8 38.9
9 0.848 1.384 46.4 2692 58.5 42.8 27.0 23.0
10 0.880 1.446 54.4 2543 63.2 55.6 43.8 28.6
11 0.945 1.488 62.4 2298 62.9 57.3 50.9 36.7
12 0.997 1.508 59.8 2135 75.2 55.4 53.0 37.6
13 0.784 1.350 53.9 2698 56.9 39.8 23.6 27.4
14 0.777 1.396 58.2 2665 59.1 46.9 35.6 26.8
15 0.801 1.444 54.5 2531 67.4 59.2 46.5 28.7
16 0.886 1.502 62.0 2358 67.2 59.9 50.0 31.1
17 0.754 1.350 30.6 2695 53.3 45.7 28.2 23.7
18 0.776 1.436 29.5 2382 54.1 49.8 51.2 35.7
19 0.857 1.474 29.5 2114 734 43.9 56.5 34.5
20 0.984 1.514 32.2 1948 75.1 41.7 59.7 33.5
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Table 5. Cont.

Test _ Keyhole  Keyhole Width RSD Teml\;::‘ture RSD RSD RSD RSD
Depth (mm) (mm) Velocity (%) (K) Darcy; (%)  Darcy, (%) Sur; (%) Sur, (%)
21 0.762 1.404 42.8 2697 55.0 40.5 29.9 25.0
22 0.784 1.492 44.6 2444 56.4 56.3 49.0 34.1
23 0.881 1.536 52.0 2162 73.5 49.8 56.2 36.5
24 1.062 1.576 54.1 1999 73.4 48.3 60.9 35.0
25 0.810 1.396 45.2 2697 53.4 39.6 26.7 21.8
26 0.903 1.442 53.0 2548 59.6 55.0 43.8 27.1
27 0.995 1.496 62.2 2293 69.4 574 52.8 35.7
28 1.076 1.528 64.6 2125 74.2 58.5 57.7 374
29 0.839 1.360 54.6 2689 51.2 41.2 25.0 25.8
30 0.863 1.380 58.7 2641 54.4 484 39.9 24.8
31 0.882 1.420 57.4 2505 63.1 61.8 49.8 27.8
32 0.931 1.466 62.4 2344 66.4 57.9 51.6 322
Table 6. GRC of the response variable results, their corresponding GRG for each test, and their ranked
performance. (All GRC and GRG values are dimensionless quantities ranging from 0 to 1; RSD Sur;,:
RSD of surface tension in the radial or axial direction).
GRC
Test Keyhole Keyhole RSD Mean RSD RSD RSD RSD GRG Rank
Depth Width Velocity Temp Darcy, Darcy, Sur, Sur,
1 0.35 0.45 0.50 0.34 0.55 0.48 0.54 0.88 0.511 15
2 0.45 0.62 0.43 0.45 0.67 0.33 041 0.37 0.465 24
3 0.61 0.77 0.39 0.69 0.37 0.41 0.36 0.33 0.491 17
4 1.0 1.00 0.43 1.00 0.34 0.42 0.33 0.34 0.607 5
5 0.39 0.39 0.53 0.34 0.60 0.56 0.65 0.95 0.551 11
6 0.46 0.47 0.48 0.43 0.64 0.41 0.46 0.41 0.470 21
7 0.52 0.56 0.42 0.64 0.40 0.47 0.41 0.34 0.472 20
8 0.69 0.63 0.49 0.88 0.33 047 0.39 0.34 0.527 14
9 0.39 0.35 0.51 0.34 0.65 0.86 0.86 0.88 0.605 7
10 0.41 0.40 0.41 0.39 0.53 0.50 0.52 0.57 0.466 23
11 0.46 0.44 0.35 0.51 0.54 0.48 0.44 0.38 0.449 27
12 0.51 0.46 0.37 0.66 0.36 0.51 0.43 0.36 0.457 26
13 0.35 0.33 0.42 0.33 0.71 0.99 1.00 0.62 0.592 8
14 0.34 0.36 0.38 0.34 0.63 0.69 0.64 0.64 0.505 16
15 0.36 0.40 0.41 0.39 0.46 0.45 0.49 0.57 0.440 32
16 041 0.46 0.35 0.48 0.46 0.44 0.45 0.49 0.443 31
17 0.33 0.33 0.94 0.33 0.87 0.73 0.83 0.83 0.649 2
18 0.34 0.39 1.00 0.46 0.83 0.61 0.44 0.39 0.559 10
19 0.39 0.43 1.00 0.69 0.38 0.79 04 0.41 0.561 9
20 0.45 0.47 0.87 0.98 0.36 0.89 0.38 0.43 0.609 4
21 0.34 0.37 0.57 0.33 0.78 0.95 0.77 0.74 0.607 6
22 0.35 0.44 0.54 0.43 0.72 0.49 0.46 0.42 0.482 19
23 0.41 0.50 0.44 0.63 0.38 0.61 0.40 0.38 0.468 22
24 0.6 0.55 0.42 0.87 0.38 0.65 0.37 0.40 0.530 13
25 0.36 0.36 0.53 0.33 0.86 1.00 0.88 1.00 0.666 1
26 0.42 0.40 0.43 0.38 0.62 0.51 0.52 0.63 0.489 18
27 0.51 0.45 0.35 0.52 0.43 0.48 043 0.39 0.444 29
28 0.62 0.49 0.33 0.67 0.37 0.46 0.39 0.37 0.462 25
29 0.38 0.34 0.41 0.34 1.00 091 0.94 0.69 0.626 3
30 0.40 0.35 0.38 0.35 0.81 0.65 0.57 0.75 0.532 12
31 0.41 0.38 0.39 0.40 0.53 0.42 0.45 0.60 0.448 28
32 0.45 0.42 0.35 0.48 0.47 0.47 0.44 0.46 0.443 30
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Table 7. Results of ANOVA analysis (contribution was calculated as (Adj SS of Factor/total Adj SS)
x 100).

Analysis of Variance

Source DOF Adj SS Adj MS F-Value p-Value Contribution (%)
Amplitude 3 0.076427 0.025476 111.28 0 51.9
Pulse Shape 1 0.008454 0.008454 36.93 0 5.7
Frequency 3 0.015007 0.005002 21.85 0 10.2
Frequency x Amplitude 9 0.035032 0.003892 17 0 23.8
Pulse Shape x Amplitude 3 0.005416 0.001805 7.89 0.007 3.7
Pulse Shape x Frequency 3 0.004968 0.001656 7.23 0.009 3.4

Error 9 0.00206 0.000229
Total 31 0.147366

4.2.1. Keyhole Depth and Width

Analysis of Table 5 shows that the keyhole depth was primarily influenced by the laser
power amplitude, with pulse frequency and shape having secondary effects. Increasing the
amplitude consistently deepened the keyhole across all profiles. For example, at 100 Hz
with sinusoidal pulses, raising the amplitude from 1000 W to 4000 W increased the depth
by 54% (0.793 mm to 1.218 mm). A similar trend occurred for other frequencies (Figure 6),
though the magnitude of the depth increase diminished at higher frequencies (e.g., 800 Hz).
Physically, at lower frequencies, longer pulse durations allowed high-amplitude peaks to
deliver sustained energy, resulting in deeper keyholes. In contrast, at 800 Hz, where each
pulse lasted approximately 1.25 ms, the shorter duration limited the energy delivered per
pulse, reducing the effectiveness of higher peak power on increasing depth. Frequency
alone had a mild impact on the depth at low amplitudes but showed a stronger effect
at higher amplitudes. For instance, sinusoidal depth dropped by 27% with increasing
frequency from 100 Hz to 800 Hz at 4000 W. Cosinusoidal depth also declined but less
significantly (5%). This suggests a strong interaction between frequency and amplitude,
which is important for optimization. Overall, frequencies from 100 to 400 Hz yielded
comparable depths (around 0.9-1.0 mm at mid-to-high amplitudes), with a notable drop at
800 Hz. The slight decline in depth with very high frequency can be attributed to reduced
energy per pulse and rapid cycling, which prevented the keyhole from fully developing
before the pulse ended. The pulse shape had a subtle yet frequency-dependent influence
on penetration. On average, sinusoidal pulses yielded slightly deeper welds (0.928 mm vs.
0.885 mm). At 100 Hz and 4000 W, the sinusoidal profiles produced 24% deeper penetration
than the cosinusoidal profiles (1.218 mm vs. 0.984 mm), likely due to their gradual power
increase, which facilitated stable keyhole formation before delivering the peak energy,
enhancing penetration. Conversely, at 800 Hz, cosinusoidal pulses outperformed the
sinusoidal pulses (0.931 mm vs. 0.886 mm), as early power peaks became more effective
during brief pulse durations. Overall, frequencies between 100 and 400 Hz at mid-to-high
amplitudes provided the most consistent depth performance.

The keyhole width followed trends similar to the depth but showed smaller relative
variations. Higher amplitudes slightly increased the width; for example, at 100 Hz, sinu-
soidal pulses widened the keyhole from 1.50 mm to 1.73 mm (15% increase), compared to a
54% increase in depth. The width generally decreased with higher frequencies. Sinusoidal
pulses at 100 Hz produced the widest melt pools (1.5 mm at low amplitude), while
800 Hz pulses yielded narrower widths (~1.35 mm). This trend reflects the effects of longer,
more energetic pulses promoting lateral heat diffusion, whereas high-frequency pulsing
concentrated energy locally.
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Figure 6. Keyhole depth versus amplitude at different frequencies for sinusoidal and cosinusoidal
laser profiles.

4.2.2. Thermal Response (Mean Temperature)

The mean material temperature showed a clear dependence on the pulse parameters.
An increasing amplitude consistently reduced the mean temperature across all frequencies.
For example, with sinusoidal pulses at 100 Hz, the mean temperature dropped from
2682 K at an amplitude of 1000 W to 1941 K at an amplitude of 4000 W. Similar reductions
(~=500-600 K) were observed for cosinusoidal pulses and at other frequencies (Table 5).
This inverse relationship is attributed to higher amplitude pulses causing intense but brief
heating, followed by longer cooling periods, which lowers the time-averaged temperature.
Thus, higher amplitudes not only enhanced penetration but also promoted lower mean
temperatures, which may benefit heat-sensitive materials. Conversely, higher frequencies
increased the mean temperature by reducing the time between pulses and promoting more
continuous energy input. The pulse shape had a negligible direct impact on the mean
temperature, which was expected since shape altered the temporal distribution within a
pulse but not the overall energy per pulse in these tests.

4.2.3. Process Stability and Fluctuations (Velocity and Forces)

Table 5 reveals that the pulse parameters significantly influenced process stability.
Amplitude was the primary contributor to instability, with increased values consistently
raising the relative standard deviation (RSD) of key forces. For instance, increasing the
amplitude from 1000 W to 4000 W more than doubled the RSD of surface tension force
on average (from ~30% to ~57%). Physically, a larger amplitude means higher peak
power, causing stronger vapor recoil pressure and fluid flow surges during the pulse peak,
followed by a low-power period producing a violent stirring of the melt pool, leading to
greater variability. Pulse frequency had a dual effect. Higher frequencies generally reduced
the RSDs of surface tension and Darcy damping forces (e.g., averaging over shapes, radial
surface tension RSD dropped from 52.7% at 100 Hz to 40.3% at 800 Hz), likely due to
more frequent but smaller perturbations. However, the RSD of fluid velocity increased
with frequency, from ~41% at 100 Hz to ~58% at 800 Hz (averaging over shapes) as rapid
pulsing kept the molten pool in continuous motion, preventing flow stabilization. These
frequency effects highlight that different aspects of the process responded differently to
the pulse rate: the instantaneous flow became more vigorous with fast repetition, yet
the forces driving or resisting that flow might have fluctuated less extremely due to the
more continuous application. Pulse shape also played a role in stability, especially at
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low frequencies. At 100 Hz and 4000 W, cosinusoidal pulses significantly outperformed
sinusoidal ones: the velocity RSD was 32.2% vs. 52.8%, the Darcy force RSD (z) was
41.7% vs. 62.2%, and the radial surface tension RSD was 59.7% vs. 67.1%. This may be
due to the cosinusoidal profile delivering peak power at the start of the pulse, followed
by a gradual decline, allowing oscillations to settle before the next pulse. In contrast,
sinusoidal pulses sustained excitation longer, promoting inter-pulse oscillations. However,
the stabilizing advantage of the cosinusoidal profiles diminished at higher frequencies.
By 400 Hz and 800 Hz, differences between the two shapes became negligible or even
reversed slightly. For example, at 800 Hz and 4000 W, the radial surface tension RSD was
51.6% for cosinusoidal and 50.0% for sinusoidal pulses. Consequently, shape—frequency
interaction was important in the optimization procedure. Additionally, radial fluctuations
were consistently higher than axial ones under the same conditions, indicating that lateral
oscillations (widening/narrowing) of the keyhole and melt pool were more pronounced
than vertical (depth) fluctuations.

4.3. GRA and ANOVA

To evaluate the overall welding behavior across all eight response variables, the GRA
was conducted on the 32 Taguchi-designed trials. Each response was first normalized
according to its objective functions specified in Table 4. The GRA analysis and the corre-
sponding ANOVA results are presented in this section.

4.3.1. Response Table for GRG

The GRC for each response (Table 6) was averaged to obtain the GRG for each trial,
serving as an overall performance index. Higher GRG values corresponded to deeper
and wider welds with reduced fluctuations, instabilities, and thermal load. The GRG
values ranged from approximately 0.44 (lowest quality) to 0.67 (highest quality), indicating
significant variation in weld quality across different pulsing conditions.

The GRG-based performance ranking reveals clear trends related to pulse shape,
frequency, and amplitude. As shown in Table 6, the highest GRG (0.666) was obtained
for Test 25 (cosinusoidal, 400 Hz, 1000 W), followed by Test 17 (cosinusoidal, 100 Hz,
1000 W, GRG = 0.649) and Test 29 (cosinusoidal, 800 Hz, 1000 W, GRG = 0.626). Notably,
six of the top eight tests used the lowest amplitude (1000 W), indicating that low power
amplitude significantly improved the overall weld quality when all eight criteria were
considered. Although lower amplitudes resulted in reduced penetration depth, this was
offset by substantial improvements in process stability. Stability-related responses (e.g.,
velocity and force fluctuations) showed GRC values close to 1 (low variability and high
stability) at low amplitudes, while high-amplitude conditions often had GRCs near 0.33
(less stability). Conversely, high amplitudes yielded higher GRCs for depth and width,
but overall GRG values favored the stability benefits of lower power amplitude. Thus,
GRA effectively balanced competing objectives, and the optimal performance occurred at
the lowest tested amplitude. Pulse frequency also influenced weld quality. The average
GRG was highest at 100 Hz (~0.557) and declined with increasing frequency. However,
the top-ranked case occurred at 400 Hz, suggesting that an optimal combination of pulse
shape and amplitude can compensate for the negative effects of higher frequency. This
highlights the importance of interaction effects between parameters. Pulse shape had a
smaller main effect compared to amplitude and frequency, but still played a role. On
average, the cosinusoidal profile yielded a higher mean GRG (0.536) than the sinusoidal
profile (0.504). This was especially evident at low amplitude, where early peak power in
cosinusoidal pulses likely aided initial keyhole formation without destabilizing the melt
pool. For example, at 100 Hz and 1000 W, the cosinusoidal case (Test 17, GRG = 0.649)
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significantly outperformed its sinusoidal counterpart (Test 1, GRG = 0.512), suggesting
that an early power surge was beneficial at low frequency. Similar trends were observed at
400 Hz and 800 Hz. However, at higher amplitudes or when averaged across all frequencies,
the shape advantage diminished. Thus, pulse shape alone had a modest effect (ranked
third among the three factors), but its impact emerged in combination with frequency and
amplitude settings. Overall, amplitude had the strongest influence on GRG, followed by
frequency, and then shape. Lower amplitude and frequency, especially with a cosinusoidal
waveform, provided the most favorable combination of weld quality and process stability.
Conversely, the lowest-ranked tests often involved high frequencies and higher amplitudes
with sinusoidal profiles.

4.3.2. ANOVA Analysis of GRG and Key Factor Effects

To evaluate the statistical significance and influence of each control factor on overall
welding performance, ANOVA was conducted on the GRG results. Table 7 summarizes the
effects of the three main factors, including pulse shape (A), frequency (B), and amplitude (C),
and their two-way interactions (A x B, A x C, B x C). The analysis revealed that all three
main factors and the major interactions had a significant effect on the GRG (p-values < 0.01).
The error term was very small (only ~1.4% of the total variation), indicating that the
chosen factors and interactions explained ~98.6% of the variability in the multi-response
performance. This confirms the effectiveness of the proposed optimization design in
capturing the key influences on weld quality.

Among the main factors, laser power amplitude (Factor C) had the strongest influ-
ence, accounting for 51.9% of the total GRG variation. This quantitatively confirms its
dominant role, as previously observed in the GRA trends. While higher amplitudes im-
proved penetration, they also increased melt pool turbulence, reducing the overall GRG.
In contrast, lower amplitudes enhanced stability and yielded a better balance between
penetration and process control, supporting the recommendation to minimize amplitude
within practical limits for improved weld quality. Pulse frequency was the third most
influential factor (10.2% of GRG variation), followed by pulse shape (5.7%), which also
showed statistically significant effects. Cosinusoidal waveforms generally outperformed
sinusoidal ones, especially at low amplitudes and frequencies, due to their early energy de-
livery, which promoted more stable keyhole formation. Significant interaction effects were
also observed: frequency—amplitude accounted for 23.8% of GRG variation, while shape—
frequency and shape—-amplitude interactions contributed approximately 3-4% each. These
results highlight the importance of tuning parameter combinations rather than individual
factors alone. For instance, high amplitude was more tolerable at low frequencies but led
to substantial instability at high frequencies. Similarly, the benefits of cosinusoidal pulses
were most pronounced under low-frequency, low-amplitude conditions, diminishing at
higher frequencies.

5. Conclusions

This study introduced a Taguchi-based multi-response optimization approach using
GRA to determine the optimal conditions for keyhole-mode laser spot welding of alu-
minum. The effects of a novel cosinusoidal laser power profile were evaluated alongside
sinusoidal and continuous profiles. Welding performance was analyzed and optimized
based on eight key response variables, including keyhole depth and width (larger-the-
better), and the relative standard deviations of surface tension, Darcy damping force, and
fluid velocity (smaller-the-better). The key findings are summarized as follows:

e  Seven of the first ten best cases in terms of the overall welding performance belonged
to the cosinusoidal pulse shape. A cosinusoidal pulse shape (test 25) with 1000 W
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amplitude and 400 Hz was found to be the best case, while a sinusoidal counterpart
(test 15) with 800 Hz and 4000 W amplitude had the worst performance.

e  The GRA results demonstrate that the best welding performances were achieved at a
low amplitude of 1000 W (six among the top ten performances). However, increasing
the amplitude to its maximum (4000 W) reached its best performance (fourth place
among all) only when the frequency was set to its minimum (100 Hz).

e  High-frequency and high-power amplitude pulses tend to destabilize the process and
degrade the multi-objective outcome, whereas low-amplitude power, slow pulses
foster stable keyhole dynamics and uniform heating, even if the penetration is lower.

e  Selecting lower frequencies (100—400 Hz) is crucial for maximizing weld quality,
offering adequate penetration with significantly improved process stability.

e Amplitude, frequency, and the two-way interaction between them contributed the
most to the weld quality and system performance, with amplitude having the
most contribution.
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Nomenclatures

T Melting temperature; [K]

Ty Vaporization temperature; [K]

Ts Solidus temperature; [K]

T Temperature; [K]

AT Smoothing interval of melting; [K]

dTy Smoothing interval of vaporization; [K]
ks Thermal conductivity of solid; [W/m/K]
k; Thermal conductivity of liquid; [W/m /K]
| Latent heat of fusion; [J/kg]

Ly Latent heat of evaporation; [J/kg]

R Universal gas constant; [J/mol/K]

Cp, Specific heat of solid; [J/kg/K]

Cp, Specific heat of liquid; [J/kg/K]

Us Dynamic viscosity of solid; [Pa.s]

U Dynamic viscosity of liquid; [Pa.s]
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Form factor for Gaussian distribution
Coefficient in Darcy’s law
Coefficient in Darcy’s law
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Effective radius of a laser beam; [m]

Dendrite dimension; [m]

Molecular mass of aluminum; [kg/mol]
Convective heat transfer coefficient; [W/m?2 /K]
Laser frequency; [Hz]

Laser power amplitude [W]

Gravity; [m/ s?]

Pressure; [atm]

Velocity; [m/s]

Time; [s]
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3
<

Darcy damping force; [N/m?]
Fpuoyancy Buoyancy force; [N/ m3]
Volume fraction of fluid 1
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Volume fraction of fluid 2
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TN

Gauss function around the melting temperature

)
<

Gauss function around the vaporization temperature

=

Constant representing the mushy zone morphology; [1/ m?]
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2
=

Saturated vapor pressure; [atm]
Patm Atmospheric pressure; [atm]

S

Volume fraction of liquid
Volume fraction of solid

Normal vector on the vapor/liquid interface

>l <

Tangential vector on the vapor/liquid interface

RS

Temporal laser distribution function used to apply pulses
Simulation steps
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=
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Time-dependent value of the j-th response for the i-th test at time step t
(@
]

Original values of the j-th response of the i-th test
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=

Mean of x

2 2

(t) over all simulation steps sampled from t=0to t =0.01 s

*

Normalized values of the j-th response of the i-th test
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Set of all values of the j-th response across all test cases (X; = {le, Xoj, .- X32j}).

Deviation of the normalized response from the ideal normalized response
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min Minimum possible deviation

Maximum possible deviation

>
3
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=

Radial direction in the 2D axisymmetric design

N

Axial direction in the 2D axisymmetric design

Greek

Level-set parameter; [m/s]

Deviation between two values

Level-set parameter; [m]

Delta function

Level-set function (variable)

Absorptivity of aluminum on 1064 nm laser

Surface emissivity; distinguishing coefficient ranges from 0 to 1
Thermal expansion coefficient; [1/K]

=

Retro-diffusion coefficient
3]

=

Density; [kg/m
Dynamic viscosity; [Pa.s]

ST T e i - N o U N L T )

Surface tension coefficient; [N/m]
Subscript
L Liquid
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A% Vapor/vaporization
m Melting; total number of responses in the GRA approach
Vol Volume force
g Gas
st Surface tension
Is Level set
Abbreviation
ANOVA Analysis of variance
GRA Grey relational analysis
GRC Grey relational coefficient
GRG Grey relational grade
RSD Relative standard deviation
SD Standard deviation
LS Level set
TEPT Thermal-enthalpy porosity technique
MMT Modified mixture theory
PW Pulsed wave
CwW Continuous wave
PWM Power wave modulation
HAZ Heat affected zone
DOF Degrees of freedom
OA Orthogonal array
Sur Surface tension
Adj Adjusted
SS Sum of squares
MS Mean squares
Ccv Cross-sectional view
vV Top view
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Abstract

Collision welding represents a promising solid-state joining technique for combining both
similar and dissimilar metals without the thermal degradation of mechanical properties
typically associated with fusion-based methods. This makes it particularly attractive for
lightweight structural applications. In the context of collision welding, it is typically
assumed that ideally smooth and defect-free surface conditions exist prior to welding.
However, this does not consistently reflect industrial realities, where surface imperfections
such as scratches are often unavoidable. Despite this, the influence of such surface irregu-
larities on weld integrity and quality has not been comprehensively investigated to date.
In this study, collision welding is applied to the material combination of AA6110A-T6 and
AA6060-T6. Initially, the process window for this material combination is determined by
systematically varying the collision velocity and collision angle—the two primary process
parameters—using a special model test rig. Subsequently, the effect of surface imperfections
in the form of defined scratch geometries on the resulting weld quality is investigated. In
addition to evaluating the welding ratio and tensile shear strength, weld quality is assessed
through scanning electron microscopy (SEM) of the bonding interface and high-speed
imaging of jet formation during the collision process.

Keywords: collision welding; impact welding; electromagnetic pulse welding; welding
window; metallographic weld zone; multi-material design; lightweight concepts; weight
reduction; emission reduction

1. Introduction

Mobility is a fundamental aspect of modern society, enabling access to education,
healthcare, and the labour market. It includes private and public transport, logistics, and
infrastructure [1]. In 2023, the transport sector accounted for 21% of global CO, emissions,
38% of which came from passenger cars [2-4]. In addition to greenhouse gases, non-exhaust
particulate emissions—especially from tyre wear and brake dust—are gaining attention as
they are strongly influenced by vehicle weight [5-13]. Reducing vehicle mass, therefore,
helps to reduce both CO, emissions and particulate pollution such as microplastics [14-16].
This underlines the environmental importance of lightweight design [17].

These lightweighting goals can be achieved by using high-strength aluminium alloys,
which are commonly used in automotive engineering [18]. However, joining these alloys
using conventional fusion-based welding techniques presents significant challenges. These
include the formation of a heat-affected zone (HAZ) leading to strength degradation,
porosity caused by stable oxide layers, distortion due to the high thermal conductivity
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of aluminium, and hot cracking associated with alloying elements [19-22]. To exploit the
lightweight potential of high-strength aluminium alloys, a joining method is required that
mitigates these challenges, most of which are directly attributable to the thermal input
inherent in conventional welding processes.

In this area, the solid state welding or collision welding process group opens up new
production potential. The joining mechanism is based on the application of sufficiently
high pressure to join similar and dissimilar material combinations without active heat input.
Therefore, the formation of intermetallic phases in the joint zone is avoided [23-25]. Joining
feasibility is defined by collision velocity and angle, with the process window categorised
into solid-phase, liquid-phase, and hybrid joining regions [26]. Electromagnetic pulse
welding (EMPW) facilitates collision welding in industrial settings by accelerating a joining
partner via a strong electromagnetic field, creating a high-speed impact weld [25,27-29].

Due to transient effects, both the collision velocity and the collision angle change
dynamically during the EMPW collision process, directly influencing the properties of the
resulting joint [30,31]. Currently, EMPW process design is carried out exclusively in an
iterative manner, which involves considerable time and cost expenditure and leads to uncer-
tainties regarding both joint performance and process stability [32]. The existing iterative
process design is based on idealised “optimal” conditions with cleaned and undamaged
material surfaces. However, such conditions do not always exist in industrial environments.

Fine scratches on component surfaces can result from upstream manufacturing pro-
cesses such as rolling or extrusion. In addition, handling, transport, and storage of semi-
finished products are particularly relevant as potential sources of surface damage in the
form of deeper scratches [33]. The correlation between the sensitivity of the collision weld-
ing process to environmental influences-demonstrated in previous studies, for example,
through varying surface roughness [34]. The occurrence of scratches in the production
process suggests that such scratches, under otherwise identical process parameters, may
lead to fluctuating joint strengths or even to a complete failure of the weld. Such a condition
is undesirable from a quality assurance perspective in industrial manufacturing processes
and is unacceptable due to the potentially high degree of process uncertainty.

There are two basic approaches to solving this problem, both of which require an
assessment of the component surfaces.

1. Use of exclusively undamaged/scratch-free components:
This approach requires considerable effort in terms of handling and storage of the
semi-finished products within the production process. In addition, it leads to high
rejection rates, as even components with minor damage from previous process steps
must be sorted out.

2. Identification and evaluation of critical scratches:
In this approach, only components with scratches deemed critical are discarded, or
alternatively, the process parameters—such as collision velocity—are adjusted so that
a sufficiently strong joint is achieved even in the presence of non-critical scratches.

The second approach significantly reduces the rejection of components and semi-
finished products and allows for less complex concepts for component handling and
storage, as only the exceeding of critical scratch characteristics needs to be prevented.
This contributes significantly to cost reduction and resource savings, as the need for
semi-finished products, packaging protection materials, and complex control measures is
reduced.

In the context of this study, a model test rig for collision welding is used to investigate
the influence of scratches on joint quality systematically. In this process, scratch depth,
number, and orientation relative to the welding direction are varied. The aim is to identify
critical thresholds that will define the minimum surface quality requirements that must
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not be undershot by manufacturing, handling, and storage processes. This enables the
targeted selection of suitable process routes in an industrial setting with minimal effort.
The experimental setup, as well as the tests and analyses conducted, are detailed in the
following section.

2. Materials and Methods

The experimental procedure is divided into three process steps. First, the specimens
are prepared. Subsequently, they are subjected to collision welding under defined collision
angles and collision velocities using the model test rig. After the collision welding tests,
the specimens are analysed using various measurement techniques to evaluate the joint
formation and the resulting weld quality.

The specimens to be welded (collision area: length x width: 12.5 mm x 12 mm) are
taken from AA6060-T6 extruded flat material (flyer, thickness: 2.0 mm, tensile strength
Rm: 215 N/ mmz) and AA6110A-T6 extruded flat material (target, thickness: 2.0 mm,
tensile strength Riy: 290 N/mm?) by shear cutting. The materials’ chemical composition
corresponds to DIN EN 573-3 [35]. The proportions of the alloying elements are listed in
Table 1. For each material, three tensile tests are performed on a Zwick Roell 100 combined
tensile (Ulm, Germany) and compression testing machine to determine tensile strength in
accordance with DIN 50125 [36]. The samples are produced so that the extrusion direction
of the material is parallel to the welding direction.

Table 1. The chemical composition of the aluminium alloys in accordance with DIN EN 573-3.

Alloying Elements
Alloy
Si Fe Cu Mn Mg Cr Zn Ti Others
AA6060-T6 0.30-0.60 0.10-0.30 0.10 0.10 0.35-0.60 0.05 0.15 0.10 0.15
AA6110A-T6  0.70-1.10 0.50 0.30-0.80 0.30-0.90 0.70-1.10 0.05-0.25 0.20 0.20 0.15

The sample preparation is carried out depending on the specific experimental configu-
ration. Smooth, undamaged samples are cleaned with acetone before the test and visually
inspected for surface defects. If the influence of scratches is to be specifically investigated,
these are manually introduced into the samples. The introduction of the defined scratches
is carried out using the device shown in Figure la. In this case, a spring-loaded, hardened
needle with a tip angle of 30° is guided over the sample surface. The device allows for
precise adjustment of the needle protrusion and scratch depth.

Through flexible positioning of the samples in special fixtures in the device, it is
possible to rotate the samples so that scratches can be applied parallel, perpendicular, or
at an angle (e.g., 45° rotation) to the welding direction. Additionally, the samples can be
offset laterally to allow multiple parallel scratches to be introduced on the sample surface
at a distance of 4 mm from each other. In this study, the influence of a scratch parallel to
the welding direction and one or two scratches perpendicular to the welding direction
is investigated, as shown in Figure 1c. The scratches are introduced into the surface of
the AA6060-T6 (flyer) in the used aluminium-aluminium material combination, as this
alloy, due to its lower strength, experiences scratches more quickly in industrial production
environments compared to the harder AA6110A-T6. Due to its lower strength, AA6060-T6
is used as the flyer in the experiments, as this reduces the stress on the flyer rotor when the
predetermined breaking point is torn (see [37]). Furthermore, the selection of the lower-
strength material as the flyer allows for better transferability to future scratch investigations
with multi-material combinations (e.g., aluminium-steel, and the EMPW process). On
the one hand, when using a combination of aluminium and steel in the EMPW process,
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aluminium is always used as the flyer material. This is due to its much higher electrical
conductivity compared to steel [38]. On the other hand, aluminium will always show a
higher sensitivity to scratches.
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Figure 1. (a) The experimental configuration of the scratching device for perpendicular scratches.

(b) Height profile of a scratch on a prepared specimen (scratch depth 3). (c) Representation of the
scratch designs to be investigated.

The determination of the scratch depth is carried out using the tactile roughness
measurement device Hommel Etamic-T 8000 (Villingen-Schwenningen, Germany). The
height profile of the prepared samples is recorded with two equidistant measurement lines
perpendicular to the direction of the scratch. The scratch depth is then extracted from the
height profile and averaged over the two measurements. Figure 1b shows an example of
the height profile of a sample prepared by scratching to the greatest examined depth at a
90° orientation. The scratch of the specific sample has an indented depth of 190 pm. The
needle scratches the sample surface, displacing material and forming elevations on both
sides of the scratch. In the sample shown, these elevations are 125 pm high. The ratio of
the height of the side elevations to the actual scratch depth remains almost constant across
different scratch depths. In the following sections, scratch depth is defined as the depth of
the scratch in relation to the zero line.

Table 2 summarises the scratch parameters investigated in this study and their cor-
responding designations. For each parameter combination, three specimens are welded
and examined. The combinations are differentiated based on the number of scratches per
specimen (scr), scratch orientation (0°: parallel to the welding direction; 90°: perpendicular
to the welding direction), and scratch depth (d). The scratch depth is divided into three
ranges: d1 (15-30 pm), d2 (50-80 pm), and d3 (170-200 um). The division into ranges is
made because, due to the fluctuating material thickness (£0.05 mm) and the necessary
clearance of the scratch device, there is always some variation in the introduced scratch
depth. The comparatively large scratch depths are selected to investigate potential surface
damage that can occur during industrial processes, such as vibration feeders or dropping
materials into transport boxes without protection. The wide range of depths is used to
determine the maximum depth up to which welding with good strength values is possible.
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Table 2. Summarised scratch parameters.

Description Number of Scratches (scr) Orientation Depth (d) in um

1scr-0°-d1 1 0° 15-30

1scr-0°-d2 1 0° 50-80

1scr-0°-d3 1 0° 170-200
1scr-90°-d1 1 90° 15-30
1scr-90°-d2 1 90° 50-80
1scr-90°-d3 1 90° 170-200
2scr-90°-d1 2 90° 15-30
2scr-90°-d2 2 90° 50-80
2scr-90°-d3 2 90° 170-200

The collision welding process is carried out on the institute’s model test rig for collision
welding, which is shown in Figure 2a. Two specimens—the so-called flyer and the so-
called target—are accelerated to a defined collision velocity vimp using rotating drives and
brought into collision at a predetermined collision angle 3. The collision angle is set by
bending the flyer, while the collision velocity is adjusted through the motor speeds. A
detailed description of the test rig can be found in source [37].

(a) engaging

rotors .
mechanism

=

(b)

target anvil

Figure 2. (a) The model test rig consists of two synchronised rotating rotors and an engaging
mechanism. (b) The specimens are mounted at the end of each rotor. (c) Process setup EMPW
according to [39].

The detailed view (Figure 2b) shows the two specimens immediately before impact.
Additionally, the characteristic process parameters—collision velocity vimp, collision point
velocity v, and collision angle 3—are highlighted. The collision point velocity can be
calculated using Equation (1), where the collision velocity vinp is the velocity of the
specimen perpendicular to the flyer [26].

Vs
tanfp = 0P 1)
Ve

During the collision, a rolling motion of the flyer occurs with the collision point velocity
v on the rear-supported target, which leads to joint formation between the two joining
partners through the formation of a jet. This process forms the basis of joint formation in
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all collision welding techniques, including the previously mentioned EMPW. In contrast to
EMPW with transient collision conditions (where collision velocity and angle vary over
the course of the collision, see Figure 2¢, the main feature of the test rig is the ability to
precisely adjust and maintain constant process parameters over time, as well as the good
observability of the process.

By systematically varying the collision angle and velocity, a characteristic process
window for the material pairing is determined, which provides insight into the parameter
space in which a solid-state connection is possible. The collision velocity Vi, is varied in
six steps: 279 m/s, 297 m/s, 305 m/s, 314 m/s, 331 m/s, and 349 m/s. High-speed optical
observation is performed using an HSFC Pro image intensifier camera from PCO (Kelheim,
Germany) and a Milvus Macro 100 mm {2.0 macro lens from Zeiss (Oberkochen, Germany).
The camera allows exposure times of <20 ns and the acquisition of up to eight images
per collision. The brightness of the high-speed images is ensured by a CAVILUX Smart
illumination laser from Cavitar (power: 400 W, wavelength: 640 nm, Tampere, Finland).

The procedure for the subsequent sample analysis is shown in Figure 3 and is divided
into three consecutive steps.

L. Specimen preparation II. Ultrasonic imaging III. Tensile shear test
and REM

/F

® bond
® transition

area
® no bond

4
B-B - crosshead travel

Figure 3. Scheme of the subsequent specimen analysis procedure.

tensile force

I. Sample Preparation

For the analysis of the welding zone, the edge areas and the mounting surface of
the welded samples are first cut off using a wet-cutting machine. The purpose of this is
to remove any possible manufacturing influences in the edge areas due to the specimen
preparation and to ensure a defined and fully overlapping joining surface between the
flyer and the target. The reason for this is that due to process tolerances of the test rig, a
precise 100% overlap between the flyer and target cannot be guaranteed. By trimming to
a width of 8 mm + 1 mm and a length of 14 mm 4 1 mm, a standardised /comparable
sample geometry is ensured. Subsequently, the lateral separation surfaces of the samples
are planed on both sides with SiC paper (grit sizes P320, P400, P600, P800, P1200, P2500,
and P4000) and polished with diamond suspension (3 um and 1 pm) to enable precise
analysis of the joining zone.

II. Ultrasonic examinations and SEM

The welding ratio is determined using an ultrasonic measurement system of the type
MiniScanner from the manufacturer Amsterdam Technology (Zwinderen, The Netherlands).
Its probe captures a measurement area in the form of a long slot, measuring 25.0 mm in
length and 11.4 mm in width, with a combined rotational and translational movement.
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The scanner’s recording provides a graphical representation of the welded (blue) and
non-welded (red) areas, as well as the transition zones (green) within the samples. The
welding ratio, the ratio of the welded area to the overlapping area Ay, is analysed using a
Matlab script. Therefore, the transition area is also divided into welded and non-welded
areas using stored threshold values for the ultrasonic signals. The accuracy and reliability
of the ultrasonic imaging results in this study are validated by comparing them with
metallographic cross-sectional images. The exact nature of the transition zone is still not
fully understood and remains a subject of further investigation. The microscopic imaging
of the cross-sectional images of the weld zone is carried out using a Phenom ProX Scanning
Electron Microscope (SEM) manufactured by Phenom-World (Waltham, MA, USA), as well
as an MIRA3 SEM from TESCAN (Brno, Czech Republic).

III. Tensile Shear Test

To determine the shear tensile strength of the welded specimens, they are clamped into
a specially designed test setup and then loaded on a Zwick Roell 100 combined tensile and
compression testing machine at a test speed of 0.1 mm /s until separation occurs. A detailed
description of the test setup and the operation of the device can be found in source [26].
The shear tensile strength is calculated from the previously measured overlapping bonding
area A, and the measured tensile force. This enables a comparable assessment of the
mechanical joint quality. The repeatability of the tensile shear tests depends on the overall
Zwick Roell 100 combined tensile and compression testing machine with an integrated
force sensor.

3. Results
3.1. Welding Process Window

Figure 4 shows the experimentally determined process window for the investigated
material combination of AA6060-T6 (thickness 2.0 mm) and AA6110A-T6 (thickness 2.0 mm)
in the velocity range up to a maximum of 349 m/s and collision angles between 2.0° and
9.5°. The first joints are observed at a collision velocity of 279 m/s and a collision angle
of 4.8°. A collision welding test is classified as a joined test if manual separation of the
specimens is not possible after the test (black dots). To improve the clarity of the diagram,
the unsuccessful tests are shifted 1 m/s to the right of the successful tests on the collision
velocity axis (white dots).

As the collision velocity increases, the angular range within which a connection
is formed between the joining partners increases. A key parameter for describing this
range is the so-called limit angle, which describes the minimum or maximum collision
angle at which a joint is still possible at a given velocity. The observed increase in the
range in which joints occur with increasing velocity has been documented several times
in the literature, see [40,41]. The behaviour of the lower limit angle varies depending
on the material combination, see [37,40,41]. For certain material combinations, such as
aluminium-steel, a decrease in the lower limit angle with increasing collision velocity was
even observed. On the other hand, the upper limit angle shows an increasing curve for all
material combinations investigated so far. In the present investigations, a comparatively
strong increase in the lower limit angle with increasing velocity was observed, significantly
more pronounced than in previous studies. The angle range of the process window at
297 m/s lies between the lower limit angle of 4.7° and the upper limit angle of 5.5°. Ata
maximum collision speed of 349 m/s, this results in an angle range of 5.8° to 8.4° for the
material combination investigated. The physical reasons for the sharp increase in the lower
limit angle with increasing speed are not yet fully understood.
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Figure 4. Welding process window of the material combination AA6110-T4 (target, thickness: 2.0 mm)
and AA6060-T6 (flyer, thickness: 2.0 mm).

Since the joint quality typically deteriorates as the limit angles are approached, and
since the exact setting of the collision angle on the test bench cannot be fully guaranteed
due to dynamic effects and tolerance-related deviations (see [37]), an intermediate angle
range of 6.5° to 7.7° at 349 m/s was selected for the following investigations of the influence
of scratches on joint formation. This choice makes it possible to observe the influence of
scratches in an isolated manner under constant and reproducible process conditions.

The area marked in Figure 4 represents the three scratch configurations to be investi-
gated in the described process window area. The complete test plan with all investigated
parameter variations is summarised in Table 1.

3.2. Welding Ratio

The results of the ultrasonic examinations of the scratched samples are shown in
Figure 5. The left side of the figure shows the qualitatively analysed ultrasonic images
of exemplary samples of the respective test configurations. The dotted lines indicate
the position of the scratches. The scratch depth increases towards the bottom for all
scratch variants.

Areas where the two materials are joined are coloured blue. Red areas indicate areas
that are not joined. It is clear that the bonded area decreases significantly with increasing
scratch depth in all the configurations analysed. This effect is particularly pronounced for
scratches with an orientation of 90° to the welding direction. In the configuration with two
parallel scratches and maximum scratch depth, no joint could be achieved within the angle
and velocity range considered.
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Figure 5. (left) Ultrasonic examination of the scratched and welded specimens (welding direction:
from right to left). (right) Welding ratios of the analysed specimens.

The bar graphs on the right show the quantitative percentage welding ratios derived
from the ultrasonic measurements. The welding ratio is defined as the ratio of the welded
area to the total overlap area A,, (see Figure 3). For comparison, the welding ratio of a
reference sample without scratches and with identical process parameters is also shown.

The results show that scratches with an orientation of 0° to the welding direction have
only a moderate effect on the welding ratio compared to the scratch-free reference sample
with increasing depth (reduction of 12% at the lowest depth and 24% at the greatest depth).
In contrast, the welding ratio decreases significantly more with a 90° scratch orientation, up
to 56% at the greatest scratch depth. At the lowest scratch depth, the welding ratio for the
0° and 90° orientations is in the same range. However, increasing the number of scratches
has an even more significant effect. Even at the lowest depth, two parallel scratches of
identical depth and orientation result in a reduction in welding ratio of 25% compared to
the reference sample. At a medium scratch depth, the welding ratio is only 8%. At the
greatest scratch depth, as already mentioned, no joint is achieved.

Figure 6 shows a panoramic view of the weld zone of a specimen with two 90°
scratches of medium-depth, composed of individual SEM images. The weld direction is
analogous to the ultrasonic images shown above, from right to left. The SEM panorama
confirms the ultrasonic image. In the area before the first scratch, the whole area is not
connected and is characterised by a thick separation layer with inclusions. After the first
scratch, the thickness of the separating layer decreases, but the samples are not connected
along the length up to the second scratch. In the area of the second scratch, a more porous
structure can be observed compared to the base material. The original scratch is completely
filled with this microstructure. Small parts or remnants of this porous structure can also
be seen in the area of the first scratch. After the second scratch, a connected area can
be identified.
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Figure 6. Panoramic view of the weld zone of a specimen with two medium-depth scratches oriented
at 90° to the welding direction (on top: target, on the bottom: flyer, welding direction: from right
to left, panoramic view stitched together from five separate SEM images). Magnification sections:
(a) 2nd scratch, (b) separation layer with inclusions, (c) 1st scratch.

3.3. Tensile Shear Test

Figure 7a shows examples of force-travel curves obtained when determining the tensile
shear strength of a scratch-free specimen and of specimens with a scratch oriented at 90° to
the welding direction, at three different scratch depths. The curves show the maximum load
and travel distance before the joint separates. The ratios of the force values determined do
not correspond exactly to the shear strength values of the specimens presented later, since
the cutting of the welded specimens is subject to the tolerances described, and therefore,
deviations in the maximum force occur to a certain extent. When calculating the tensile
shear strength, the determined force is related to the overlapped area A,,. The specimen
with the lowest scratch depth already shows a slightly lower endured maximum tensile
shear force compared to the scratch-free specimen. As the scratch depth increases, the
maximum tensile shear force decreases further, and the welded specimens separate after
the testing machine has travelled a shorter distance. A significantly steeper drop in tensile
shear force is also observed in specimens with medium and maximum scratch depths.
Previous studies [37] have identified two distinct failure mechanisms in tensile shear tests
on collision-welded specimens. Those with high tensile shear strength values fail due to
shear in the lower-strength base material, i.e., the AA6060-T6 of the flyer in the present
material combination (no scratch and scratch depth 1). In contrast, specimens with low
tensile shear strength values (scratch depths 2 and 3) fail due to sliding in the weld zone.
This sliding after reaching the maximum bearable force occurs almost abruptly, so that
the switch-off threshold of the testing machine is reached, as the specimens can no longer
transfer any force from this moment on.

The right-hand side of the figure shows examples of completely separated specimens
after the tensile shear test. The scratch-free reference specimen (Figure 7b) demonstrates
shear failure in the base material over almost its entire length. Only at the beginning and
end of the joint does sliding occur in the weld zone (light silver, smooth areas). In the
specimen with the lowest scratch depth (Figure 7c), shear failure in the base material also
occurs over the largest area. However, sliding in the weld zone is already recognisable in a
small partial area near the scratch. At medium scratch depth (Figure 7d), the area in which
sliding occurs in the weld zone is predominant. Dark discolouration (white outlined areas)
in the area of the scratch indicates that the jet remains there for a longer period of time,
or even becomes trapped. At the greatest scratch depth (Figure 7e), dark discolouration
(white outlined areas) is observed across almost the entire surface of the weld zone in
front of the scratch. Only in the area after the scratch are light, silver-coloured, smooth
areas visible, indicating failure due to sliding in the weld zone. Comparing this with the
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previously shown ultrasonic evaluations reveals that the dark discolourations are present
in areas where no joint is formed. The ultrasonic images of the three samples shown in
Figure 7c—e, which have a 90° oriented scratch in three scratch depths, are shown in the
centre column of Figure 5. Comparing the welded and non-welded areas of the separated
specimens with the ultrasonic images reveals a high degree of correspondence.
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Figure 7. (a) Force-travel curves of specimens with and without scratches in the tensile shear test.
(b—e) Images of the separated specimens after the tensile shear test (on top: flyer, on the bottom:
target, welding direction: from right to left).

Figure 8a shows the tensile shear strength of the specimens that were previously anal-
ysed using ultrasonic imaging. As can be seen, scratches with a shallow depth (15-30 pum)
have no significant influence on the strength of the joint. This applies both to a scratch
oriented at 0° to the welding direction and to one or two scratches oriented at 90°. In
accordance with the results of the quantitative welding ratios (see Figure 5), the tensile
shear strength decreases from the average scratch depth (50-80 um) in all configurations
investigated. The influence of scratch orientation is clearly recognisable in these results.
While a moderate decrease in strength can be observed with scratches oriented at 0°, a
90° orientation (i.e., perpendicular to the welding direction) leads to a significantly greater
decrease. The lowest strengths occur in samples with two scratches at a 90° angle and a
medium scratch depth. With two scratches at the greatest depth, bonding is not achieved.

SEM images of the scratch zones are taken prior to tensile shear testing. Figure 8b
shows an example of the structures observed by SEM for a 90° scratch at three different
depths. At low scratch depths, only a locally altered microstructure is visible in the
immediate vicinity of the scratch. In the welding direction, both before and after the scratch,
the joint is fully welded. At a medium scratch depth, the porous structure, characterised by
cavities in the area of the scratch, indicates vortex formation. This suggests turbulence in
the escaping jet and entrained material, as well as complex material rearrangements. With
a diameter of over 300 um, the swirled area is significantly greater than the original scratch
depth. This means that material melts directly around the scratch during the collision. This
structure is also observed in the area directly in front of and behind the scratch, but to
a lesser extent. The SEM image of the deepest scratch shows residues of possible vortex
formation during the collision. However, compared to the medium scratch depth, there is
almost no material in the scratch, and the localised melting around the scratch is smaller in
relation to the original scratch depth. Additionally, the materials in the areas before and
after the scratch are not connected. The areas on the left and right edges of the scratch in
the image suggest that the samples may have been temporarily connected before being
separated by a crack. Regarding the SEM images and observations, it should be noted that
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they are exemplary, as they only permit localised observation within the weld zone. It is
not possible to observe the entire length of the scratch.
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Figure 8. (a) Tensile shear strength of the analysed specimens. (b) SEM images of the scratch zones at
the three different scratch depths.

3.4. High-Speed Images

Figure 9 shows an example of the high-speed images taken during the collision.
The images compare a scratch-free reference specimen with a specimen prepared with
two medium-depth scratches oriented at 90° to the welding direction. The resulting
jet is clearly visible at the beginning of the collision in both sequences of images. The
scratches in the prepared specimen are clearly visible in the first image. As the collision
progresses, the untreated specimen exhibits the characteristic formation of the jet. This
spreads continuously throughout the collision process as the collision gap closes, leaving
the collision gap along the collision direction at the end. In contrast, lateral jet clouds form
in the specimen with the two scratches. These form in the area of the scratches, or are
deflected there from the jet’s original direction of travel. Although a jet is also present in
the collision direction, its character and intensity are significantly reduced compared to the
reference specimen. The middle image sequence, in particular, shows that the jet is more
intense and focused in the non-scratched specimen.

An additional specimen is produced to investigate this phenomenon in more detail.
In this specimen, the bore of the target for mounting on the rotor is offset by 1.0 mm
laterally in order to deliberately create a lateral offset between the colliding specimens
during the collision. This specimen is welded using the same process parameters as before
(Vimp =349 m/s, p =7.2°). A dark, localised deposit similar to the discolourations shown
in Figure 7 can be seen in the area of the scratch. This confirms the assumption, based
on the high-speed images, that the jet emerges from the side of the sample in the area of
the scratches.

91



Materials 2025, 18, 2944

no scratch two scratches
target
fiyer \/ \
; o e jet
0ns scratches
[}
g
c
.8
R}
°
© 1020 ns
A 2380 ns 2940 ns

Figure 9. High-speed images taken during the collision of a specimen at the model test rig (welding
direction: from right to left, vimp = 349 m/s). (left) Specimen with no scratches. (right) Specimen
with two scratches of scratch depth 2 oriented at 90°.

4. Discussion

The results presented demonstrate how different scratch configurations influence the
quality of joint formation during collision welding of two aluminium specimens made
from AA6060-T6 and AA6110A-T6 alloys. The effects of scratches of different depths and
orientations relative to the welding direction on the welding result are investigated. These
scratches lead to varying welding ratios and interlayers, directly affecting the resulting
tensile shear strength.

The main reason for the observed differences in strength values is the direct correlation
between the welding ratio and the calculated shear strength. As the latter is related to the
complete overlap area A,, (see Figure 3), reducing the welded proportion (with constant
strength per surface element) will result in a drop in the calculated tensile shear strength.
This relationship is clearly illustrated in Figures 5 and 8. It can be seen that shallow
scratches with a depth of 15-30 um only slightly reduce the strength values compared to
scratch-free reference samples. The lowest strengths are observed for deep scratches at an
angle of 90°.

Previous studies have shown that a jet consisting of removed oxide layers, impurities,
and ionised material, together with high surface pressure, is essential for forming a high-
quality joint. The jet both cleans and activates the surfaces. [34] Based on the results
obtained in this study, it can be assumed that scratches above a certain depth negatively
affect the formation and propagation of the jet, thereby reducing the welding ratio. This
assumption is supported by the high-speed images in Figure 9, which show disturbed
jet formation, and the cross-sections in Figures 6 and 8. Two characteristic scenarios can
be distinguished.

1. Jet inclusion in the scratch: As the collision progresses, the jet hits the scratch and
becomes part of it. Depending on the size of the scratch, it is either completely or
partially filled. The resulting heat, which has also been observed in collision welding
tests at low collision angles [37], can cause the material to melt locally. Combined
with the removed material, this creates a pronounced intermediate layer. Similar
findings were reported in EMPW welding processes involving ground surfaces [42]. In
particular, structures running perpendicular to the welding direction lead to increased
interlayer formation, which can be attributed to jet inclusions.
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2. Jetinterruption due to scratch geometry: In some cases, the jet is deflected or inter-
rupted so strongly by the scratches (the indentation and the elevations at the edges
of the scratches, see scratch profile in Figure 1) that there is insufficient energy left
for surface cleaning and activation. SEM images in Figure 8 show vortex structures
indicating such jet disturbance. Notably, this prevents joint formation in large areas
before the scratch, whereas a joint is formed after the scratch. This suggests strong
turbulence in the closing collision gap, hindering the jet and connection formation
in the area in front of the scratch. The turbulent atmosphere escapes from both sides
of the collision gap via the scratch, creating atmospheric conditions again after the
scratch that enable joint formation.

Compared to the 90° scratches described above, those in a 0° orientation have less
influence on jet and joint formation. With these scratches, the sample is fully joined in
the areas outside the scratch area, regardless of the depth of the scratch. However, in the
scratch area, there is almost no joint formation for the three scratch depths. This may be
due to a lack of material being pressed into the 0° oriented scratch during the collision.
The local plastic deformation and the local material flow are not sufficient to form a joint.
On the other hand, for a 90° oriented scratch, the possibility of material being pressed into
the scratch is greater due to the rolling motion of the flyer on the target surface during the
collision. Nevertheless, some joints do occur in certain areas at low scratch depths, due to
sufficient plastic deformation and local material flow within the scratch area. This clearly
demonstrates the sensitivity of the process to external influences. At higher scratch depths,
there are no joined areas within the scratch path. From a certain depth onwards (compare
ultrasonic examination in Figure 5), it is no longer possible to smooth out the scratches
through the collision process. This results in the complete elimination of joint formation in
these areas.

5. Conclusions

This study determines and analyses the process window of the material combination
AA6060-T6 (extruded flat material, thickness: 2.0 mm) and AA6110A-T6 (extruded flat
material, thickness: 2.0 mm) using a model test rig for collision welding. Based on this, the
influence of different types of scratches on the joint quality of collision-welded samples
is analysed systematically. The scratches vary in terms of depth, orientation, and number.
The results clearly demonstrate that increasing both the scratch depth and number leads
to a significant reduction in the tensile shear strength that the joint can endure. Scratches
oriented perpendicular to the collision direction have a particularly critical effect as they
lead to turbulence in the jet from a critical scratch depth of 50-80 pm, which is accompanied
by a significantly greater reduction in tensile shear strength. This is mainly due to a
reduction in the welding ratio. The influence of partially formed intermediate layers on
tensile shear strength could not be quantified in this study, so this is an important area for
future research.

In addition to further investigating the varying increases in limit angles with different
material combinations within their respective welding process windows, future research
should analyse the influence of scratches on the resulting intermediate layers more in-depth.
As part of an extended parameter study, the influence of other scratch configurations should
also be considered to develop a comprehensive catalogue of influencing parameters for
industrial applications. This will enable critical threshold values to be identified with
regard to scratch depth and number for specific applications. This will enable targeted
countermeasures to be derived in the area of material handling, as well as improved
control of surface-related quality fluctuations. These measures can be adapted as required,
ultimately reducing effort and costs in the industrial production process.
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Abstract: This study investigated the effect of a hemispherical friction stir welding (FSW) tool on the
heat generation and mechanical properties of dissimilar butt welded AA5083 and AA7075 alloys.
FSW was performed on the dissimilar aluminum alloys AA5083-H111 and AA7075-T6 using welding
speeds of 25, 50, and 75 mm/min. The tool rotation rate was kept constant at 500 rpm. An analytical
model was developed to calculate heat generation and temperature distribution during the FSW
process utilizing a hemispherical tool. The experimental results were compared to the calculated
data. The latter confirms the accuracy of the analytical model, demonstrating a high degree of
agreement. Sound FSW dissimilar joints were achieved at welding speeds of 50 and 25 mm/min.
Meanwhile, joints created at a welding speed of 75 mm/min exhibited a tunnel-like defect, which
can be attributed to the minimal heat generated at this particular welding speed. At a lower welding
speed of 25 mm/min, a higher tensile strength of the dissimilar FSWed joints AA5083 and AA7075
was achieved with a joint efficiency of over 97%.

Keywords: friction stir welding; hemispherical tool; peak temperature; dissimilar aluminum alloys;
mechanical properties

1. Introduction

Since its invention in 1991, friction stir welding (FSW) has gained popularity for
joining different aluminum alloys (AA), particularly difficult-to-weld alloys such as the
2xxx and 7xxx series [1]. FSW parameters, tool design, and tool materials are continuously
updated. Process operation, including the development of the bobbin tool [2-6], station-
ary shoulder [7-9], reverse dual rotation [10], and others, has also progressed. Recent
advancements in solid-state welding have made FSW one of the best methods for joining
various alloys, particularly dissimilar alloys. Several process parameters control the FSW of
dissimilar alloys. The impact of various factors on the characteristics of friction stir-welded
joints between dissimilar aluminum alloys has been the subject of numerous studies [8-12].
Tool geometry and design have attracted the attention of many researchers because of the
vital role that the tool plays in the quality of friction stir welded joints [13-19]. Accord-
ing to Raj Kumar et al. [20], FSW of dissimilar aluminum alloys AA5052 and AA6061 is
affected by welding settings and tool design. They reported that the alloys may be joined
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effectively and with good bonding using cylindrical threaded pins. Compared with other
tools, the stepped pin tool provided the maximum tensile strength for the welded joints,
and generated a sound joint at welding speeds of 1000 rpm and 40 mm/min. A study [1]
on the effect of pin eccentricity on the characteristics of friction stir welded AA7075 found
that a clear impact on the tensile characteristics of the welded joints; a pin eccentricity of
0.2 mm is the ideal value for maximizing strength and elongation.

In the FSW process, the heat generated is assumed to be a combination of two sources:
(i) the friction between the tool and the workpiece and (ii) the plastic shear deformation
of the weld nugget in the vicinity of the pin [21-25]. The tool contacts the materials and
generates the needed heat through three regions: the shoulder, the pin side, and the pin
tip, so the friction between the pin side and the joint material is an important source of
heat. Moreover, increasing the pin side area will greatly affect the share of every part of the
FSW tool in generating heat by friction [26-30]. Sadoun et al. [31] studied the effect of pin
side area on heat generation and macrostructure developed during friction stir welding
5 mm thick AA7075 joints. They reported that the temperature distribution is influenced by
the ratio of the pin side area, as it directly impacts the quantity of heat created by the pin
side. Therefore, a tool with a higher ratio of pin side area is favored from a microstructure
perspective. Employing a tool equipped with a semi-spherical pin and a high pin side area
ratio (29.83%) results in a joint characterized by a smaller grain size and greater tensile
strength. The joint soundness and quality of dissimilar welding of AA7075-T6 and AA5083-
H111 depend mainly on the placement of AA7075 (higher flow stress alloy), which needs
a higher heat input than AA5083 [32]. The joint efficiency is also higher at higher heat
inputs (low travel speeds). The present work aims to increase the contact area of the pin
side by using a modified tool design (hemispherical tool) and to investigate its effect on the
properties of dissimilar AA7075/AA5083 friction stir welded joints. An analytical model
for heat generation will also be modified according to the current tool design.

2. Materials and Methods
2.1. Material Description

A friction stir welding process was used to create dissimilar joints between the alu-
minum alloys AA5083-H111 and AA7075-T6, utilizing FSW equipment for testing and
development. Tables 1 and 2 list the chemical composition and mechanical characteristics
of each alloy. The composition of the AA5083-H111 and AA7075-T6 plates was determined
using Foundry-Master Pro (Oxford Instruments, Abingdon, UK). The weld samples were
created using two 5 mm thick, 100 mm wide, and 150 mm long plates.

Table 1. Chemical composition of the present aluminum alloys.

Element (wt.%)

Type

Si Fe Cu Mn Mg Cr Zn Ti Al
5083 0.04 0.15 0.02 0.56 4.75 0.05 0.04 0.05 rest
7075 0.07 0.21 1.94 0.05 2.66 0.21 5.94 0.01 rest

Table 2. Mechanical properties of the base aluminum alloys.
Alloy Tensile Strength (MPa) Proof Stress 0.2% (MPa) Elongation (%)
AA5083-H111 307 156 19
AA7075-T6 571 495 11.5

2.2. FSW Procedures

The welding tools were made from a 30 mm diameter W302 cold-worked tool steel
rod (Biihler AG, Branch office Cairo, Cairo, Egypt), that had been heat-treated to HRC62,
with the following chemical composition: 0.39% C, 0.1% Si, 0.40% Mn, 5.2% Cr, 0.95% V,
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1.4% Mo, and 90.6 wt% Fe. As illustrated in Figure 1, a hemispherical tool pin was made
with an 8 mm diameter, 4.6 mm long, and a smooth 19 mm diameter shoulder. The pin also
has a 2° concavity.

(b)

Figure 1. FSW tool (a) shape and (b) dimensions.

A constant tool plunge depth (shoulder penetration) of 0.2 mm for all experiments
was used, and a tilt angle of 3° applied. The peak temperatures were measured on the top
surface of the advancing side of the weld joints using a laser thermometer (Quicktemp
8630-T3 device, Testo Company, Berlin, Germany) that has a measurement error range
from 1° to 12° based on the object emissivity. The plunge forces were recorded by the
FSW machine for research and development. Table 3 lists the applied FSW to produce
AA5083-H111 and AA7075-T6 dissimilar joints.

Table 3. The FSW process parameters.

Welding Parameters Welding §peed Rotation Speed
(mm/min) (rpm)
1 25 500
2 50 500
3 75 500

The metallographic samples were cut perpendicular to the welding direction. The
samples were ground, polished, and etched by Keller’s chemical agent (2 mL HF, 3 mL
HCL, 5 mL nitric acid, and 190 mL water) for 25 s to reveal the microstructure of the weld
zones. The grain size developed microstructures were measured using Image]J software
(Version 1.54d, Wayne Rasband and contributors, National Institutes of Health, Bethesda,
MD, USA). The Vickers hardness measurements were done using a Vickers Hardness Tester
type HWDV-75 (TTS Unlimited, Osaka, Japan). The measurements were made at the center
of the joint on the cross-sections perpendicular to the direction of the FSW path. Tensile
test specimens were obtained in a direction perpendicular to the welding direction and
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were prepared in accordance with the ASTM E8/E8M-16a standard. At room temperature
and 0.02 mm/s crosshead speed, a universal tensile testing machine (Instron 4208, 30-ton
capacity, Norwood, MA, USA) performed tensile tests.

3. Heat Generation Estimation Model

An analytical model for heat generation during friction stir welding was created
using a hemispherical pin profile. The suggested model is a revision of earlier analytic
models [33,34]. Figure 2a shows the tool design with a hemispherical pin profile and
illustrates the three areas where heat is anticipated to be produced by friction. Q; is the
heat produced by the concave shoulder, Q, by the hemispherical side of the pin, and Q3 by
the pin tip, resulting in the overall heat generation, which is given by Equation (1) as:

Qtotal = Q1 + Q2 + Q3 1)

(@)

(b) a

Q1

() Rp
Ao | Rps
A2
\./ A2

Figure 2. Schematic drawing of surface orientations and infinitesimal segment areas: (a) the different
heat generation regions, (b) concave shoulder, (c) pin side, and (d) pin tip.

For the current analytical modeling, some assumptions were taken into account. First,
the analytical estimation based on the supposition that the contact shear stress is uniform
was considered. Second, the sliding state of the shearing occurs at the contact interface.
Third, other heat-generating mechanisms, such as deformation, were not considered.
Figure 2 depicts the hemispherical tool and workpiece contact surface determined by
position and orientation in relation to the rotational axis.

The current analytical modeling, a modified version of the analytical model provided
by Essa et al. [35] and Schmidt et al. [36], utilized a straightforward tool design with a
concave shoulder surface, a hemispherical pin, and a flat pin surface. The radius of the
sphere shape Rps and the radius of the pin tip Rp define the hemispherical pin surface and
the concave shoulder surface, respectively. Despite being different, the formulas for each
surface area orientation are based on the fundamental equation for heat generation [37]:

dQ = wdM = w-r-dF = w-r-Teontactd A 2)
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3.1. Heat Generated from the Shoulder Surface

To calculate the heat produced by the concave shoulder surface spinning around the
tool axis, an infinitesimal segment on that surface was taken into account. This infinitesimal
segment region is subject to uniform contact shear stress, as seen in Figure 2b. This section
only makes a tiny force and torque contribution. The heat produced by this section is:

dQ1 = Wt Teontact7d0ds 3)

where 7 is the distance between the considered area and the center of rotation, w is the
angular velocity, and “df), ds” are the segment dimensions. Integration of Equation (3) over
the concave shoulder area from Rp to Rs gives the shoulder heat generation, Q;, as follows:

dr
dQr = w'rz'Tcontact'dG'@ 4)
27T fRg dr
Q1 :/O R, w'rz'Tcontact'dG'@ 5)
(1)
Q1 = zn'w'Tcontact'W (6)

3.2. Heat Generated from the Hemispherical Surface

The pin consists of a hemispherical surface with a radius of sphere Rps and radius of
pin tip Rp and pin height Hp. The heat generated from the pin side is given by the following
equations over the pin side area.

dQy = w-rTeontact-A A2 @)

Q= /W'V'Tcontact'dAz = w-Rps Teontact Az 8)

Az = Agpher —2A0 )

Ay = anRs — |2 - [" ]+ r2eos?0 43I0 g (10)
JoJo 13 — 1-c0s20 — r2sin0

Ay = 4TR3¢ — [4711%%5 — 47Rpsy/ R3¢ + R%} (11)
Ay =47nRpsy/R3 + R3 (12)

Q2 = w-Rpg-Teontact-47Rpg\/ REg + R%, (13)

Q> = 4w TR}g Teontact \/ R + R3 (14)

3.3. Heat Generation from the Pin Tip Surface

The following equations give the heat generated from the pin tip. Assuming that the
flat pin tip gives the heat generated from the pin tip, Q3, thus:

dQs = w-r-Teontact rd0dr (15)
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27
"~ Rp 2
Q3 = / /O W+t Teontact d0dr = gnw'Tcontact'R:; (16)

From Equations (6), (14) and (16), Qe can be calculated as written in Equation (17),

Qrotar = Q1 + Q2+ Q3 (17)

R3-R3
Qtotal = (27Tw'Tcontuct(3wsap)> + <4w'7TR1235'Tcontuct'\/ R%S + R%J)

(18)
+ (% TTW+Teontact R?;;)
3_R3
2 (R -R)) /
QTotal = gnW'Tcontact' [(COS& + (6R%S R%S + R%) + (R?’> (19)
The estimated shear stress for the sliding condition is given by:
Teontact = P} (20)
and pressure “p” is given by:

p=F/m-Rs? (21)

The energy per unit length can be calculated by dividing Equation (19) by the welding
speed. Thus:

3 3
2ntwFu (Rs - RP) 2/ 3
QEnergy/Length = SURE [( COSK + 6RPS R%S + R%’ + (RP> (22)

The coefficient of friction (y) varies with temperature [38,39]. However, in the present
model, for demonstration purposes, it was considered to be 0.5. The effective energy
per weld length (Qgp) [40-42] is defined as the energy per weld length multiplied by the
transfer efficiency (“B” ratio of the pin length “Hp” to the workpiece thickness “t”) and
given by

QEff - ﬁ'QEnergy/Length = (Hp/t) X QEnergy/Length (23)

The analytical relationship developed by Hamilton et al. [40] between the temperature
ratio and the effective energy level Qpy was considered. The analytical equation is given by
Equation (24) as:

T .
% =156 x 107 *Qg s + 0.54 (24)

The current model should provide an upper bound for the thermal profiles. The finite
element (FE) heat flux can be related to the radial position r by using an equation developed
by Khandkar et al. [41] to give

Q(r) = Qesp- 1/ <§7TR2+27{R%5H> (25)

where Q(r) is the local heat flux and is linearly related to r. This FE equation has been used
to calculate the moving heat input at the three different interfaces between the tool and the
workpiece. Alternatively, the FE heat flux can also be related to r through tool rotation and
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the average shear stress to yield the same effect. The energy balance equation of the FSW
process can be described by:

. 2T 2T 2T -

where T is the temperature, T is the rate of change in temperature, c is the specific heat, p is

the density, k is the thermal conductivity, and Q is the rate of moving heat generation per
unit volume.

(55 ) = man(T =0 @)

where ag;, is the convection heat transfer coefficient, and its value in this paper is
15 W m~2 K~! with an ambient temperature Ty of 24 °C for the top and side surfaces
of the workpiece.

To validate the proposed model, experimental and simulated thermal profiles are
presented in this section. Figure 3a shows the experimentally measured spatial temperature
distribution for the three welding speeds of 25, 50, and 75 mm/min, whereas Figure 3b
shows the experimental temperature history. Good agreement is observed between the
experimental and calculated values.

500
g 400
g
g 300
(V]
3
3 200
K
Q 100 @ M-25 mm/min C-25mm/min
# M-50 mm/min ---- C-50mm/min
¢ M-75 mm/min C-75 mm/min
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Figure 3. (a) Variation of calculated and experimental temperature for FSWed joints at 25, 50,
and 75 mm/min welding speeds. M: refers to “measured” and C: refers to “calculated”, (a) tem-
perature distribution away from the weld joint center line, (b) The experimental and calculated
temperature history.
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The peak temperature at any distance from the weld zone center increased with
decreasing traveling speed because of increasing heat input with decreasing traveling speed.
Additionally, the maximum peak temperature was obtained at the center of the nugget
zone at the three welded joints, which may be caused by the severe plastic deformation that
results in a high quantity of heat input. Another dramatic observation is that a higher value
of the peak temperatures was observed in the advancing side where the alloy AA5083 was
placed compared with the retreating side where the alloy AA7075 was placed, and this
may be attributed to the increasing rotation speed in the advancing side compared with the
retreating side, causing the advancing side to be hotter [42]. The results of the proposed
model indicate an increase in the heat generated at a 25 mm/min travel speed.

4. Evaluation of FSWed AA7075/AA5083 Dissimilar Joints

The results of the mechanical properties of the welded joints will be discussed with
macrostructure and microstructure support. The heat generation during FSW and the
temperature ratio will also be analyzed based on the proposed model and experimental
measurements.

4.1. Microstructure Investigations

The macrostructure for the cross-section of the FSW 5083 /7075 dissimilar joints is
shown in Figure 4. A clear interface is observed in the nugget zone for all three joints.
Another important observation is the superior adhesion and soundness obtained in the
joints welded at travel speeds of 25 and 50 mm/min, but a tunnel defect is formed in
the joint welded at a travel speed of 75 mm/min. The formation of tunnel defects has
been researched by several authors [34-45], especially for friction stir welding of dissimilar
aluminum alloys. The configuration of the welded joints plays an important role in the
formation of defects [46] and depends mainly on the selection of the alloy to be placed on
the advancing side and on the retreating side. In the present work, the weaker-strength
AA5083 alloy was placed on the advancing side, and the higher-strength AA7075 alloy
was placed on the retreating side. The defect was formed on the advancing side where the
5083 alloy was placed. In [47], it was concluded that defects will exist in welded joints if
a higher-strength alloy is placed on the advancing side, which disagrees with the results
obtained in the present work. On the other hand, since the material on the advancing
side of the weld is flowing in the same direction as the tool, this can cause the material to
become more fragmented and less cohesive, making it more susceptible to defect formation.
Also, the material on the advancing side of the weld is subjected to more intense frictional
heating than the material on the retreating side. This can cause the material to overheat and
melt, making it more susceptible to defect formation regardless of the alloy type, which
agrees with the results of the present work, where the defect was formed on the advancing
side [48,49]. Moreover, AA5083 is a highly deformation-resistant alloy and has a high
flow strength, so increasing the travel speed results in low heat input, which may cause
poor intermixing between the two alloys, increasing the likelihood of defects [50]. The
contribution of each alloy band was calculated approximately, as shown in Figure 4. At
a travel speed of 25 mm/min, the band area of AA7075 was approximately 20.28 mm?,
higher than that of the band area of AA5083 (14.15 mm?), whereas at a travel speed of
75 mm/min, the contribution of AA 5083 to the formation of the nugget area was higher
(for AA 5083, the band area was 23.mm? and 11.13 mm? for AA 7075).
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Figure 4. Macrostructure of dissimilar FSWed joints AA7075 and AA5083 at different welding speeds:
(a) 25 mm/min, (b) 50 mm/min, and (¢) 75 mm/min.

Optical microstructure investigations are paramount for FSW joints; examination of
the microstructure features with grain size indicates the expected mechanical properties of
welded joints. Figure 5 shows the optical microstructures and their grain size analysis of the
weld zone for the dissimilar AA7075/AA5083 welded joints produced using FSW travel
speeds of 25 (Figure 5a,d), 50 (Figure 5b,e), and 75 mm/min (Figure 5c¢,f). The microstruc-
tures of the dissimilar FSWed joints obtained fine equiaxed grains in the weld zone, as
depicted in Figure 5a—c. During the FSW process, the intense localized heat generated by the
rotating tool (stirring action) induces severe plastic deformation and intense stirring action
in the stir zone. This action (stirring process) breaks down the coarse grains of the initial
plates and promotes the formation of fine, equiaxed grains. The grain size analysis of the
developed microstructures of the dissimilar welded joints revealed the significant effects of
travel speeds on the grain size of the developed microstructures in the weld zone. Decreas-
ing the travel speed from 75 to 25 mm/min tended to result in a finer grain structure within
the weld zone (Figure 5d—f). The higher travel speed of 75 mm/min corresponds to a shorter
exposure time to the elevated temperatures generated during the FSW process. The smallest
grain size of 4.48 um (average grain size) in the weld zone was developed in the dissimilar
AA75075/AA5083 joint welded at a travel speed of 25 mm/min, while the travel speed of
75 mm/min resulted in an average grain size of 10.12 um, as shown in Figure 5d—f. This dif-
ference in the sizes of grain structures in the weld zone is expected to affect the mechanical
properties of the welded joints, such as the tensile and hardness properties.
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Figure 5. Microstructure and grain size analysis of dissimilar FSWed joints AA7075 and AA5083 at
different welding speeds of (a,d) 25, (b,e) 50, and (c,f) 75 mm/min.

4.2. Mechanical Properties

Figure 6a illustrates stress-strain curves for joints created at welding speeds of 25, 50,
and 75 mm/min, while Figure 6b illustrates the impact of travel speed on the ultimate
tensile strength and joint efficiency of dissimilar FSWed butt joints welded at various
travel speeds of 25, 50, and 75 mm/min at a constant rotational speed of 500 rpm (b).
When the travel speed decreases, the tensile strength of the welded connection increases,
since a higher heat input is possible at slower travel rates. When using a travel speed of
25 mm/min, a maximum joint efficiency of 97.7% was attained. This may be attributed
to the enhancement of the bond strength [51,52], and the increase in the band area of
7075 (high strength) in the nugget zone compared with that of 5983, as shown in Figure 4.
A similar work, using a different tool with an 18 mm diameter concave shoulder and a
4.8 mm long unthreaded tapered cylindrical pin, reported similar results with a maximum
joint efficiency of approximately 90% at the lowest travel speed (50 mm/min) [53]. The
higher weld joint efficiency in the present work compared with other similar works may be
attributed to the effect of the novel tool design (hemispherical pin tool), which may result in
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an increase in the contact area between the tool and the joint that causes severe deformation
of the stir zone, resulting in a finer structure. Additionally, some scholars used different
tool designs (threaded, squared, stepped, cylindrical, and tapered) to friction stir weld
dissimilar AA 5052 and AA 2024 [49]. They concluded that the maximum tensile percentage
or joint efficiency of 90% is obtained using the stepped tool. More recent work [53] used a
triangular threaded pin profile for FSW of dissimilar 1050-H14 and 5083-H111 aluminum
alloys, and the maximum tensile percentage was 63.4%. Figure 7 shows the fracture surface
of the tensile tested specimens for the dissimilar FSWed joints produced at travel speeds of
(a) 25 mm/min and (b) 75 mm/min. The FSW joint produced at a 25 mm/min travel speed
revealed an equiaxed deep and shallow dimple smaller than those detected for the joint
welded at a 75 mm/min travel speed (Figure 7a,b). This observation confirms the higher
tensile strength of the FSWed joints produced at a low travel speed of 25 mm/min than
those welded at a travel speed of 75 mm /min (Figure 6).
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Figure 6. Tensile properties of dissimilar FSWed joints AA7075-AA5083 at different welding speeds
of 25,50, and 75 mm/min. (a) Stress-Strain curves; (b) ultimate tensile strength and welding joint
efficiency.
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Figure 7. Fracture surface morphology of the dissimilar AA7075/AA5083 FSWed joints welded at
travel speeds of (a) 25 mm/min and (b) 75 mm/min.

Figure 8 illustrates the hardness profile for the welded joints produced at different
traveling speeds of 25, 50, and 75 mm/min and a constant rotation speed of 500 rpm. It can
be observed that the weld zone of the dissimilar joints revealed higher hardness than the
AAS5083 initial materials, where the highest hardness value of 200 HV was discovered at the
lowest travel speed of 25 mm/min. Furthermore, based on the hardness profile in Figure 8,
it is evident that the hardness profile exhibits three distinct zones. The zone with the lowest
hardness corresponds to the AA5083 side (advancing side), while the zone with the highest
hardness corresponds to the AA7075 side (retreating side). The dissimilar weld zone
(AA7075/AA5083) displayed hardness values that fell within the range of the other two
zones, according to the experimental temperature of the dissimilar welded joints ranging
from 385 to 487 °C. It has been established that the amount of heat generated depends on
various factors, including the rotating speed, applied pressure, frictional conditions, and
tool design. Conversely, heat dissipation is contingent upon various factors, such as the
pace at which welding is conducted, the thickness of the material being welded, and the
prevailing atmospheric conditions. The pace at which heat is generated and dissipated
plays a crucial role in determining the extent of the temperature increase and subsequent
structural modifications in the weld zone and its surrounding materials. This leads to the
creation of a supersaturated solid solution within the heat-affected zones and an averaging
condition in the surrounding material [47,48]. The observed changes in hardness values
along the cross-section of the dissimilar joints can be attributed mostly to the structural
modifications that occur.

4.3. Heat Generation and Temperature Profiles

The above-described analytical model to calculate the heat generated was utilized
to better understand the impact of a hemispherical tool on the characteristics of friction
stir welded connections. Figure 9a illustrates a significant link between the welding speed
and heat output based on the proposed and validated models above. The relationship
between the total heat produced and the energy per unit length (calculated by dividing
the total heat produced by the welding speed) is very strong. It is assumed that the energy
per unit length decreases when the welding speed increases. On the other hand, the total
heat generated increases with increasing welding speed, which may be attributed to the
increase in plunge force and torque that cause the increases in friction dissipation energy
generated [50,52]. Higher tensile strength and joint efficiency were obtained at a lower
welding speed (Figure 5b), which means that the higher the energy per unit length is, the
stronger the weld joint becomes.
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Figure 8. Hardness profiles of dissimilar FSWed joints AA7075 and AA5083.

3000 T 1800
B . ]
£ 2500 § 1 1600 3
~ = o =
£ C . el
B 2000 + 1 1400 &
o N )l St
2 E : )
= £ - 3
z 1500 - T 1200 o
(. - a -
7] L - ©
S 1000 + 1 1000 @
Eﬁ C —&— Energy per unit length . =
L C 7] —
1 . T S)
& >00 C ---#--- Total heat generation (Qtotal) | - 8002
o —F+——+——+—+—+——+—+—+
20 25 30 35 40 45 50 55 60 65 70 75 80
(a) Welding speed (mm/min)
3000 T T 90
£ 2500 ¢ 1 s0
® : '
2000 + i
ks i r7o ¥
£ 1500 | : =
= - 1 £
b} B T 60
2 1000 + _ -
& - —a&— Energy per unit length | 1
g2 500 f ---#--- Tmax/Ts - AA7075 T 30
= - ---A--- Tmax/Ts - AAS083 ]
0o +—F—t+—+—+—+—+—+—+—+—+—+—+

b 20 25 30 35 40 45 50 55 60 65 70 75 80
( ) Welding speed (mm/min)

Figure 9. Effect of welding speed on the heat generation and temperature ratio for dissimilar weld
joints AA 7075 and AA 5083: (a) effective energy per unit length and total heat generation, (b)
effective energy per unit length and temperature ratio.
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The effect of the welding speed on the temperature ratio (Tyax/15), where T,y is the
maximum temperature at the nugget zone, and 75 is the melting point for the alloy, is
plotted in Figure 9b. It is clear that both energy per unit length and T}, /T5 ratio decrease
with increasing travel speed. It is important to note that the temperature ratio for AA 7075
exceeds 75% at all traveling speeds, whereas the temperature ratio for AA5083 reaches
a maximum value of 68% at a 25 mm/min travel speed and 62% at a 75 mm/min travel
speed. This means that the heat input available for sound joint formation is slightly lower
for the 5083 alloy than for the 7075 alloy. This may be an important concept for tunnel
defect formation when the temperature ratio decreases [44,45].

5. Conclusions

A hemispherical pin tool was used for friction stir welding of dissimilar 5083 and 7075
aluminum alloys using a constant rotation speed of 500 rpm and different travel speeds of
25,50, and 75 mm/min. An analytical model was proposed and validated experimentally.
Good agreement was observed between the proposed model of heat energy generated with
the associated peak temperatures and the experimentally obtained results. The energy per
unit length is a more important index than the total generated heat since tensile strength
and joint efficiency become optimized as energy per unit length increases. Defect-free joints
were produced with travel speeds of 25 and 50 mm/min. A tunnel defect was formed on
the advancing side where the 5083 alloy was placed, using a travel speed of 75 mm /min.
A maximum tensile percentage of 97.7% was obtained at a travel speed of 25 mm /min.
The hemispherical pin tool is suitable for friction stir welding processes and needs more
attention in future work.
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Abstract: This study presents a hybrid machine learning framework combining an artificial
neural network and a genetic algorithm to optimize chemical compositions of shielded
metal arc weld metals for achieving targeted mechanical properties. First, a neural network
model was trained using a large experimental database provided by Dr. Glyn M. Evans,
which includes the chemical compositions and mechanical properties of over 950 shielded
metal arc weld metals. The neural network model, optimized via Bayesian optimization,
demonstrated high predictive accuracy for properties such as yield strength, ultimate
tensile strength, and Charpy impact transition temperatures. To enable inverse design, a
genetic algorithm-based optimization was applied to the trained neural network model,
iteratively exploring the composition space to find optimal elemental combinations that
match predefined mechanical property targets. The proposed hybrid approach success-
fully identified multiple feasible compositions that closely match the desired mechanical
behavior, demonstrating the potential of neural network-assisted inverse design in welding
alloy development.

Keywords: inverse neural network; shielded metal arc weld; genetic algorithm; chemical
composition

1. Introduction

The mechanical properties of welds are significantly influenced by their chemical com-
position, which has led to extensive research to understand this relationship. Mechanical
tests have been conducted on various materials and welding methods, resulting in the
development of a comprehensive database that links chemical composition to the mechan-
ical properties of welds [1-5]. In May 2015, Dr. Glyn M. Evans published an extensive
database on ResearchGate, encompassing over 950 shielded metal arc (SMA) weld metal
compositions. Each composition includes information on 16 elements, including iron (Fe),
and six mechanical properties, such as yield strength and tensile strength [5].

Based on this database, numerous studies have analyzed the influence of individual
alloying elements on the mechanical properties of welds [6-10]. Traditional statistical tech-
niques such as constraint-based models, multiple regression analysis, and cluster analysis
have been employed to explore these relationships. However, the complex interactions
between the variables make it challenging to fully untangle these relationships using
traditional methods alone.

Artificial neural networks (ANNSs) have emerged as a promising alternative to address
these issues [11,12]. ANNSs are particularly useful in scenarios involving many inputs,
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outputs, and nonlinear relationships, as they can efficiently perform regression analysis
without requiring prior assumptions about the relationships between variables. Conse-
quently, ANNSs are effective in predicting the mechanical properties of welds based on
their chemical composition. For instance, ANN-based prediction models have been de-
veloped for various materials and welding conditions, demonstrating their applicability.
Park et al. [13] developed an ANN-based model to predict the yield strength of austenitic
stainless steel welds. Sampath [10] proposed an ANN model to predict the Charpy V-notch
impact toughness of high-strength steel weld metals based on Evans’s database. Bera
and Das [14] developed an ANN model to predict the ultimate tensile strength (UTS),
elongation, and Rockwell hardness on the B scale (HRB) for gas metal arc welding (GMAW)
of dissimilar steels using current, voltage, and gas pressure as inputs. Payares-Asprino [15]
presented an ANN model to predict the yield strength, tensile strength, elongation, and frac-
ture location of duplex stainless steel (SAF 2205) welds in a robotic GMAW process under
varying welding conditions. Jung et al. [16] developed an artificial intelligence (Al)-based
model to predict the tensile properties of high-strength steels using microstructural factors
and chemical compositions. Mezher et al. (2024a) applied various ANN architectures to
predict the quality of resistance spot welding (RSW) for AISI 304 stainless steel and quanti-
tatively analyzed the changes in shear strength and nugget diameter according to process
parameters [17]. In a subsequent study, Mezher et al. (2024b) investigated dissimilar metal
RSW between titanium alloy and AISI 304 austenitic stainless steel using not only ANNs
but also Random Forest and CatBoost algorithms and quantitatively assessed the relative
importance of input variables [18].

Despite such advantages, ANN models face challenges such as vanishing gradients
and overfitting. To overcome these issues, researchers have explored new activation func-
tions and optimization techniques. In addition, recent advancements in deeper networks
and effective optimization methods have significantly enhanced model performance. These
improvements have enabled the development of robust models that can avoid overfitting
and achieve optimal prediction accuracy [19-28].

First, this study developed a model to predict the mechanical properties of welds based
on their chemical compositions, utilizing the experimental database of SMA weld metals
published by Dr. Glyn M. Evans [5] and implementing a multilayer ANN structure. Bayesian
optimization techniques were used to determine the optimal number of layers and nodes and
establish when to stop training. The objective was to create a model that can efficiently predict
six mechanical properties of welds using only their chemical compositions.

Next, this research introduced an inverse neural network approach. While traditional
methods focus on predicting mechanical properties based on chemical compositions, in-
verse neural networks can identify combinations of chemical components that achieve
specific mechanical properties. This capability is particularly valuable to practitioners
and developers who seek to derive the optimal chemical composition to achieve desired
mechanical characteristics. To facilitate this, this paper utilized a genetic algorithm (GA) to
explore the optimal chemical composition. GAs are powerful tools for discovering optimal
combinations by mimicking the principles of natural selection. They also excel at exploring
global optima through repeated selection, crossover, and mutation by mimicking the theory
of natural selection and evolution. These properties make them well-suited for optimizing
complex objective functions defined in high-dimensional spaces, such as those encountered
in the chemical composition design problem addressed in this study.

In recent years, hybrid optimization approaches that combine machine learning (ML)
techniques with GAs have garnered a significant amount of attention. These combined
methods effectively address the limitations of single algorithms and enhance both pre-
dictive and exploratory performance. ML-based predictive models can quickly estimate
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performance within a design space, while GAs help identify combinations that meet spe-
cific target conditions through search-based optimization. The integration of these two
techniques has been actively applied across various fields, particularly in materials science,
where their effectiveness has been demonstrated in alloy composition design. Lee et al. [29]
used an ML-aided GA approach to efficiently explore the optimal composition and pro-
cessing conditions for medium-Mn steel with improved tensile strength and elongation.
By integrating data-driven prediction models with GA-based inverse design techniques,
ultra-high-strength compositions were successfully obtained. In addition, the effects of
trace alloying elements such as Ti, V, and Mo on mechanical properties were investigated
through microstructural analysis, demonstrating how an ML-GA-based framework can
advance alloy design. Bhat et al. [30] combined GAs with class-based models to simultane-
ously optimize the strength and elongation of aluminum alloys. The researchers classified
different aluminum alloy classes, trained individual regression models for each class, and
linked these models with GAs to explore optimal compositions and processing conditions
specific to each. Schaufelberger et al. [31] introduced an uncertainty-controlled GA based
on ensemble MA predictions to explore the high-dimensional chemical space for design-
ing singlet fission materials. Improving the synergy between ML techniques and GAs is
becoming an essential approach to solving inverse design problems [29—41].

This study proposes a hybrid GA-ANN-based inverse design prediction model that
overcomes the limitations of conventional forward-only ANN models by enabling goal-
oriented exploration of chemical compositions based on target mechanical properties. The
model integrates a high-accuracy ANN, trained on a large-scale weld metal dataset, with a
genetic algorithm to iteratively search for optimal compositions that minimize the error
between predicted and desired properties. By capturing the complex nonlinear relation-
ships between composition and properties, and automating the optimization process, the
framework reduces the need for extensive physical testing, lowers development costs, and
improves design efficiency. Repeated validations confirmed its stable and reliable perfor-
mance, demonstrating potential for broad applicability across various welding processes
and alloy design tasks.

This paper is structured as follows: First, it discusses the relevant database and the
basic statistical properties of the data. Second, the development of an ANN model for
predicting mechanical properties is detailed. Finally, it presents the development of a
model utilizing an inverse neural network approach and discusses the results.

2. Database
2.1. Specifications of the Database

The relationship between chemical composition and mechanical properties of welds
was investigated based on a large-scale database of SMA weld metals published by Dr.
Glyn M. Evans [5]. Table 1 presents the descriptive statistics of the data, which consists of
the chemical composition of 16 elements and their corresponding six mechanical properties.
The mechanical properties include yield strength (YS), ultimate tensile strength (UTS),
elongation (El), reduction of area (RA), and transition temperature at 100 ] and 28 ] in the
Charpy V-notch test (Temp-100J, Temp-28]). The presented statistical indicators provide
fundamental insights into the distribution trends and variability among the characteristics.
In particular, descriptive statistics such as the minimum, maximum, mean, and standard
deviation of each variable enable a clear understanding of the range and scale of both chem-
ical compositions and mechanical properties. This information is valuable for establishing
effective data preprocessing and analysis strategies for the input variables.
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Table 1. Summary of chemical composition and mechanical properties.

Element Min. Value Max. Value \l\g ifllel Std. Dev. Unit

C 0.035 0.152 0.071 0.011 wt%

Mn 0.23 2.1 1.262 0.393 wit%

Si 0.001 1.11 0.352 0.104 wit%

S 0.003 0.046 0.007 0.002 wt%

0.003 0.04 0.008 0.003 wit%

Ti 1 770 115.541 152.679 ppm

B 1 200 21.387 44.732 ppm

Al 1 680 40.307 111.877 ppm

N 35 270 92.916 47.832 ppm

@) 217 1535 397.230 87.849 ppm

Cr 0.026 35 0.138 0.447 wt%

Ni 0.03 5.48 0.295 0.982 wit%

Mo 0.005 1.16 0.050 0.201 wit%

\Y% 3 2873 48.924 237.194 ppm

Cu 0.02 2.04 0.071 0.235 wt%

Nb 3 980 19.046 84.891 ppm

YS 310 1026 505.589 77.196 N/mm?
UTS 345 1123 578.349 77.657 N/mm?

El 7.4 35.8 26.009 3.783 Yo
RA 10.8 87.8 75.719 4.608 Yo
Temp-100] —89 45 —43.265 23.500 °C
Temp-28] —145 77 —69.162 23.956 °C

2.2. Correlation Analysis

To assess the approximate correlation between each dataset, Pearson correlation
analysis was performed using Equation (1) below, where r is the Pearson correlation
coefficient, and x and y are the target variables being analyzed. Figure 1 visually represents
the Pearson correlation coefficients between the variables. A value close to 1 indicates a
strong positive correlation, while a value close to —1 indicates a strong negative correlation.

b L —0)(yi—y)
Va2 - 9)

The analysis found that none of the chemical compositions had a correlation coefficient

)

greater than 0.5 with any of the mechanical properties. This outcome is due to the limita-
tions of Pearson correlation analysis, which only examines linear relationships between
two variables and is not effective in analyzing nonlinear interactions among chemical com-
position ratios or between mechanical properties. Specifically, Pearson correlation analysis
fails to account for multivariate nonlinear interactions among elemental compositions,
multivariate nonlinear interactions between mechanical properties, and multivariate non-
linear interactions between composition ratios and physical properties. To overcome these
limitations, this study employs an ANN to analyze multivariate nonlinear interactions.
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Figure 1. Pearson correlation matrix of chemical composition and mechanical properties.

3. Methodology

The hybrid genetic algorithm-artificial neural network (hybrid GA-ANN) applied
in this study consists of an ANN prediction model and a GA evaluation model, which
combines the powerful predictive capabilities of ANNs with the optimization ability of
GAs to facilitate prediction and inverse operations. The overall process involves two main
steps, as shown in Figure 2. Step 1 consists of training the ANN, which is used to build a
data-driven predictive model. Step 2 involves the process of performing inverse operations
based on the trained ANN model to derive the optimal elemental composition ratio that
satisfies the target mechanical properties.

In Step 1, the ANN is trained using SMA weld metal data. The elemental compo-
sition ratio is set as the input, while the corresponding mechanical properties serve as
the output. The model’s hyperparameters, including the number of nodes per hidden
layer, the number of hidden layers, and the number of epochs, which are important factors
that determine the structure and performance of the neural network, are optimized using
Bayesian optimization. The ANN is then trained based on these optimized hyperparame-
ters. The performance of the trained model is evaluated using statistical metrics such as
mean squared error (MSE) and the coefficient of determination (R?) and finally stored.

In Step 2, after setting and inputting the initial values of the target mechanical prop-
erties and elemental compositions, the ANN trained in Step 1 is combined with a GA
to identify the combination of elemental compositions that satisfy the target mechanical
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properties. First, the GA evaluation model predicts the mechanical properties based on
the input values of the elemental compositions using the trained ANN. The predicted
mechanical properties are compared to the target values, resulting in the elimination of
unsuitable elemental compositions while suitable ones are passed on to the next generation.
GAs are search algorithms designed to find data adaptable to their environment. Com-
positions that do not meet the evaluation criteria are discarded, while those that do are
optimized through successive generations, retaining their genetic information. During this
process, mutation operations are applied to generate new combinations of composition
ratios. During mutation, small random changes are introduced to the existing compositions,
helping to expand the search space and avoid local optima. Eventually, this process leads
to a composition that satisfies the desired mechanical properties.

Step 1 Step 2
[ Start ] Set target mechanical properties
and initial chemical elements

!

—>| Load ANN model |
Collect data l
; . | Evaluation |<—
Inputs Outputs | e le{:tion |
Chemical Mechanical l
elements properties | C |
rossover
I . | I
Hyperparameter tuning | Mutation |
with Bayesian optimization
— Satisfy target
| Train ANN model mechanical
Y properties?
| Save ANN model |
X ’ [ End J

Figure 2. Workflow of the hybrid GA-ANN process.

Figure 3 illustrates the overall workflow of the GA. On the left, a representation of
a chromosome shows how chromosomes are structured within the population. On the
right, a flowchart describes the main steps of the GA: initialization, evaluation, selection,
crossover, and mutation.

Figure 3a depicts the initial stage of the GA. The initial population represents potential
solutions in the form of chromosomes. During the evaluation phase, a fitness evaluation
determines how suitable each chromosome is for solving the problem. The selection
phase then selects the chromosomes that will be passed on to the next generation, where
individuals with higher fitness are more likely to be selected.
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Figure 3b illustrates how the crossover operation is performed. Selected parent chro-
mosomes exchange genetic material to create new offspring, which increases population
diversity and helps expand the search space.

Figure 3¢ shows the mutation process. In this stage, specific gene materials of certain
chromosomes are randomly altered to avoid local optima and facilitate more effective
exploration of the search space. Mutation enhances the chances of discovering new optimal
solutions, making the overall search process more flexible.

Finally, the GA iterates through the following steps: evaluation, selection, crossover,
and mutation. This process continues until the predefined termination criteria are met,
which may include reaching an optimal fitness value or exceeding a maximum number
of generations. If the termination condition is not satisfied, the process repeats until a
satisfactory solution is found.

[ Start ]
[
* N
(a) | Initial population |
I T T T T ]
[ T T T T e je——
I:I:_:.-:-:I: | Evaluation I‘
| Selection
(b)
CE— T T 1 ]
C O T T 3
l Crossover
I 555 I B B |
O e e
(c) T T T e T
:é Mutation
N I | [

Criteria satisfied

( End ]

Figure 3. Workflow of the genetic algorithm process.

4. Machine Learning Model
4.1. Hyperparameter Optimization

The Bayesian optimization method was applied to identify the optimal hyperparame-
ters. This technique utilizes a probability model based on Bayes’s theorem to efficiently
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explore hyperparameters [19,20]. Bayesian optimization seeks the x* that maximizes the
objective function f and is defined as shown in Equation (2), where A is the search range.

x" = arg maxf(x) )

The core idea of Bayesian optimization is expressed in Equation (3). It shows the
relationship between the prior probability P(M) of an existing model M and the probability
P(E|M) that E will be observed in the model when evidence data E is observed. This
process involves updating the posterior probability P(M|E) during optimization.

P(M|E)  P(E|M)P(M) 3)

In executing Bayesian optimization, a stochastic model based on a Gaussian process
approach is utilized to approximate f and determine the optimal sampling point. This
approach balances exploration (testing unknown regions) and exploitation (exploring
regions based on the optimal values found in the existing sampling process). The neural
network was trained using the Adam (Adaptive Moment Estimation) optimizer, which
adaptively adjusts the learning rate for each parameter. The operating principle of this
optimization method is described in detail in Section 4.2. The final hyperparameters
determined through this process are summarized in Table 2.

Table 2. Optimized hyperparameters.

Hyperparameters Values
Number of nodes per hidden layer 423
Number of hidden layers 4
Epochs 859

4.2. Model Structure

This section describes the structure of the ANN. An ANN consists of an input layer,
one or more hidden layers, and an output layer, based on a multilayer perceptron structure.

Table 1 shows the data provided to the input and output layers of the ANN. The
input data comprises the 16 elemental composition ratios of SMA weld metals, including
elements such as carbon (C), manganese (Mn), and silicon (Si). These elements serve as the
independent variables the ANN is trained to use for predictions.

The output layer receives the data that the ANN aims to predict, which includes six
mechanical properties of the SMA weld metals, as detailed in Table 1. These properties
include yield strength (YS), ultimate tensile strength (UTS), elongation (El), reduction
of area (RA), and transition temperature at 100 J and 28 J in the Charpy V-notch test
(Temp-100J, Temp-28]). These are the dependent variables that the ANN needs to predict.

Figure 4 illustrates the overall structure of the ANN. To optimize model performance,
Bayesian optimization was applied to explore the hyperparameters. The resulting optimal
model features four hidden layers, each containing 423 nodes.

In the neural network, the Rectified Linear Unit (ReLU) was used as the activation
function. The ReLU function outputs 0 when the input is less than or equal to 0 and returns
the input value itself when the input is greater than 0. It is defined as follows in Equation (4):

ReLU = max(0, x) 4)
Compared to traditional activation functions such as sigmoid and tanh, ReLU has a

simpler computational structure and is effective in alleviating the vanishing gradient prob-
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lem during training, making it advantageous for stable learning in deep neural networks.
For these reasons, ReLU was applied not only to the hidden layers but also to the output
layer in this study.

The model was trained using the Adam (Adaptive Moment Estimation) optimizer.
Adam is based on stochastic gradient descent (SGD) and estimates both the first moment
(mean of the gradients) and the second moment (mean of the squared gradients) for each
parameter during training. By automatically adjusting the learning rate for each parameter,
Adam suppresses excessive oscillations and facilitates fast and stable convergence.

During the training process, mean squared error (MSE) was used as the loss function.
MSE is defined as in Equation (5), where n represents the number of data points, y; is the
actual value to be predicted, and 7; is the value predicted by the ANN. This loss function
evaluates errors by measuring the mean squared difference between the predicted and
actual values.

Input layer: ~ Hidden layer 1: Hidden layer 3: Output layer:
16 nodes 423 nodes 423 nodes 6 nodes
1 1
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Figure 4. Structure of the prediction model.

Figure 5 shows the MSE progression throughout the training process. The horizontal
axis represents the training epochs, and the vertical axis represents the MSE values, with
the solid red line indicating the training error and the dashed blue line representing the
validation error. As shown in Figure 5, the loss value decreases sharply during the initial
training phase and then gradually converges, indicating that the model is moving toward
an optimal state and that the training process is stable. Additionally, the training and
validation errors remain at similar levels, suggesting that overfitting has not occurred.

1 n

MSE =~} (yi = 9:)° (5)
i=1

4.3. Performance of Machine Learning Model

The performance of the prediction model was evaluated using data that was not
included in the training set. Figure 6 displays the performance of the ANN prediction model.
The results indicate very high prediction accuracy for yield strength and ultimate tensile
strength. The predictions for Temp-100] and Temp-28] show relatively lower accuracy
compared to YS and UTS yet still maintain a high level of precision. In contrast, El and RA
exhibit large scatters in the predicted data and relatively high errors.
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Figure 6. Performance of the prediction model: (a) yield strength; (b) ultimate tensile strength; (c) elon-
gation; (d) reduction of area; (e) transition temperature at 100 J; (f) transition temperature at 28 J.

The accuracy of the prediction model was assessed using the coefficient of determi-
nation (R?) defined in Equation (6). The coefficient of determination reflects how well
the regression model explains the variance between the predicted and actual data, with
values ranging from 0 to 1. A value closer to 0 indicates weak explanatory power, while a
value closer to 1 indicates that the model accurately captures the actual data. The results of
the numerical evaluation of the prediction model’s performance using the coefficient of
determination are presented in Table 3. The findings indicate that the ANN model, devel-
oped from experimental data, is suitable for actual predictions of YS, UTS, Temp-100], and
Temp-28]. However, predicting El and RA proved challenging due to their weak correlation
with the chemical compositions.

~ N2
R2:1— Zl(yl_yl) (6)
Liyi —9)°

Table 3. Performance evaluation of the prediction model.

Element YS UTS El RA Temp-100] Temp-28]
0.9805 0.9778 0.8208 0.6685 0.9739 0.9620

4.4. Explainable Al with Shapley Values

To quantitatively interpret how the ANN model predicts mechanical properties and
to evaluate the relative importance of each input variable (chemical composition), an
explainable artificial intelligence (XAI) method based on Shapley values was applied.
This approach, grounded in cooperative game theory, fairly assigns each input variable’s
contribution to the predicted output, and is known to be effective in enhancing model
interpretability even in complex multivariate regression problems [42,43].

Shapley values mathematically define the importance of each variable by calculating
its average marginal contribution to the model’s output. This can be expressed as follows:

otf 0 = CEHEGE= D s Uiy - fs) )
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Here, ¢; denotes the Shapley value of feature i, N represents the set of all features, S is
any subset of features excluding i, and f(S) refers to the model prediction based solely
on the input subset S. This formula calculates the average contribution of feature i to the
model prediction across all possible combinations in which it is newly added. It provides a
fair and consistent explanation even in the presence of interactions among variables.

Figure 7 presents a heatmap visualizing the average absolute Shapley values of
16 chemical elements across six predicted mechanical properties, indicating the extent
to which each element contributes to the predictions.

C{ 0.06 0.10 0.14 0.08 0.06 0.06 0.5
Mn SRR 0.51 0.35 0.21 0.15 0.14
Si{ 0.10 0.10 0.07 0.12 0.08 0.07
S{  0.04 0.04 0.05 0.05 0.07 0.06
P{ 0.05 0.05 0.09 0.07 0.07 0.08 0.4
Ti{ 0.17 0.15 0.12 0.08 0.10 0.11
B 0.04 0.03 0.13 0.19 0.05 0.04
Al{ 0.02 0.03 0.05 0.03 0.08 0.04 0.3
N{ 0.10 0.11 0.11 0.17
o1 0.05 0.05 0.08 0.16 0.08 0.11
Cr{ 0.17 0.18 0.16 0.13 0.09 0.06 0.2
Mo{ 0.14 0.14 0.12 0.09 0.06 0.04
V{ 0.06 0.05 0.05 0.03 0.03 0.03 L0.1
Cui 0.08 0.07 0.04 0.06 0.06 0.03
Nb{  0.06 0.06 0.05 0.04 0.05 0.04

YS UTS El RA  Temp-100J Temp-28J

Figure 7. Shapley values representing the contribution of each chemical element to the prediction of
mechanical properties.

The analysis revealed that Mn exhibited the highest contribution in predicting YS
and UTS, confirming its critical role in determining the strength characteristics of weld
metals. Ni also showed consistently high importance across all mechanical properties, with
particularly notable contributions to the predictions of El, RA, and Temp-100]J.

In contrast, N demonstrated high Shapley values for properties related to transition
temperature, such as Temp-100] and Temp-28], which are defined based on specific ab-
sorbed energies in Charpy V-notch impact tests. This suggests that N is an important
factor in enhancing toughness. On the other hand, elements such as S, P, and Al generally
exhibited low contributions, indicating that their influence on the model’s predictions is
relatively minor.

These results demonstrate that the ANN model does not function merely as a black box
predictor but rather learns patterns consistent with metallurgical mechanisms. Furthermore,
the findings provide valuable quantitative evidence for prioritizing alloying elements
during the inverse design process, thereby improving design efficiency.
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5. Result of Inverse Prediction Model

Once the ANN model describing the relationship between the chemical composition
and mechanical properties of the weld is complete, it can be combined with a GA to explore
combinations of chemical compositions that meet the target mechanical properties, as
illustrated in Step 2 of Figure 2.

To apply the hybrid GA-ANN-based inverse prediction model, the target mechanical
properties must first be determined. The case settings for the target mechanical properties
used in this study are summarized in Table 4.

Table 4. Case settings for target mechanical properties.

Element YS UTS El RA Temp-100]  Temp-28]
(N/mm?) (N/mm?) (%) (%) (@) (@)
489 571 30.2 78 -75 —102

The key parameters of the GA were set as follows. The population size was set
to 100 to allow for a diverse range of composition combinations to be explored in each
generation. The crossover probability was set to 0.8 to promote active recombination
between parent chromosomes, while the mutation probability was set to 0.1 to prevent
premature convergence to local optima and to ensure diversity in the search space. The
algorithm was configured to run for a maximum of 100 generations, during which optimal
composition combinations were iteratively derived. Table 5 summarizes the detailed GA
parameters used in this study.

Table 5. Genetic algorithm parameters.

Parameters Values
Population size 100
Crossover probability 0.8
Mutation probability 0.1
Maximum number of generations 100

After determining the mechanical properties, the next step is to load the pre-trained
ANN model. This model follows the structure shown in Figure 4, where the chemical
composition of the weld is entered into the input layer, and the corresponding mechanical
properties are obtained from the output layer. The loaded ANN model acts as a black-box
objective function within the inverse prediction model. It is important to note that since
the trained ANN model acts as an objective function, it explores chemical composition
combinations under the assumption of 100% prediction accuracy.

Each chromosome used in the GA consists of 16 types of weld chemical compositions.
When a chromosome is input into the ANN, the mechanical properties for that particular
combination are output. The relationship between the output properties and the pre-set
target mechanical properties is evaluated using an L1 loss-based fitness function, as shown
in Equation (8), where {j; represents the mechanical properties predicted by the inverse
prediction model, and y; represents the pre-set target mechanical properties.

n
Llloss =} |yi — il ®)
i=1

Figure 8 shows the evolution of the fitness value over the generations of the GA. The
best and worst fitness values from 10 iterations of the inverse prediction are presented,

125



Materials 2025, 18, 2592

along with the average value of these iterations, providing an overview of the trends
observed during repeated trials.

325 —©— best
—A— mean
32.0 —x<— worst
31.5
% 31.0
Q
g
Figgs
30.0
295 A A4
290 4 S, S, S, S &
0 20 40 60 80 100
Generation

Figure 8. Fitness performance of the hybrid GA-ANN inverse prediction model over generations.

This analysis enables the identification of the chromosome with the smallest error
between the predicted output and the target material properties, which is considered the
optimized chemical composition to achieve the desired mechanical properties. The results
of these iterations are summarized in Table 6.

Table 6. Optimized chemical compositions generated by the genetic algorithm.

Element Trial1 Trial2 Trial3 Trial4 Trial5 Trial6 Trial7 Trial8 Trial9 Trial10  Unit
C 0.035 0.038 0.038 0.035 0.035 0.041 0.038 0.037 0.039 0.035 wt%
Mn 0.914 0.846 1.334 1.887 1.142 0.277 0.242 1.592 0.589 1.202 wt%
Si 0.731 1.081 0.823 0.437 0.926 0.036 0.016 0.648 0.019 0.033 wt%
S 0.0051  0.003 0.003 0.003  0.0073  0.003 0.003 0.008 0.003 0.0034 wt%
0.003 0.006 0.003 0.008 0.003 0.003 0.003 0.003 0.009 0.003 wt%

Ti 30144 79.08 49791 27.84 40234 35753 28378 533.76  48.53 670.27 ppm
B 175.5 9.03 121.14 4.71 185.06 167.14 70.11  143.32  34.99 130.49 ppm
Al 256.44  56.83  558.31 5.13 262.96  35.41 25.38  411.21 5.27 155.95 ppm
N 120.38 11147 136.52 15245 15241 195.66 4495 22748 126.85 249.63 ppm
(@) 283.86 23556 253.61 27391 25492 304 26096  220.8  423.59 244.35 ppm
Cr 0.061 0.065 0.245 0.262 0.091 0.104 0.062 0.036 0.104 0.266 wt%
Ni 2.732 0.078 4.020 0.254 0.048 0.058 0.058 2.743 1.933 0.061 wt%
Mo 0.055 0.121 0.062 0.522 0.041 0.024 0.030 0.017 0.040 0.005 wt%
A% 119.15  25.26 2423  530.65 191.64 30796 1445 27.04 356 122.74 ppm
Cu 0.13 0.02 0.7 0.12 0.22 0.08 0.02 0.34 0.06 0.08 wt%
Nb 7.32 539.03  12.17 7.15 19.69 3.05 630.31  62.81 5.72 43.33 ppm
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Figure 9 visualizes the distribution of predicted mechanical properties by inputting
the chemical compositions listed in Table 6 into the pre-trained ANN model. For each
property, the target values are labeled, and the predicted property values over 10 trials
are circled. The performance of the hybrid GA—~ANN-based inverse prediction model was
validated by assessing how well each chemical composition satisfied the target properties.

6001

- (O  Prediction
500+ _e_ Target

400+

300+

200+

100+ -
©

9

ys | UTS El | RA | Temp-100J | Temp-28
[N/mm?] [V0] [°C]

—100+

Figure 9. Mechanical properties corresponding to the suggested compositions.

6. Discussion

The hybrid GA-ANN framework proposed in this study has shown promise in effec-
tively solving inverse design problems in welding alloy design. While traditional statistical
analyses or individual ML models have proven effective in predicting properties for given
compositions, they are limited in solving the inverse problem of deriving an optimal com-
position based on targeted material properties. This study overcomes these limitations by
combining the predictive capabilities of ANNs with the optimization capabilities of GAs.

The ANN prediction model exhibited high accuracy, especially in key strength prop-
erties such as YS and UTS, while also maintaining a high level of prediction accuracy for
Temp-100] and Temp-28]. This indicates that the influence of the chemical composition of
SMAW welds on these properties can be effectively captured. Conversely, the prediction
accuracy for El and RA was somewhat lower, as these properties are influenced by various
factors, including welding process variables, cooling rates, and microstructure formation,
and cannot be explained by chemical composition alone. This suggests the need to include
additional physical variables or microstructure data for future model improvements.

To interpret the prediction results and ensure model transparency, this study applied
an XAl approach based on Shapley values. This method enabled the quantitative evaluation
of how much the ANN model relies on each chemical element when predicting mechanical
properties. The analysis showed that Mn and Ni made the largest contributions to the
predictions of YS and UTS, while N played a significant role in the predictions of Temp-100]
and Temp-28]. These findings demonstrate that the ANN model can be extended beyond
a traditional black-box predictor to an interpretable model through Shapley value-based
analysis, where the contribution of each input variable can be quantitatively assessed. This
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enhances the model’s reliability and transparency, reinforcing its potential as a decision-
support tool in practical alloy composition design.

The GA-based inverse design process gradually converged to the optimal solution
through repeated generation changes and mutation operations, with consistent results
observed over 10 iterations. During this process, the L1 loss-based fitness function ef-
fectively minimized the absolute error between the target and predicted values, while
the mutation operation helped prevent the algorithm from falling into a local minimum.
Notably, several trials yielded compositional combinations that closely matched the target
properties, demonstrating the reliability and practicality of the proposed framework.

The GA-ANN-based approach proposed in this study can serve as an effective tool for
exploring global optima in composition design problems. However, alternative optimiza-
tion algorithms such as Particle Swarm Optimization (PSO) and Bayesian inverse design
methods may offer relative advantages in terms of convergence speed and quantification
of predictive uncertainty. In future work, we plan to develop this framework further by
comparing the performance of various optimization techniques depending on the problem
characteristics, with the aim of identifying the most suitable algorithmic combinations. In
particular, comparative studies with advanced evolutionary algorithms such as L-SHADE
and EBLSHADE are also being considered as future research directions.

Furthermore, this study aimed not only to evaluate model performance but also to
consider its potential application in real-world manufacturing environments. Defining
target properties and identifying compositions that meet these requirements are closely
related to the development of welding materials and prototype design. The approach of
this study effectively reflects these practical needs. Such a model can serve as an intuitive
and valuable design tool for both researchers and industry and is expected to significantly
contribute to reducing the design cost and time for high-performance materials.

7. Conclusions

This study developed a hybrid Al-based model that can simultaneously predict the
mechanical properties and perform inverse design of SMAW weld metals. First, based
on a large-scale database provided by Dr. Glyn M. Evans, a multilayer ANN model was
constructed, using the chemical composition of 16 elements as input and six mechanical
properties as output. Bayesian optimization was used to fine-tune the model structure,
resulting in good prediction accuracy.

Additionally, this study demonstrated the interpretability of the ANN model’s pre-
dictions through an explainable Al analysis based on Shapley values. By quantitatively
assessing the importance of each input element, the proposed approach contributes to
enhancing the model’s reliability and its practical applicability as a design tool.

Next, an inverse design framework was constructed by combining a GA with the
trained ANN model. The GA iteratively refined the elemental composition to minimize
the error between the target mechanical properties and the ANN predictions, thereby
exploring various optimal combinations. In all 10 iterations of the inverse prediction,
the compositional combinations closely matched the target properties, demonstrating the
model’s stability and effectiveness.

This hybrid GA-ANN approach represents a significant turning point beyond tra-
ditional composition-property modeling, enabling goal-oriented weldment design. Par-
ticularly in the early stages of weldment development, this model serves as a powerful
tool to reduce experiment-based trial and error while also improving design efficiency
and cost-effectiveness. Furthermore, the methodology presented in this study can be
applied not only to SMAW but also to various welding methods, such as GMAW and
GTAW, and dissimilar materials. It is expected to be widely applicable in various fields,
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including the development of new high-performance alloys and the design of materials for
extreme environments.

Several considerations should be taken into account for future studies. First, in
addition to chemical composition, process variables such as heat treatment conditions,
cooling rate, and welding current should be included as inputs to increase the model’s
explanatory power. Second, efforts should be made to improve the accuracy of physical
property predictions by integrating microstructure data and ensuring the physical validity
of result interpretations. Finally, after deriving the optimal composition, it is necessary to
conduct stepwise studies to examine the model’s applicability in practice through specimen
fabrication and experimental validation.
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Abstract: The European Fusion Reactor (DEMO, Demonstration Power Plant) relies significantly on
joining technologies in its design. Current research within the EUROfusion framework focuses on
developing materials for the first wall and divertor applications, emphasizing the need for suitable
joining processes, particularly for tungsten. The electric field-assisted sintering technique (FAST)
emerges as a promising alternative due to its high current density, enabling rapid heating and
cooling rates for fast sintering or joining. In this study, FAST was employed to join tungsten and
EUROFEREYY7 steel, the chosen materials for the first wall, using 50-pum-thick Cu foils as interlayers.
Three distinct joining conditions were tested at 980 °C for 2, 5, and 9 min at 41.97 MPa to optimize
joint properties and assess FAST parameters influence. Hardness measurements revealed values
around 450 HVj; for tungsten, 100 HV(; for copper, and 390 HV(; for EUROFER97 under all
joining conditions. Increasing bonding time improved joint continuity along the EUROFER97/Cu
and W/Cu interfaces. Notably, the 5 min bonding time resulted in the highest shear strength, while
the 9 min sample exhibited reduced strength, possibly due to Kirkendall porosity accumulation at
the EUROFER97/Cu interface. This porosity facilitated crack initiation and propagation, diminishing
interfacial adhesion properties.

Keywords: tungsten; EUROFEREY7; copper interlayer; diffusion bonding

1. Introduction

The imminent deployment of future fusion power plants brings to the forefront
the critical challenges posed by their high-power density and the extreme conditions
prevailing within the vessel, characterized by intense irradiation, physical and chemical
erosion, and sputtering. Addressing these challenges necessitates the development of
advanced materials. Tungsten emerges as the primary candidate for providing armor to
the first wall and divertor components, requiring effective integration with structural steel
(EUROFERY7) to meet stringent mechanical and metallurgical specifications. Therefore,
the joining technology between both materials needs to be investigated. Tungsten, as a
refractory metal with the highest melting point among all metallic materials, presents
inherent physical and chemical properties for this task (high melting point, sputtering
resistance, and thermal conductivity [1-3]). However, the high corrosion rate under air
atmosphere at high temperatures has limited its application in the industry. As a result,
its joinability has not been widely explored. The same properties that make this material
adequate for this task also limit the available joining technologies, and an important effort
should be made by the scientific community to address this issue.

Different techniques have been studied to join W to EUROFER97, including diffu-
sion bonding (DB) processes [4,5], laser welding [6], and brazing [7,8]. However, the
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large differences in the thermal expansion coefficients (CTEs) make the bonding be-
tween W and EUROFERY7 a big challenge [9,10]. Conventional methods have different
limitations [11-13]. As an illustration, traditional diffusion bonding necessitates high tem-
peratures and extended bonding times, making it a time- and energy-intensive process.
Similarly, brazing involves the use of a filler metal with a lower melting point than the base
materials, potentially compromising the mechanical properties of the joint under elevated
temperatures and falling short of meeting application requirements.

In contrast, the electric field-assisted sintering technique (FAST), also known as spark
plasma sintering (SPS), presents a novel approach for the swift consolidation of powders.
This technique employs a robust, pulsed DC flow through powders or dies to generate
joule heat, offering distinct advantages such as rapid heating rates, shortened sintering
times, and low energy consumption [14-16]. The fusion of diffusion bonding with FAST
technology emerges as a promising strategy for bonding tungsten with EUROFERY7.
Remarkably, the electrical current utilized in the FAST process promotes the migration of
metallic and refractory ions at the joining interface, positively influencing the interfacial
bonding strength of the joints [17].

Various researchers have explored the application of the FAST technique in joining
materials, similar to those investigated in this study. For instance, D. G. Liu et al. [18] inves-
tigated the joint between an oxide dispersion-strengthened tungsten-based material and
TZM, achieving optimal conditions at 1500 °C and obtaining a remarkable tensile strength
of 485 MPa. In another study, Galatanu et al. [19] delved into a multi-layered composite
between copper and tungsten, synthesized through a FAST-joining route. Notably, in het-
erogeneous joints, the Joule effect causes the material with the higher electrical resistivity
to be heated more than the better electrical conductor. In the case of W—=Cu laminates,
tungsten is more heated than copper, and heat flows from tungsten towards copper at the
interface. Structural, thermophysical properties, as well as tensile and Charpy impact tests
conducted in this investigation, underscored that W—Cu laminates produced via FAST pro-
cessing are comparable to those obtained through diffusion bonding. M. Naderi et al. [20]
conducted investigations on the interaction between steel and copper, characterizing the
microstructures and mechanical properties of Cu-AISI4140 steel solid-state joints created
through spark plasma welding. Their examination included a comparative analysis of the
process with and without a mold, revealing a notable reduction in unjoined areas and the
formation of micropores confined at the joining interface. This modification contributed to
an enhancement in the joining strength, escalating from 42 MPa to 90 MPa.

The FAST technique has also been used to explore functionally gradient material
(FGM) fabrication. A. Pasha et al. fabricated a multilayer material based on Cr, Ti, Fe, Ni,
Co, and Cu elements via Spark Plasma Sintering. The proportion of elements of each layer
was gradually modified to mitigate the stress generated during the joining process of the
components [21,22]. Other works explored the formation of grade interlayers constituted
by seven layers of W/Cu functionally graded material (100 W, 80W-20Cu, 60W-40Cu, 50W-
50Cu, 40W-60Cu, 20W-80Cu, 100Cu, by wt.%) by a spark plasma sintering process (SPS).
The results indicated the consecution of fine microstructure within each layer with good
interface bonding [23,24].

The current study introduces varied conditions for diffusion bonding aimed at joining
tungsten to EUROFEROY for the first wall of DEMO. The diffusion-bonded joints underwent
comprehensive characterization, employing scanning electron microscopy for microstruc-
tural analysis and microhardness, as well as shear tests for mechanical assessment.

2. Materials and Methods
2.1. Materials

Pure tungsten and EUROFERY7 were the base materials. W was supplied by Plansee
(>99.97 wt.% purity, Breitenwang, Austria). EUROFER9Y7 had a standard composition and

microstructure with the following nominal chemical composition (wt.%): 0.11 C, 8.7 Cr,
1.0 W, 0.1 Ta, 0.19 V, 0.44 Mn and 0.004 S [25]. The pure Cu interlayer was supplied by
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Lucas-Milhaupt (with the commercial name CDA 102K, Cudahy, WI, USA, EEUU) and had
a thickness of 50 um. The interlayer had a composition of copper 99.95% Min, Oxygen
0.0010% Max and Other Elements (Total) 0.05% Max.

2.2. Joining by Field-Assisted Sintering Technique

The joining of W-EUROFER97 specimens was conducted using an FCT SPS D50 (Spark
Plasma Sintering) equipment produced by FCT Systeme GmbH from Rauenstein, Germany:.
As the equipment allows only for integer values of force, an approach to achieve finer
pressure tuning involved joining four samples simultaneously for each condition. The
samples comprised blocks of W (6 x 6 x 5) mm, Cu foil (6 x 6 x 0.05) mm, and blocks of
EUROFEREY7 (6 x 6 x 5) mm. Prior to assembly, all pieces underwent thorough cleaning
with 99.9% ethanol.

To facilitate alignment in the molds, a specialized tool was created and positioned
between the pistons. An initial force of 2 kN was applied at room temperature to secure the
pieces together. Subsequently, the tool was removed, and the die was raised to close the
mold. The joining process unfolded within a low Ar atmosphere (<1 Pa), achieved through
three vacuum/Ar-purging sequences.

The direct current pulses applied to heat the samples had a duration of 3 ms, with a
3 ms pause between pulses. The joining cycle encompassed a cold pressing step, reaching
approximately 27 MPa, followed by a controlled heating phase, at a constant pressure,
up to 450 °C, progressing at a rate of 100 °C/min. Simultaneously, the temperature
increased at a rate of 40 °C/min up to 900 °C, accompanied by an elevation of pressure
to 41.67 MPa. The final heating stage at this pressure reached up to 980 °C. Three dwell
times were implemented: 2, 5, and 9 min. The selected bonding temperature ensures the
austenitization of the steel during the bonding process (Aj. = 890 °C [25]), which will
allow us to recover the hardness of the steel by applying a subsequent post-bonding heat
treatment. The selected bonding pressure was set from 27 to 45 MPa, according to the
literature review, where some works indicated optimal initial pressures around 25 MPa [19].
On the other side, as shown by Naderi et al. in Ref [20], for Cu steel joints, a pressure of
40 MPa achives enough plastic deformation, at this bonding temperature, to enhance the
metallic contact. However, our FAST equipment allows only for force variation in 1 kN
steps from 2 kN to 50 kN. The closest value available was 41.67 MPa, taking into account
the joined surface area.

The cooling process was executed at a rate of 50 °C/min. Initially, there was a stepwise
descent to 700 °C, maintaining constant pressure, followed by a gradual reduction in both
temperature and pressure. Figure 1 shows a scheme of the joining process conditions for
the 9 min sample.
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Figure 1. Scheme of the joining process conditions for the 9 min sample.

134



Materials 2024, 17,2624

2.3. Characterization Techniques

The microstructural analysis of diffusion-bonded sample cross-sections was conducted
using scanning electron microscopy (SEM, 53400 Hitachi, Tokyo, Japan) equipped with en-
ergy dispersive X-ray analysis (EDX). Metallographic preparation of the samples followed
the standard polishing technique. Mechanical properties of the joints were assessed through
Vickers microhardness and shear tests. Microhardness profiles across W-EUROFER97 joints
were generated using an MHV-2 SHIMADZU (Tokyo, Japan) apparatus. A 100 g load was
applied for 15 s, with three measurements obtained at each position. Distances between
neighboring indentations exceeded three times the residual imprint sizes.

Shear strength values were determined using a shear fixture positioned between
compression platens in a universal testing machine (Zwick Z100, Ulm, Germany) at a speed
of 1 mm/min. The fixture was specifically designed to align the shear force with the
bonding interface, maintaining the sample position so pure shear forces could be applied.
To ensure accuracy, three samples from each condition underwent measurements.

3. Results
3.1. Microstructural Analysis

The microstructures of the three bonded joints under diffusion bonding (DB) condi-
tions (980 °C for 2, 5, and 9 min at 41.97 MPa) are illustrated in Figure 2. Joints bonded with
the shortest duration show the consecution of a continuous interface along the W/Cu re-
gion, with only isolated bonding zones evident at the EUROFER97/Cu interface (Figure 2a).
These interface discontinuities suggested that the mechanisms of creep and interfacial dif-
fusion were not conducive at the EUROFER97/Cu interface. Microstructural analysis
revealed the presence of cracks along the interface, likely formed during the cooling stage.
The dissimilarity in thermal expansion coefficients between Fe and Cu, combined with the
insufficient interfacial strength, may contribute to this phenomenon. This fact is commonly
observed when materials with a different coefficient of thermal expansion are joined and
subjected to thermal processes. The different volume expansion of both materials gener-
ates internal stresses, which could lead to a crack nucleation or complete fracture of the
joint/component in cases where the presence of low toughness phases or materials could
not relieve the residual stress [21,22,26]. In this specific case, the lower adhesion properties
of the EUROFER97/Cu interface promote the nucleation and propagation of the cracks
following this interface.

Figure 2b,d e reveal continuous and smooth variations in the Fe and Cu profiles under
all three bonding conditions, suggesting interdiffusion between the materials across the
interface. This interdiffusion predominantly occurred along grain boundaries, extending
over a few microns. Furthermore, copper diffuses into the bulk grain, a phenomenon
that will be elaborated upon in the subsequent microstructural discussion. Particularly,
the W/Cu interfaces undergo a similar process; however, in this instance, the dissolu-
tion of W, and its subsequent precipitation, plays a pivotal role in shaping the observed
smooth interface.

EDS punctual analyses carried out on both sides of both interfaces at distances of
0.5 microns form the interface line, indicating compositions of 89Fe-8Cr-3Cu at.% and 87Cu-
12Fe-1Cr at.% at the EUROFER97 and Cu filler sides for the EUROFER97—-Cu interface,
respectively. In the case of the W-Cu interface, compositions of 75Cu-25W at.% and 91W-
9Cu at.% for the Cu and W side, respectively, were detected. This information confirms the
interdiffusion process of the elements that constitute the joint.

The extension of bonding time, specifically up to 5 and 9 min, significantly pro-
moted the bonding process, effectively preventing the occurrence of cracking at the EURO-
FER97/Cu interface, as illustrated in Figure 2c and Figure 2e, respectively. The analysis of
the W/Cu interface demonstrated the successful attainment of complete metallic continuity
under all three FAST conditions. Despite the inherent low-temperature immiscibility of W
and Cu, coupled with the refractory nature of W, a distinct interface emerged from the mi-
crostructural perspective. Remarkably, no metallurgical interactions, such as interdiffusion
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or the formation of third phases, were observed. Nonetheless, the plastic deformation of
the copper filler at the bonding temperature facilitated the crucial establishment of intimate
contact, raising metallic continuity and promoting the formation of metallic bonds.
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Figure 2. SEM micrographs of the W-EUROFERY7 diffusion bonded joints at different conditions:
(a) 2 min, (¢) 5 min, and (e) 9 min. (b,d,f) Elemental diffusion distribution curves (Fe in red, Cr in
blue, Cu in cyan and W in green) obtained from line scan analysis of EDX across the different joints

corresponding to joining conditions (a), (c), and (e), respectively.

In addition, the lack of miscibility can be overcome by increasing the temperature up
to temperatures close to the copper melting point because diffusion paths could be created.
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J. Zhang et al. [27] successfully constructed a metallurgical bonding interface between W
and Cu through diffusion, giving rise to W/Cu joints characterized by remarkable strength.

A deep examination of both interfaces at higher magnification was conducted to
identify any potential welding defects or discontinuities. While these areas hold significance
in conventional welding techniques, their importance is further emphasized in the FAST
technique. In these zones, the initial contact area is low, leading to an elevated current
flow and a substantial increase in temperature due to the Joule effect. The scrutiny was
concentrated on the samples subjected to 5- and 9-min bonding times, as they exhibited
superior weldability.

Figure 3a,b depict images corresponding to the EUROFER97/Cu interface for the
5 min and 9 min DB durations, respectively. In particular, microporosity is evident in both
samples, with localized occurrences in the 5 min sample and a more abundant presence
in the 9 min sample, extending along the interface. In certain regions of the lengthiest
DB duration, this porosity becomes continuous. The observed location and geometry of
the porosity suggest the formation of Kirkendall porosity during the DB process. This
phenomenon arises when a significant disparity in the diffusion coefficients of the involved
elements within the parent crystalline structure is established. According to the literature,
at a temperature of 980 °C, the diffusion coefficient of copper in gamma iron is reported to
be 7.63 x 10713 cm? /s [28], whereas the diffusion coefficient of iron in copper at the same
temperature is notably higher at 1.26 x 10~% cm?/s [29]. Consequently, the accumulation
of vacancies at the interface leads to porosity along the interface line, a process known as
the Kirkendall effect.

EUROFER

EUROFER

15.0kV 11.6mm x2.00k BSECOMP ﬁ
(b)

15.0kV 11.8mm x4.00k BSECOMP

15.0kV 11.8mm x4.00k BSECOMP

(c) (d)

Figure 3. Detail of EUROFERE97 /Cu interface of joints bonded at: (a) 5 min and (b) 9 min. Detail of
W /Cu interface of joints bonded at: (c¢) 5 min and (d) 9 min.
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The analysis of the W/Cu interface revealed local interaction between tungsten and
copper, particularly in the 9 min sample (Figure 3d), where W diffuses and, during cooling,
precipitates under these conditions within the Cu matrix. Conversely, a comparatively
lower level of interaction was observed in the 5 min sample, attributed to its shorter
exposure to the bonding temperature (Figure 3c). In the case of the extended DB duration,
copper penetration along the W grain boundary was evident (indicated by the white arrow
in Figure 3d). The inherent nature of FAST technology may elucidate this phenomenon.
In the initial stages of the process, the contact area between W and copper is notably
limited, causing the current to concentrate in these regions. This localized concentration
of current could result in a temperature increase several hundred degrees higher than the
bulk material, potentially leading to the local melting of the copper filler or an enhanced
diffusion coefficient in the grain boundaries, facilitating copper migration. In addition,
close to the melting point of copper, W could penetrate through a diffusion mechanism
through copper grain boundaries, leading to partially solubilized W in the closest area of
the joint interface. This W precipitates when the solubility decreases during the cooling
stage of the process.

In general aspects, the obtained microstructure is similar to that obtained with other
solid-state diffusion techniques. For example, E. Sal et al. studied the use of the HIP
technique to join W to EURFOERY7. They did not report extensive diffusion phenom-
ena obtaining well-defined interfaces between the filler and the base materials. How-
ever, the intrinsic characteristic of this technique implies the application of longer joining
times [30,31]. On the other hand, the use of liquid state joining techniques usually reports
higher interactions at the bonding interfaces. For example, I. Izaguirre et al. reported
copper penetration of the EUROFER97 grain boundary at the ERUFOERY7 /braze interface
and the formation of a reaction layer at the W-braze interface, giving rise to a more complex
microstructure [32,33].

3.2. Mechanical Characterization

Figure 4 illustrates the microhardness profiles extending from the tungsten base
material to the EUROFERY7 region across the joint. The profiles displayed remarkable
similarities, indicating that the bonding time did not exert any discernible influence on
the measured microhardness. The individual hardness values for tungsten, copper, and
EUROFER97 were approximately 450, 100, and 390 HV 1, respectively. Tungsten hardness
remained unaffected by the bonding process, maintaining its initial conditions. How-
ever, EUROFER97 exhibited an increased hardness compared to its as-received state
(210 HVq1 [25]). The diffusion bonding temperature of 980 °C induced a hardness similar
to that of EUROFER9Y7 after undergoing austenization treatment and martensitic transfor-
mation when cooling rates higher than 5 °C/min is applied (~390 HV(; [34]). In this work
the utilized high cooling rate was effective in producing a non-equilibrium transformation
of austenite into martensite, thereby elevating the material hardness. To restore EURO-
FER97 initial hardness, the joint necessitates a tempering treatment at 760 °C for 90 min,
facilitating the recovery of the tempered martensite characteristic of this steel, restoring
the dislocation density generated during the martensite formation and previous thermo-
mechanical treatment, and producing the precipitation of the carbides that provide the
precipitation hardening effect typical of this high temperature tempering process, allowing
the application of the steel in high temperature conditions [35].

The analysis of the microhardness imprints carried out at the Cu filler did not reveal
the presence of crack nucleation or propagation in the joint area (Figure 4b). Although
this test is characterized by the application of forces in a reduce area and the nature of the
Vickers imprints generated stress concentration points close to both interfaces (vortex of the
imprint), both filler and interfaces have accommodated the stress without crack formation,
which positively inform us about the toughness of the joint area and adhesion properties of
the interfaces.
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Figure 4. (a) Vickers microhardness profiles of W-EUROFER97 joints under various evaluated
conditions. (b) SEM image if the Vickers imprint carried out at the copper filler.

The shear strengths of the diffusion bonded joints were 48 + 9 MPa, 120 &+ 31 MPa,
and 81 £ 14 MPa for samples bonded during 2, 5, and 9 min, respectively (Figure 5).
Particularly, the joint bonded during the initial 2 min period exhibited lower strength,
primarily attributed to the discontinuous EUROFER97/Cu interface. Mechanical properties
showed a positive correlation with bonding time, as continuous interfaces were achieved
for 5 min. However, the noticeable increase in Kirkendall porosity at the EUROFER97/Cu
interface in the 9 min sample could contribute to a decrease in shear strength. As validated
by microstructural examination, the accumulation of this porosity at the interface could
result in the formation of a continuous discontinuity in certain areas. During the application
of shear force, the formation and propagation of cracks along this layer are favored, leading
to a reduction in the overall strength of the joint.
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Figure 5. Shear strength of the W-EUROFER97 joints under various evaluated conditions.
As a consequence of the aforementioned mechanism, shear test failures primarily man-
ifested along the EUROFER97/Cu interface, although it can shift to the W/Cu interface.
For instance, Figure 6a,b illustrate the fracture surfaces of W and EUROFER97 components

following shear strength tests. In particular, a substantial portion of the remaining inter-
layer was joined to the W base material, with the exception of the central region of the joint
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where the interlayer remained in the EUROFER97 base material. The presence of Kirk-
endall porosity at the EUROFER97/Cu interface elucidates the fracture propagation along
this interface.

10.0kV 11.9mm x100 SE 15.0kV 12.3mm x2.00k SE

(c) (d)

Figure 6. (a) EUROFERY7 and (b) tungsten fracture surfaces of W-EUROFER97 joints using a Cu
interlayer after the shear test. (c,d) detail the zones 1 and 2 marked in figures (a,b), respectively.

Utilizing scanning electron microscopy, the highlighted region in Figure 6a was ex-
amined, revealing the transition of failure from one interface to another. The contrasting
material in the backscattering image of Figure 6¢ signifies W detachment from the base
material during the fracture process, indicating the establishment of a strong interface
between the interlayer and W base material. Consequently, when the fracture mechanism
shifted from the EUROFER97/Cu to the W/Cu interface, the fracture did not propagate
through the interface but rather through the W bulk material. Analysis of the W fracture
surface unveiled an intergranular fracture pattern in the W substrate (Figure 6d).

The shear test results presented herein have been compared with those obtained
through alternative joining methods utilizing the same Cu interlayer by our research group.
Higher shear strengths were achieved through brazing and hot isostatic pressing (HIP)
techniques [33,36,37]. Specifically, brazing at 1135 °C for 10 min yielded a shear strength
of approximately 220 MPa. It is worth noting, however, that the molten Cu extensively
infiltrated the grain boundaries of the EUROFER97 during brazing, leading to significant
modifications in the microstructure of the steel near the brazed joint.

Conversely, the results obtained from HIP demonstrated joints with a superior shear
strength of approximately 350 MPa, accompanied by minimal alteration in the microstruc-
ture of the steel. This outcome was achieved with an extended bonding time of 3 h.
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After the shear test fracture, surfaces on both sides of the joint were analyzed by
XRD to determine the crystalline structure and identify the phases that constitute the joint.
Figure 7 shows the diffraction pattern, where the presence of Cu, Fe, and W has been
identified on the ERUOFER97 side (Figure 7a) and only Cu on the W side (Figure 7b). This
information confirms the presence of detached W from the base material, which remained
adhered on the EUROFER97 side. The identification of Cu in the W side indicated that
almost all copper remained on the W side, as previously indicated. This mechanical
behavior has been previously observed in other works when high adhesion properties
is achieved between the filler and W base material [38]. No further compounds, such as
reaction products or intermetallic phases, have been identified.
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Figure 7. X-ray diffraction patterns of (a) EURFOER9Y7 and (b) W fracture surfaces.

4. Conclusions

Tungsten and EUROFER97 were effectively joined using a Cu interlayer material
through the field-assisted sintering technique, employing bonding times exceeding 5 min.
Shorter durations resulted in discontinuous joints, with only localized points joined at
the EUROFEREY7/Cu interface. The optimal condition was achieved with a 5 min dwell
time at 980 °C. Prolonged dwell times led to the accumulation of Kirkendall porosity at
the EUROFER97/Cu interface, giving rise to discontinuous regions in some areas. While
the microstructure of the W base material remained unaltered, metallurgical phenomena,
such as interdiffusion or dilution, occurred near both interfaces. These phenomena were
intensified with longer dwell times at 980 °C.

Bonding time exhibited no discernible influence on the measured microhardness.
The bonding process did not affect the hardness of tungsten. However, the EUROFER97
hardness exceeded its as-received condition due to the formation of untempered martensite,
necessitating a tempering treatment for restoration.

The maximum shear strength was 120 MPa for the sample joined at 5 min. Higher
bonding times increased the interaction at both interfaces, but more importantly, increased
the interdiffusion mechanism at the EUROFER97/Cu interface, creating a preferential
path for fracture propagation and potentially diminishing shear strength. While failure
predominantly occurred at the weaker interface (EUROFER97/Cu), it eventually shifted
to the W/Cu interface, causing fracture through the W base material due to the strength
of this interface. Consequently, in these regions, detached W remained adhered to the
EUROFERY7 side of the fracture surface.
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Abstract: This study investigates the electroplating characteristics of Co-Zn alloy coat-
ings with varying Zn contents (0.55 wt.%~8.8 wt.%) and their influence on intermetallic
compound (IMC) formation during reactions with Sn solder. Co-Zn alloy coatings were
successfully fabricated by electroplating using cobalt plating solutions with different con-
centrations of zinc sulfate. The results reveal anomalous co-deposition behavior, where the
less noble Zn preferentially deposits over Co. Surface morphologies and microstructures
evolve significantly with increasing Zn content, transitioning from columnar to dendritic
structures. Zn incorporation into the Co lattice disrupts its crystallinity, leading to de-
creased crystallinity and partial amorphization. Liquid-state and solid-state interfacial
reactions with Sn solder demonstrate that Zn content considerably influences IMC forma-
tion. In liquid-state reactions at 250 °C, lower Zn contents (0.55-4.8 wt.%) slightly enhance
CoSns growth. It exhibits a dense layered-structure without IMC spallation. In contrast, a
higher Zn content (8.8 wt.%) significantly reduces IMC formation by approximately 50%
and produces a duplex structure with two distinct layers. In solid-state reactions at 160
°C, the suppression effect becomes even more pronounced. The Co-0.55Zn deposit ex-
hibits significant inhibition of CoSng growth, while the Co-8.8Zn sample forms only a thin
IMC layer, achieving a suppression rate exceeding 85%. These findings demonstrate that
Zn doping effectively limits CoSns formation during solid-state reactions and improves
interfacial stability.

Keywords: interfacial reaction; cobalt; electroplating; co-deposition; lead-free solder; sup-
pression

1. Introduction

Soldering technology plays a crucial role in microelectronic packaging, driving the
advancement of various packaging technologies. Numerous tiny solder balls form solder
joints that interconnect integrated circuit (IC) chips with IC substrates, such as in flip-chip
packaging, or with printed circuit boards (PCBs) in ball grid array (BGA) technology [1-3]. As
electronic devices continue to shrink in size, solder joints are being progressively miniaturized,
raising increasing concerns about their reliability. To prevent the rapid dissolution of Cu
pads by lead-free solders during reflow soldering, Ni is commonly used as a diffusion barrier.
Among the various surface finishes developed for Cu pads, the electroless nickel immersion
gold (ENIG) is one of the most widely adopted solutions [4-6]. Extensive studies have been
conducted on the interfacial issues between lead-free solders and Ni or other related surface
finish substrates [7-12].

In addition to Ni, Co has emerged as a promising alternative diffusion barrier due to
its excellent electromigration resistance and the superior mechanical properties of Sn-Co
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IMCs, which are beneficial for the reliability of solder joints [13-16]. Similar to electroless
Ni(P), electroless Co(P) deposition has been developed for practical applications on solder
pads [17-20]. The interfacial reactions between lead-free solders and Co or its related alloys
have also been investigated [21-25], offering valuable insights for assessing their practical
applicability. Nevertheless, Co exhibits faster IMC growth with solder compared to Ni [24,25].
Furthermore, in electroless Co(P) deposits, substantial IMC spalling has been observed during
soldering, leading to rapid consumption of the Co(P) layer. This degradation can severely
compromise the interfacial reliability of the solder joints [18,22,26]. As a result, ongoing
research efforts are focused on addressing IMC spalling and suppressing IMC growth to
improve the performance of Co-based diffusion barriers in soldering applications.

The minor addition of elements, such as Zn and Cu, into solder has been found to
effectively suppress CoSns growth at the solder/Co interface during soldering [16,27,28].
For instance, adding 0.5 wt.%Zn to Sn-based solder at 250 °C resulted in a significant
reduction of approximately 75% in CoSnz growth [27]. This observation suggests that
Zn doping in Co-Zn alloys may also affect the interfacial behavior of Sn-Co IMCs. This
indicates that Zn may play a critical role in modifying interfacial IMC behavior. Inspired by
this, Zn doping directly into the Co substrate may also influence IMC formation, although
this has not been thoroughly investigated.

This study aims to investigate the interfacial reactions between Sn-based solder and
Co-Zn alloy coatings with varying Zn contents. The Co-Zn coatings were fabricated via
electroplating in a cobalt sulfamate-based bath containing different concentrations of zinc
sulfate, with the Zn content controlled to be below 10 wt.%. Due to the known anomalous
co-deposition behavior in Co-Zn systems [29-31], the less noble Zn may preferentially
deposit over the more noble Co, resulting in a higher Zn content in the deposit than
predicted. While the prior study has focused on the addition of Zn into solder, the effects of
Zn incorporated directly into the substrate (i.e., the metallization layer) on interfacial IMC
formation remain unclear. Therefore, a systematic investigation was conducted to examine
how varying Zn concentrations in the Co-Zn coatings influence the growth behavior of
intermetallic compounds. This work reveals that increasing Zn content in the Co-Zn
coatings significantly suppresses CoSnz growth during soldering. A nucleation-based
mechanism is proposed to explain the suppression behavior.

2. Materials and Methods

To fabricate Co-Zn alloy coatings onto Cu substrates, zinc sulfate (ZnSO,4-7H,0O) was
added to a basic Co electroplating bath based on a cobalt sulfamate (Co(SO3NH;),) system.
The constituents of the Co electroplating solution are listed in Table 1. Four Co-Zn alloy
coatings were prepared by introducing different amounts of ZnSO,4-7H,0,0.1g,05¢g,1g,
and 2 g, corresponding to Zn?* concentrations of 0.0017 M, 0.0087 M, 0.017 M, and 0.035 M,
respectively, into 200 mL of the plating solution, as summarized in Table 2. Each plating
solution was maintained in a 55 °C water bath and thoroughly stirred to ensure complete
dissolution of ZnSO,-7H,0O. Before electroplating, a 0.5 mm-thick Cu substrate was cut
into 10 mm x 15 mm pieces. Each specimen was mechanically polished with alumina
powder and then ultrasonically cleaned in deionized (DI) water. The plating window was
controlled to a size of 7 mm x 10 mm. During the Co-Zn electrodeposition process, the Cu
substrate and a Co plate served as the cathode and anode, respectively, positioned 6 cm
apart. Electroplating was carried out at 55 °C under a current density of 2 ASD (ampere
per square decimeter) for 25 min. The theoretical deposited thickness was ~10 pum.
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Table 1. Composition of the electroplating Co solution (per liter of solution).

Concentration (g/L or

Component Concentration (M)

mL/L)
Cobalt sulfamate solution
(Co(SO3NHy),, Co > 180 g/L) 500 mL/L 1.527M
Cobalt chloride (CoCly) 10g/L 0.077 M
Boric acid (H3BO3) 40 g/L 0.647 M

Table 2. Formulation of the electroplated Co-Zn alloy coatings and results of EPMA compositional

analysis.
Adding Amount of
ZnS0, 7H,0 ZnS0O4-7H,0 Zn Content in Co-Zn  Average Zn Content
(Based on 200 mL of . . .
. Concentration (M) Coatings (wt.%) and Notation
Co Electroplating
Solution)

01g 0.00174 M 0.51-0.62 Co-0.55 wt.%Zn
05¢g 0.0087 M 1.93-3.14 Co-2.5 wt.%Zn
10g 0.0174 M 4.02-5.62 Co-4.8 wt.%Zn
20g 0.035 M 8.49-9.08 Co-8.8 wt.%Zn

The top-view morphology of the Co-Zn deposits was examined using scanning electron
microscopy (SEM), and their composition was analyzed with an electron probe microanalyzer
(EPMA, JEOL JXA-8200, JEOL Ltd., Tokyo, Japan). The deposits were characterized by X-ray
diffraction (XRD, Bruker D8) analysis with Cu-K« radiation (A = 0.154056 nm). The diffraction
patterns were identified by comparison with reference patterns from the Joint Committee on
Powder Diffraction Standards (JCPDS) database. For cross-sectional observation of the grain
structure, the Co-Zn deposits were examined using focused ion beam (FIB) microscopy (FEI
Quanta 3D FEG, Thermo Fisher Scientific, Waltham, MA, USA). The samples were lightly
polished to obtain a flat surface. A protective Pt layer was then deposited, followed by FIB
milling. The grain structure of the Co-Zn coatings was observed using ion-induced secondary
electron (ISE) imaging.

For the soldering reaction, the Co-Zn deposits were polished to obtain a flat surface
and then reacted with Sn at 250 °C for durations ranging from 10 s to 2 h. In addition to
the soldering reaction, solid-state reactions were also investigated. To prepare the reaction
couples, 5n solder was reflowed onto the Co-Zn deposits at 250 °C for 3 s to form an initial
joint. Subsequently, the samples were aged at 160 °C on a hot plate for predetermined
durations, such as 160 h. After the reaction, the samples were mounted in epoxy resin, and
then ground and polished for metallographic analysis. The polished samples were lightly
etched with an Sn etchant to enhance the visibility of the interfacial zone. The interfacial
morphologies were then examined using back-scattered electron imaging (BEI) mode in
SEM. The composition of the reaction phases was analyzed using EPMA. The thickness of
the reaction phase was determined by calculating the total area of the phase using image
analysis software (Optimas version 6.1, Optimas Corporation, Wood Dale, IL, USA) and
dividing it by the measured interface length.

3. Results and Discussion
3.1. Characterization of Electroplated Co-Zn Coatings

As described in the experimental methods, four Co-Zn alloy coatings with varying Zn
contents were successfully fabricated by electroplating, in which different amounts of zinc
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sulfate were added to 200 mL of a Co electroplating solution. The chemical compositions of
the resulting coatings, determined by EPMA measurements at multiple locations across the
cross-sections, are summarized in Table 2. The coatings were denoted as Co-0.55 wt.%Zn,
Co-2.5 wt.%Zn, Co-4.8 wt.%Zn, and Co-8.8 wt.%Zn, respectively. As shown in Figure 1, the
Zn content in the deposits increases nearly linearly with increasing Zn?* concentration in
the plating bath, corresponding to the amount of zinc sulfate added. The relatively narrow
compositional ranges suggest that the Zn distribution within each coating is reasonably
uniform, with no apparent segregation or compositional inhomogeneity observed.
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Figure 1. Zn concentrations in the Co-Zn deposits as a function of Zn?* ion concentration in the
electroplating bath.

In Figure 1, the compositional reference line (CRL) represents the predicted Zn content
in the deposits, calculated based on the concentration ratio of Zn?* ions to the total metal
ion concentration (Co?* and Zn?*) in the plating solution. Notably, the experimentally
measured Zn contents were consistently higher than the CRL, suggesting that Zn, being
electrochemically less noble than Co, was preferentially deposited during the electroplating
process. This behavior was characteristic of anomalous co-deposition [29,30]. The Zn
contents in the deposits were approximately 4.4, 3.8, 3.8, and 3.5 times higher than the CRL
values, respectively, showing a slight downward trend with increasing Zn?* concentration
in the plating bath.

The observed anomalous co-deposition behavior, where Zn exhibits a greater tendency
to deposit than the more noble Co, can be attributed to several electrochemical factors,
including localized pH increases and kinetic effects. Although Zn has a more negative
standard reduction potential (—0.76 V for Zn?*/Zn vs. —0.28 V for Co?* /Co), it can still be
preferentially deposited due to local pH changes near the cathode surface. The increase
in local pH promotes the precipitation of Zn(OH),, which accumulates on the cathode
surface and acts as a barrier, hindering the discharge of Co?* ions and thus suppressing
Co deposition [32-34]. Additionally, Zn exhibits faster deposition kinetics than Co, which
further enhances its preferential deposition during the co-electroplating process [29].

Figure 2a—c shows the surface morphologies of electroplated Co-Zn deposits with Zn
contents of 0.55 wt.%, 2.5 wt.%, and 8.8 wt.%, respectively. Significant changes in surface
morphology were observed with increasing Zn content. A rough and irregular surface
texture was observed in the Co-0.55Zn deposit, composed of large, angular, faceted grains
approximately 1 um in size with well-defined boundaries. In contrast, the Co-2.5Zn deposit
displayed densely packed, elongated, needle-like grains, that formed a more interconnected
and textured structure. Notably, two distinct grain size populations were observed: larger
grains (~2 pm) and finer grains, with sizes of several hundred nanometers. As the Zn
content increased, the grains became progressively finer, and the fraction of larger grains
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decreased. In the Co-8.8 wt.%Zn coating, the surface consisted of uniformly distributed
fine grains, leading to a smoother and more homogeneous morphology.
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Figure 2. Top-view SEM images of the electroplated Co-Zn surfaces with different Zn contents:
(a) Co-0.55Zn, (b) Co-2.5Zn, and (c) Co-8.8Zn.

Cross-sectional observations of the coatings were performed using FIB to investigate the
structural evolution of Co-Zn coatings with varying Zn contents, as shown in Figure 3a—d. At
low Zn content (0.55 wt.%), the coating exhibited coarse and straight columnar grains. As the
Zn content increased to 2.5 wt.% and 4.8 wt.%, the columnar structure was maintained, but the
grains became more disordered and refined. At the highest Zn content (8.8 wt.%), the columnar
grains evolved into a finer dendritic morphology, suggesting that Zn incorporation promoted
grain refinement and disrupted the typical columnar growth pattern. These microstructural
changes were consistent with the variations observed in the surface morphologies as the Zn
content increased.

Pt

—1 um

@

Figure 3. FIB cross-sectional images of the electroplated Co-Zn deposits: (a) Co-0.55Zn, (b) Co-2.5Zn,
(c) Co-4.8Zn, and (d) Co-8.8Zn.

To further assess the crystallinity and crystallographic orientation of the Co-Zn de-
posits, XRD analyses were conducted, with a pure Co deposit used as a reference, as shown
in Figure 4a—e. In the XRD pattern of the Co-0.55Zn deposit, the hcp-Co peaks (JCPDS
#89-4308) were significantly weaker than those of the underlying fcc-Cu substrate (JCPDS
#89-2838), indicating a substantial reduction in the crystallinity of the Co phase. Notably,
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a distinct broad hump was observed in the 26 range of 10° to 25°, which was character-
istic of an amorphous structure. This feature was absent in the pure Co deposit and was
thus attributed to the incorporation of Zn atoms into the hcp-Co lattice, which disrupted
long-range atomic ordering. Although both Zn and Co possess hcp crystal structures, the
larger atomic radius of Zn induced severe lattice distortion, leading to a loss of crystallinity.
Despite this reduction, a preferred orientation along the (110) plane of hcp-Co at a 26 value
of 75.8° remained observable, similar to that in the pure Co deposit.

2000 4

(b) 3000 (C) 3000
Co/Cu e Co Co-0.55Zn/Cu e Co Co-2.5Zn/Cu e Co
ACu aCu
(‘200) atn 1200) (1.10) (‘200)
2000 2000
- 2
£ £
5 s
€ £
10004 10004 a1y
] hump hump 00
@00y 111) @29 @311 le—] ain @20) G [e— a1 @20 611
—— i i ; 1 ]
0 0
T T T T T T T T T T T T T T T T T T T T T
0 20 3 40 50 60 70 8 90 10 20 3 40 50 60 70 8 90 0 20 3 40 50 60 70 8 90
20 (degree) 26 (degree) 20 (degree)
(d) 3000 (e) 3000
Co-4.8Zn/Cu e Co Co-8.8Zn/Cu e Co
200 aCu 200) ACu
2000 2000
= 2
2 2
2 [}
= =
10004 10004
hump arn h aeh
ump
le . 100 ary
'lmnz' 22005 [e—> oo @200010) 5,
X @20) 1 RBREERRY
0 o m M 1
] T T T T T T T ) T T T T T T T
10 20 30 40 5 60 70 8 90 10 20 3 40 50 60 70 8 90
26 (degree) 20 (degree)

Figure 4. XRD patterns of the electroplated Co-Zn deposits on Cu substrate, (a) Co, (b) Co-0.55Zn,
(c) Co-2.5Zn, (d) Co-4.8Zn, and (e) Co-8.8Zn.

As the Zn content increased to 2.5 wt.%, the intensity of the Co peaks further decreased,
and the broad hump became more pronounced. This indicated that Zn incorporation
into the Co lattice further reduced the crystallinity of the Co phase and induced partial
amorphization. In addition to the (110) peak of hcp-Co, a prominent (100) peak appeared
at 20 = 41.6°. Similar features were observed in the XRD patterns of the Co-4.8Zn and
Co0-8.8Zn deposits. In contrast, in the XRD spectra, the (002) peak remained much weaker,
suggesting that the Co-Zn coatings preferentially grew along the (100) and (110) planes,
with the c-axis of the hep-Co structure oriented parallel to the substrate. The XRD analysis
revealed a noticeable reduction in crystallinity with increasing Zn content in the Co-Zn
coatings. This structural change suggests the potential for enhanced hardness and strength,
as amorphous or nanocrystalline structures typically hinder dislocation motion. However,
it should be noted that such microstructural characteristics may also result in increased
internal stresses and reduced toughness, which could negatively affect the mechanical
reliability of the coatings.

3.2. Interfacial Reactions of Co-Zn Deposits with Sn at 250 °C

Figure 5a—f shows the interfacial microstructures of the Sn/Co-0.55Zn reactions at
250 °C for various durations, ranging from 10 s to 1.5 h. After just 10 s, a thin reaction
layer was formed. Notably, the interface between the IMC and the Co-0.55Zn coating
appeared irregular, suggesting slight dissolution of the Co-0.55Zn into the solder during
the initial reaction stage. After 10 min of aging, a bright and significantly thicker IMC layer,
approximately 15 pm, was observed. EPMA analysis indicated that the IMC consisted of
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Sn-25.06 at.%Co and 0 at.%Zn, and was identified as the CoSns phase, with no detectable
Zn content. The IMC grew rapidly; by 30 min (Figure 5c), the layer reached ~31 um in
thickness. With further aging to 1 h (Figure 5d), the dense reaction phase thickened further
to approximately 45 um.

Cu
Co-0.55Zn

Figure 5. BEI micrographs of the Sn/Co-0.55Zn reaction at 250 °C for different durations: (a) 10s,
(b) 10 min, (c) 30 min, (d) 1 h, (e) 1.5 h, and (f) magnified view of the sample after 1.5 h.

For comparison, the reaction was also performed using electroplated pure Co, as
shown in Figure 6a—c. As seen in Figure 6b, the CoSnj layer reached a thickness of
approximately 34 um. The IMC layers formed after 10 min and 30 min of aging were
relatively thinner than those observed in the Co-0.55Zn reaction. These results suggested
that the addition of 0.55 wt.%Zn enhanced the reaction kinetics and promoted IMC growth.
In Figure 6a, the interface between the IMC and pure Co appeared relatively straight,
further supporting the earlier suggestion that the Zn addition accelerated the dissolution of
the Co-Zn alloy into molten Sn. After 2 h of aging (Figure 6¢), the IMC layer became very
thick (~55 um), although a thin layer of the Co deposit still remained.

Cu
Co

10um

Figure 6. BEI micrographs of the Sn/Co reaction at 250 °C for (a) 10's, (b) 1 h, and (c) 2 h.

For the Sn/Co0-0.55Zn reaction, as the reaction time was extended to 1.5 h, the Co-
0.55Zn layer was completely depleted, and the formed CoSnjs layer detached from the Cu
substrate, as shown in Figure 5e. EPMA analysis revealed that the bright phase of the
detached layer had a composition of Sn-24.3 at.%Co-1.0 at.%Cu-0.1 at.%Zn, corresponding
to the CoSnj phase. The adjacent dark phase exhibited a composition of Sn-10.7 at.%Co-42.7
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at.%Cu-0.02 at.% Zn and was identified as the (Cu,Co)sSns phase. On the Cu substrate
side, the dark phase consisted of numerous CugSns grains with a composition of Sn-2.1
at.%Co-46.7 at.%Cu-0.13 at.%Zn. Since the Co content in these grains was relatively low,
they were designated as CugSns to distinguish them from the dispersed (Cu,Co)sSns phase
with higher Co solubility. Figure 5f shows a magnified view of the (Cu,Co)sSns phase
and the porous CugSns phase. The (Cu,Co)sSns phase exhibited a striped morphology,
with the CoSns phase surrounded by (Cu,Co)sSns. This observation suggested that the
formation of the (Cu,Co)sSns phase likely occurred via a transformation of CoSns, induced
by Cu dissolution from the substrate. Additionally, it is noteworthy that the porous Cu
phase maintained a stable layered morphology. The grains remained intact and did not
disintegrate or spall into the solder.

With an increase in Zn content to 2.5 wt.%, the interfacial microstructures were ex-
amined. As shown in Figure 7a, the initial interfacial structure resembled that of the
Co0-0.55Zn reaction. The Co-2.5Zn deposit was unevenly consumed due to dissolution,
resulting in a rough and irregular interface. As the reaction progressed, the CoSnj layer
thickness increased to approximately 13 pm after 10 min of aging and to around 32 pm
after 30 min (Figure S1). The CoSn3 phase contained a minor amount of 0.26 at.%Zn. As
shown in Figure 7b, the thickness of the CoSnj layer after 1 h of aging was comparable to
that observed in the Co-0.55Zn reaction.

Figure 7. BEI micrographs of the Sn/Co-2.5Zn reaction at 250 °C for (a) 10's, (b) 1 h, and (c) 2 h.

After reacting for 2 h (Figure 7c), the deposited layer was completely consumed, and the
Cu substrate began to participate in the reaction. EPMA analysis, as shown in Table S1, indicated
that the resulting reaction phases were CoSnz, (Cu,Co)sSns, and CugSns. A crack was observed
at the interface between the (Cu,Co)sSns and CugSns phases, leading to the detachment of the
reaction layer from the substrate. Furthermore, as shown in Figures 8 and S2, the Co-4.8Zn
deposit also exhibited similar interfacial behavior and a comparable trend in IMC growth rate
to that observed in the Co-2.5Zn reaction. In all three Co-Zn coatings, Sn atoms from the solder
diffused through the CoSnj layer and subsequently reacted with the Co-Zn substrate to form a
new CoSnj phase.

Figure 8. BEI micrographs of the Sn/Co-4.8Zn reaction at 250 °C for (a) 10's, (b) 1 h, and (c) 2 h.
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For the Zn content of 8.8 wt.%, the interfacial morphologies at various reaction du-
rations are shown in Figure 9a—e. After aging for 10 min and 30 min, the IMC thickness
increased to approximately 6 um and 7.5 pm, respectively. These values were signifi-
cantly lower compared to the IMC growth observed in the other three Co-Zn coatings.
This suggests that the 8.8 wt.%Zn content was effective in suppressing IMC growth by
~50%, compared to the Sn/Co reaction. The prior study [27] reported that even a low Zn
concentration of 0.1 wt.% in Sn solder could significantly inhibit CoSns growth by 43%,
and that increasing the Zn content to 0.5 wt.% further enhanced the suppression effect
to 76%. The minor Zn addition in solder was suggested to inhibit the chemical reaction
responsible for the nucleation and formation of CoSnjz. Consequently, the dissolution of
the Co-8.8Zn deposit into the solder likely increased the Zn concentration, the dissolution
of the Co-8.8Zn deposit into the solder likely increased the Zn concentration, leading to
further suppression of IMC growth. Additionally, EPMA analysis in Figure 9b revealed
that the CoSns phase contained approximately 0.45 at.%Zn, which aligns with the findings
from the prior study [27]. Although the Zn concentration in the CoSns phase was slightly
higher than that observed in the other three Co-Zn coatings, it remained at a very low level,
suggesting that most of the Zn from the Co-Zn deposits dissolved into the solder.

| Co-8.8Zn s i¢ |

duplex
7 structure

Figure 9. BEI micrographs of the Sn/Co-8.8Zn reaction at 250 °C for (a) 10 s, (b) 10 min, (c) 30 min,
(d) 1h, and (e) 2 h.

To better understand the influence of Zn dissolution from the Co-Zn coating into the
solder, a simplified estimation was performed. Assuming that a 1 um thick Co-8.8 wt.%Zn
layer dissolves into a 100 um thick interfacial region of molten Sn, the resulting average
Zn concentration in the solder is calculated to be approximately 0.107 wt.%. Although this
concentration is relatively low, it may still affect the nucleation and growth behavior of IMC
at the interface. This estimation is consistent with previous findings [27], where even small
additions of Zn (~0.1 wt.%) have been reported to suppress IMC growth. Furthermore, the
suppression of excessive CoSnz growth in Co-Zn coatings can be primarily attributed to the
influence of Zn on the nucleation behavior of CoSns. During the interfacial reaction, Sn acts
as the dominant diffusing species, and the growth front of CoSnj is located at the interface
between the CoSnj layer and the underlying Co-Zn coating. Zn atoms, either incorporated
within the coating or segregated at the interface, can alter the interfacial energy and local
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chemical environment, increasing the nucleation energy barrier for CoSns formation. As
a result, the number of active nucleation sites is reduced and the initial formation rate of
CoSnj is slowed, which further suppresses the overall IMC growth kinetics.

As presented in Figure 9b,c, the IMC phase displayed a distinct duplex morphology,
with two distinct microstructures separated by a crack. This implies that different formation
mechanism governed the development of the IMC phase. The inner CoSnj layer, formed
adjacent to the Co-8.8 wt.%Zn deposit, was formed through the diffusion of Sn and its
subsequent reaction with the Co-Zn coating at the interface. However, its growth was
notably suppressed, especially during the initial reaction stage. On the other side, the
IMC phase near the solder exhibited large grains, likely formed through the dissolution
of the underlying CoSnj layer, followed by reprecipitation and grain growth. The crack
separating the inner and outer CoSnj layers is likely induced by growth stress generated
during the formation of the inner layer at the interface between the Co-Zn coating and
the IMC. The volumetric expansion associated with CoSns formation, combined with
constrained growth conditions, can lead to the accumulation of internal stress. When
this stress exceeds the local mechanical strength, it may result in interfacial cracking or
delamination between the two IMC sublayers. After prolonged reaction times of 1 h and 2
h, as shown in Figure 9d,e, respectively, the microstructure remained unchanged. However,
the CoSnj phase on the solder side exhibited significantly larger faceted grains, while the
inner CoSng layer, which displayed a striped grain structure, showed substantial growth.
In the later stage of the reaction, the suppression effect significantly decreased, and the
growth of the inner CoSnz phase became dominant.

The Co-Zn coatings demonstrated good adhesion to the Cu substrate across all Zn
contents during the experimental process. Even after high-temperature interfacial reactions,
quenching, and subsequent metallographic preparation, no obvious delamination was
observed. Typically, higher doping levels (e.g., increased Zn content), elevated plating
current densities, and thicker deposits can induce greater internal stress within the coating,
which may compromise adhesion and lead to peeling. Therefore, special attention must be
paid to controlling internal stress during the coating fabrication process. In Figure 9¢c, a
seam resembling peeling was observed at the interface between the Co-8.8Zn deposit and
the Cu substrate. However, this feature is considered a superficial surface artifact rather
than a true interfacial separation. A more detailed discussion is provided in Figure S3 of
the Supplementary File.

The thermal expansion mismatch was further analyzed. Table 3 summarizes the
coefficients of thermal expansion (CTE) of the relevant materials. The mismatch between the
Cu substrate and the Co-Zn coatings is relatively minor and unlikely to induce significant
thermal stress. In contrast, a more substantial mismatch exists between the Sn solder and
the Co-Zn/Cu substrate, which may generate considerable thermal stress during cooling
from the soldering temperature. Notably, the CTE of Co-Zn alloys is lower than that of Sn
and closer to that of Cu, potentially helping to mitigate thermal strain at the solder/coating
interface. Despite this inherent thermal mismatch, no evident delamination was observed,
indicating that the Co-Zn coatings maintained good mechanical integrity throughout the
soldering process.
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Table 3. Coefficients of thermal expansion (CTE) of relevant materials [35]. The CTE of Co-Zn alloys
is not reported in literature. Based on the rule of mixtures and the known CTE values of pure Co and
Zn, the CTE of Co-Zn alloys with Zn content below 10 wt.% is estimated.

Material CTE (x10-¢K-1)
Co ~13
Cu ~16.5
Sn (3-Sn) ~22
Zn 30.2
Co-Zn alloys (estimated) ~14-16 (depending on Zn content)

Figure 10 shows the IMC thickness as a function of reaction time for various Co-Zn
deposits. For the Co-0.55Zn, Co-2.5Zn, and Co-4.8Zn samples, the IMC growth rate was
slightly higher than that observed for pure Co. This unexpected trend could be attributed to
the insufficient Zn content in these alloys, which was likely inadequate to form a continuous
or effective barrier at the interface. At low Zn concentrations (e.g., 0.55-4.8 wt.%), Zn likely
promotes the initial dissolution of the Co-Zn deposits into the molten Sn, thereby increasing
the local availability of Co atoms and accelerating the formation of the CoSnz phase. In this
regime, the Zn content is insufficient to significantly alter the interfacial chemistry or form
a continuous Zn-rich barrier layer. As a result, the dominant growth mechanism remains
similar to that of pure Co, and the slight enhancement in IMC thickness can be attributed
to the more efficient supply of Co into the solder matrix. Conversely, the Co-8.8Zn alloy
exhibited significantly suppressed IMC growth. This may result from the higher Zn content
altering the interfacial chemistry, which hinders the nucleation of CoSns. Moreover, high
Zn content may have promoted the dissolution and subsequent reprecipitation of CoSns
into coarser grains, leading to a slower net growth rate of the IMC layer. These results
indicate that only when the Zn content exceeds a certain threshold (e.g., 8.8 wt.%) does Zn
begin to exert a pronounced suppression effect.

75
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Figure 10. IMC thickness as a function of reaction time in the reactions between Sn and Co-Zn deposits.

In addition to Zn, other alloying strategies have also been investigated for suppressing
interfacial IMC growth. Electroless Co-P coatings, typically deposited using sodium
hypophosphite as a reducing agent, usually contain high phosphorus contents (~6 wt.%),
which have been reported to accelerate interfacial reactions rather than suppress them.
In contrast, electroplated Co-P coatings with a low phosphorus content (e.g., 0.7 wt.%)
have been shown to effectively suppress IMC growth [18]. Notably, the effect of P doping
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exhibits an opposite trend compared to that of Zn in the Co-Zn system, where a higher Zn
content leads to a stronger suppression effect.

3.3. Interfacial Reactions of Co-Zn Deposits with Sn at 160 °C

The solid-state interfacial reactions between Sn and various Co-Zn deposits were
further investigated at 160 °C. Figure 11a—e present the interfacial microstructures after
aging for 120 h. Both the Co0-0.55Zn and Co-2.5Zn samples exhibited similar CoSnj layer
thicknesses of approximately 11 pm, which were significantly thinner than that of the pure
Co sample (~20 um). This indicates that, in the solid-state reaction, even small amounts
of Zn in the Co deposit were effective in hindering the formation of IMCs. Moreover,
the suppression effect became more pronounced with increasing Zn content. The Co-
4.8Zn sample exhibited an even thinner IMC layer, measuring only ~5 pum, representing a
reduction of approximately 75% compared to pure Co. This suggests that Zn likely affects
the nucleation or growth rate of CoSnz and possibly alters the diffusion kinetics or the
interaction of Sn with the Co-Zn deposits.

Cu
Co-2.5Zn

Cu

Co-4.8Zn Bl co-s. R Co-8.8Zn

Figure 11. BEI micrographs of the interfacial reactions between Sn and various Co-Zn deposits
after aging at 160 °C for 120 h: (a) Co, (b) Co-0.55Zn, (c) Co-2.5Zn, (d) Co-4.8Zn, and (e) Co-8.8Zn.
(f) Co-8.8Zn after 480 h.

Figure 11e further confirms this trend, showing that the Co-8.8Zn sample exhibited a
significantly reduced IMC thickness of approximately 2.5 um after aging for 120 h. Even
after extended aging for 480 h, the IMC layer grew to only around 9 pm, indicating that the
suppression remained effective. These results clearly demonstrate that the inhibition of IMC
growth in the solid-state reaction is considerably more pronounced than in the liquid-state
reaction. This may be attributed to the slower diffusion rates at lower temperatures, which
provide more time for Zn to affect the interfacial reaction. Additionally, these findings
suggest that optimizing the Zn content in Co-Zn alloys could be a promising strategy for
controlling IMC formation in soldering processes, especially for applications that require
long-term reliability.

This study primarily focuses on the fabrication of Co-Zn deposits and the interfacial
reaction behavior of Co-Zn coatings during the liquid-state reflow process. Compared to
conventional Ni, Co, and Co-P systems, the Co-Zn alloy exhibits unique alloying effects and
enhanced interfacial stability. The Co-Zn system not only maintains excellent barrier properties
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and thermal stability but also offers the potential to modulate interfacial reaction kinetics
through Zn addition, effectively suppressing the formation of detrimental phases. Furthermore,
Co-Zn alloys demonstrate promising diffusion barrier performance and solder compatibility,
which can contribute to improved reliability in electronic packaging interconnects.

To fully evaluate the practical applicability of these coatings, future work will include
long-term aging experiments and mechanical reliability assessments of solder joints with
varying Zn contents. Such investigations are essential for verifying the durability and per-
formance of Co-Zn coatings under practical service conditions, thereby further supporting
their potential for industrial applications in microelectronic packaging. Moreover, further
studies are necessary to elucidate the fundamental mechanisms by which Zn influences
interfacial reactions, particularly its effects on diffusion behavior and phase formation.

4. Conclusions

This study successfully fabricated Co-Zn alloy coatings with varying Zn contents via
the electroplating method. The compositional trends of the coatings exhibited an anomalous
co-deposition behavior, where the less noble Zn had a greater tendency to deposit than Co.
Increasing Zn content significantly altered the surface morphologies and cross-sectional
microstructures, resulting in finer grains and a transition from columnar to dendritic
structures. XRD analysis revealed that Zn incorporation reduced the crystallinity of the
Co phase and induced partial amorphization. Interfacial reaction studies with Sn solder at
250 °C and 160 °C demonstrated the critical role of Zn in IMC formation. At 250 °C, lower
Zn contents (0.55-4.8 wt.%) slightly accelerated CoSns growth due to enhanced dissolution
of the Co-Zn layer. However, higher Zn content (8.8 wt.%) significantly suppressed IMC
growth by approximately 50%. Additionally, the CoSnz phase exhibited a dense, layered
structure for Zn contents below 4.8 wt.%. In contrast, the CoSnj in the Co-8.8Zn reaction
displayed a duplex structure with two distinct microstructures. In the solid-state reactions
at 160 °C, the suppression effect of Zn was more pronounced. The addition of 0.55 wt.%
Zn significantly reduced the IMC growth. As the Zn content increased, the suppression
effect became more evident. The Co-8.8Zn sample maintained a thin IMC layer, showing
over 85% suppression, even after long-term aging. These findings demonstrate that Zn
plays a key role in modifying interfacial reactivity and microstructure evolution. Co-Zn
coatings with higher Zn content effectively suppress excessive IMC growth, which is
crucial for enhancing the thermal and mechanical reliability of solder joints. This makes
them promising candidates for surface finishes in microelectronic packaging and advanced
lead-free soldering applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ma18122680/s1, Figure S1: BEI micrographs of the Sn/Co-2.5Zn
reaction at 250 °C for (a) 10 min and (b) 30 min; Figure S2: BEI micrographs of the Sn/Co-4.8Zn
reaction at 250 °C for (a) 10 min and (b) 30 min; Figure S3: BEI micrographs of the Sn/Co-8.8Zn
reaction at 250 °C for (a) 10 sec, (b) 10 min, (c) 30 min, and (b) 30 min; Figure S4: Cross-sectional
micrograph of the Sn/Co-2.5Zn/Cu sample reacted at 250 °C for 2 h (identical to Figure 7c in the main
text), provided here for reference and further analysis; Table S1: EPMA analysis in Sn/Co-2.5Zn/Cu
reaction at 250 °C for 2 h. The analyzed positions were shown in the figure below.
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Abstract: The main aim of the study was the determination of the strength parameters of composite
bonded joints consisting of galvanised steel elements, an adhesive layer, and Carbon-Fiber-Reinforced
Plastic (CFRP) fabric. For this purpose, shear laboratory tests were carried out on 60 lapped specimens
composed of 2 mm thick hot-dip galvanised steel plates of S350 GD. The specimens were overlapped
on one side with SikaWrap 230 C carbon fibre textile (CFT) using SikaDur 330 adhesive. The tests
were carried out in three series that differed in overlap length (15 mm, 25 mm, and 35 mm). A
discussion on the failure mechanism in the context of the bonding capacity of the composite joint
was carried out. We observed three forms of joint damage, namely, at the steel-adhesive interface,
fibre rupture, and mixed damage behaviour. Moreover, an advanced numerical model using the
commercial finite element (FE) program ABAQUS/Standard and the coupled cohesive zone model
was developed. The material behaviour of the textile was defined as elastic-lamina and the mixed-
mode Hashin damage model was implemented with bi-linear behaviour. Special attention was
focused on the formulation of reliable methodologies to determine the load-bearing capacity, failure
mechanisms, stress distribution, and the strength characteristics of a composite adhesive joint. In
order to develop a reliable model, validation and verification were carried out and self-correlation
parameters, which brought the model closer to the laboratory test, were proposed by the authors.
Based on the conducted analysis, the strength characteristics including the load-bearing capacity,
failure mechanisms, and stress distribution were established. The three forms of joint damage were
observed as steel-adhesive interface failure, fibre rupture, and mixed-damage behaviour. Complex
interactions between the materials were observed. The most dangerous adhesive failure was detected
at the steel and adhesive interface. It was also found that an increase in adhesive thickness caused a
decrease in joint strength. In the numerical analysis, two mechanical models were employed, namely,
a sophisticated model of adhesive and fabric components. It was found that the fabric model was
very sensitive to the density of the finite element mesh. It was also noticed that the numerical model
referring to the adhesive layer was nonsensitive to the mesh size; thus, it was regarded as appropriate.
Nevertheless, in order to increase the reliability of the numerical model, the authors proposed their
own correlation coefficients o and 3, which allowed for the correct mapping of adhesive damage.

Keywords: adhesive joints; composite fabric; cold-formed steel elements; numerical simulation;
cohesive zone model; laboratory tests

1. Introduction

The phenomenon of adhesion is fundamental to many applications across scientific
disciplines, from the development of advanced adhesives in engineering to the evolutionary
adaptations seen in nature. Understanding the intricate interplay in adhesion forces is
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crucial for optimising these applications and enhancing material performance [1]. The
complexity in adhesion mechanisms not only highlights the importance of physicochemical
interactions but also underscores the diversity that strategies organisms employ to navigate
their environments [2].

A profound comprehension of adhesion forces and their underlying physical prop-
erties might provide a suitable framework for the design of bonded joints [3]. Figure 1
represents the most notable and common physicochemical forces found in nature and
illustrates their interactions between two surfaces, which used to be called adhesion. The
interpretation of the term “adhesion” differs across various domains of research, including
chemistry, biology, physics, and engineering. Surface forces are the fundamental inter-
actions that facilitate the convergence of two bodies, while adhesion refers to the energy
expended to maintain their connection.

(1) Van der Waals force (2) Capillary force (3) Electrostatic or (4) Friction or
Coulomb force Interlocking force
+0+0+8+0+0 Surface 1

Surface 1 F Surface 1 F @ g Surface 1
o . )
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d 1 h QR Fi V\Fr VA
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Figure 1. Schematic illustration of the mechanisms of adhesion and the various forces that exist
between two surfaces in nature. (1) Van der Waals force; (2) capillary force; (3) electrostatic or coulomb
force; (4) friction or interlocking force; (5) suction or vacuum force; (6) chemical force; (7) diffusion
force; (8) magnetic force [3].

Figure 1 delivers a thorough and intricately detailed picture that captures a variety of
adhesion mechanisms and forces, all of which are notably derived from the complexities
of the natural ecosystem, with particular attention to the surprising adaptations and
capabilities exhibited by different materials on slippery surfaces. Herein lie the crucial and
salient details concerning the diverse adhesion mechanisms and the corresponding forces
that are vividly depicted in the aforementioned figure:

Van der Waals forces—These are weak attractive forces that occur between molecules.
In the context of adhesion, van der Waals forces play a significant role in the adhesion of
geckos [4] and other creatures to surfaces. Figure 1 illustrates how these forces contribute
to the overall adhesion when the animal’s foot comes into contact with a surface [5].

In rigid materials, van der Waals forces contribute to adhesion by creating attractive
interactions between surfaces, as demonstrated in the analysis of a rigid sphere and a
half-elastic region [6]. In biological systems, van der Waals forces enhance cell adhesion,
particularly in stem cells exposed to cold atmospheric plasma, which modifies the forces at
play between cells and their extracellular matrix [7].
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Capillary action, which can be defined as the ability of a liquid to flow in narrow spaces
without the assistance of external forces, stands as a pivotal mechanism that significantly
contributes to the phenomenon of adhesion, particularly under conditions characterised
by the presence of moisture. The illustration provided serves to elucidate the manner in
which the moisture present within the microstructures found in the feet of various animals,
such as those exhibited by frogs, effectively enhances the process of adhesion through
the engagement of capillary forces that operate at a microscopic level. This particular
mechanism facilitates an improved ability to maintain grip on surfaces that are inherently
slippery by drawing water into minuscule interstices, thereby substantially increasing the
overall area of contact between the adhering surfaces [8].

Electrostatic forces also play an important role in adhesion. Figure 1 shows how
positively charged amino acids in bristle surfaces promote adhesion through electrostatic
interactions, enhancing their ability to adhere to different surfaces.

Friction or interlocking force refers to a type of adhesion where one surface adheres
to another surface mechanically, increasing adhesion due to its physical structure. This
structural adaptability allows animals living in appropriate natural conditions to move on
slippery surfaces [9].

The suction force is generated when there is a pressure difference between the inside of
a cavity (like a suction cup) and the external environment. This difference creates a vacuum
effect that allows the suction cup to adhere to surfaces. The force can be mathematically
expressed as follows:

F=p-A 1)

where p is the pressure outside the suction cup (typically atmospheric pressure) and A is
the area of the surface covered by the cup. This equation indicates that the suction force
increases with the area of contact and the pressure differential.

The suction force works on the principle of creating a low-pressure zone inside a cavity.
For instance, when an octopus uses its suckers, it contracts its muscles to expel liquid from
the cavity, reducing the internal pressure and creating suction. This process allows the
octopus to adhere to surfaces effectively [10].

Chemical forces arise from the interactions between molecules, primarily through
bonds such as hydrogen bonds, covalent bonds, and ionic bonds. These forces are crucial for
the adhesion between surfaces, influencing how materials stick together or resist separation.

Diffusion force refers to the movement of particles from an area of higher concentration
to an area of lower concentration. This process is driven by the concentration gradient and
is essential in various biological and physical systems, including adhesion mechanisms on
slippery surfaces.

Magnetic force arises from the interaction between magnetic fields and charged par-
ticles. It can either attract or repel depending on the polarity of the magnetic charges
involved. This force is crucial in various applications, including the design of materials
that can enhance grip on slippery surfaces [11].

Speaking about the methods of investigating van der Waals forces, which are de-
scribed above, we should note the measurement method shown in the article [12]. Ad-
vanced techniques such as interferometric force spectroscopy integrated with scanning
electron microscopy allow for the measurement of van der Waals forces at sub-nanonewton
resolutions, isolating these forces from other interactions [13].

In terms of the stress state of a steel plate, [14] outlines a significant advancement
in assessing the mechanical stress state of steel plates using eddy currents and artificial
intelligence (Al) techniques, aiming for high accuracy in stress mapping and evaluation.

It should be emphasised that the phenomenon of adhesion represents an exceedingly
intricate, difficult, and complex problem. In engineering practices, it is postulated that the
failure of a joint should not be of an adhesive nature, and in order to achieve that goal,
it is needed to perform the appropriate preparation of the surfaces of the components.
Reference [15] covers the developments in failure mechanics and the extended finite el-
ement method within the finite element system, supported by application examples. In
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addition, [15] presents classical methodologies of continuum mechanics and fracture me-
chanics and discusses boundary element and finite difference methods with an indication
of their optimal applications. Also, [16] discusses the development of a stochastic model to
analyse the behaviour of adhesive joints. This method aims to address the uncertainties
in material properties and loading conditions that can affect the performance of these
joints. By incorporating stochastic methods, the model can predict variability in the joint’s
response, providing a more comprehensive understanding of its behaviour under different
conditions. This approach helps in designing more reliable and efficient adhesive joints for
various engineering applications. Unfortunately, currently, there is no numerical method
that universally solves all questions. However, the cohesive zone model (CZM) is useful for
analysing adhesive joints. The widely recognised cohesive zone model (CZM) is predicated
on the simulation of failure characterised by cohesion, specifically in scenarios where a
fracture propagates within the adhesive layer. CZM has become the predominant method-
ology for investigating the dynamic behaviour of adhesive joints such as fatigue, variable
strain rate, and impact. Although, in general, the dynamic behaviour of adhesive joints is
divided into three areas: fatigue, variable strain rate and impact, and modal analysis [17].
Therefore, this model is very useful in the case of engineering analysis. Grounded in the
principles of the CZM, the authors attempted to establish a model that accurately reflects
adhesive failure at the adhesive—steel interface, which was also empirically observed in
laboratory conditions.

The research presented in this paper concerns the formulation of reliable methodolo-
gies to determine the strength characteristics of a composite reinforcement consisting of
the steel element, adhesive, and CFRP fabric. This issue of the investigation covers the
characterisation and evaluation of an adhesive interface between galvanised steel and CFRP
fabric with the aim of assessing its mechanical attributes, which include the load-bearing
capacity of the bond, failure mechanisms, and stress distribution. Strength characteristics
will be established through a synthesis of existing literature, numerical modelling, and
empirical laboratory experimentation.

2. Experimental Tests
2.1. Problem Formulation

In the first part of the research, a lapped shear laboratory test was performed. The
specimens were made from steel plates (2 mm thick) overlapped on one side with SikaWrap
230 C [18] carbon fibre textile (CFT) using SikaDur 330 [19] adhesive. Both SikaWrap 230 C
and SikaDur 330 were provided by Sika Poland sp. z 0.0. (Warsaw, Poland). The tests were
carried out on 60 specimens, 3 series (A, B, and C) with 20 specimens each. For each series,
a different overlap length was considered, namely 15 mm, 25 mm, and 35 mm (Table 1).
The samples were produced as shown in Figure 2.

Table 1. Tested series.

No. Series Label Overlap Length
(mm)
1 A 15
2 B 25
3 C 35

Before creating a bonding connection, the steel plates’ thicknesses were measured.
The steel plate surface was cleaned with sandpaper and degreased with acetone. After
surface preparation, the adhesive layer was applied uniformly on the steel plate surface,
followed by one layup of CFT. The CFT was pressed to the steel surface, creating a bonded
connection and embedding the carbon fibres in the epoxy matrix. Moreover, the excess
of adhesive was removed from the surface of the textile. After the hardening process of
the adhesive was finished, which took 7 days, the measurement of each single lap joint

162



Materials 2024, 17, 6022

(SL]) geometry was performed. The difference between the second and first measurements,
reduced to a CFT thickness of 0.129 mm, was the adhesive thickness.

60
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llength |
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Figure 2. Schematic of the sample.

For experimental testing, an INSTRON SATEC 300 DX (Instron Polska, Opole, Poland)
testing machine was used. The load accuracy measurement was 0.6 kN and the displace-
ment accuracy was 0.13 mm. The testing machine was set to zero after the test loading
system was assembled, but before the specimen was actually gripped at both ends. Once
the force zero point was set, the force measurement system was not altered in any way
during the test. The tensile tests were carried out under displacement control conditions.
The samples were stretched at a speed of 0.01 mm/s until the specimens failed. An example
of the prepared specimen in the grips of the testing machine is shown in Figure 3. After
the completion of the laboratory tests, an observation of the nature of the fracture for all
adhesive SLJs was conducted.

Figure 3. Specimen in the grips of a testing machine.

2.2. Experimental Test Results

The test results for series A, B and C are summarised in Tables 2-4. The mean
value of the maximum load and the corresponding imposed displacement were reported
for the respective series of the specimens. The standard deviation was determined for
each parameter.
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Table 2. Adhesive shear strength test results for the A series.

No. Sample Label Maximum Load Displacement at Maximum Load
(kN) (mm)
1 Al 5.60 2.25
2 A2 7.56 247
3 A3 4.94 2.04
4 A4 5.88 2.18
5 A5 7.84 2.49
6 A6 6.32 2.56
7 A7 7.74 243
8 A8 5.99 2.49
9 A9 8.87 2.75
10 A10 5.17 2.21
11 All 7.42 2.58
12 Al2 5.46 2.32
13 Al3 491 2.18
14 Al4 5.52 2.33
15 Al5 5.15 2.26
16 Al6 6.03 2.40
17 Al17 3.48 2.11
18 Al8 4.27 2.12
19 A19 791 2.87
20 A20 6.42 2.45
Average 6.12 2.37
Standard deviation 1.386 0.216

Table 3. Adhesive shear strength test results for the B series.

No. Sample Label Maximum Load Displacement at Maximum Load
(kN) (mm)
1 Bl 5.46 2.16
2 B2 5.45 2.12
3 B3 3.84 1.82
4 B4 4.69 2.03
5 B5 6.14 2.30
6 B6 6.97 2.34
7 B7 6.94 2.28
8 B8 5.01 2.03
9 B9 4.75 1.85
10 B10 5.85 2.15
11 B11 4.50 1.98
12 B12 7.45 2.36
13 B13 7.47 2.33
14 B14 2.54 1.63
15 B15 5.70 2.05
16 B16 5.84 2.13
17 B17 4.84 2.04
18 B18 2.40 1.57
19 B19 3.95 1.86
20 B20 4.59 1.97
Average 5.22 2.05
Standard deviation 1.419 0.225

Diagrams of the force-displacement relationships for each series, A, B, and C, are
shown in Figures 4-6, respectively.
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Table 4. Adhesive shear strength test results for the C series.

No. Sample Label Maximum Load Displacement at Maximum Load
(kN) (mm)
1 C1 8.43 2.27
2 C2 9.98 2.44
3 C3 6.99 2.19
4 C4 7.93 2.29
5 (€5 3.07 1.66
6 Cé6 6.41 2.17
7 C7 7.18 2.25
8 C8 7.10 217
9 C9 7.73 2.24
10 C10 5.07 1.90
11 C11 7.62 1.92
12 C12 7.84 2.34
13 C13 8.47 2.16
14 C14 9.55 2.48
15 C15 3.40 1.65
16 Cl6 9.06 2.59
17 C17 3.04 1.58
18 C18 6.35 2.13
19 C19 6.63 2.07
20 C20 6.30 2.03
Average 6.91 2.13
Standard deviation 1.992 0.273
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Figure 4. Force-displacement diagram for A series.
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Figure 6. Force-displacement diagram for C series.
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Maximum force [kN]

The initial slow increase in force due to the lower initial elastic modulus of the textile
can be observed in the graphs. Once a displacement of approximately 1.1-1.5 mm was
reached, there was a sudden increase in force, which was a straight line until the specimen
broke. The destruction of the joint occurred rapidly or gradually, with successive fragments
of CFRP textile breaking off of the steel surface.

Diagrams of the maximum force—overlap length and maximum force-adhesive thick-
ness relationships for the test specimens are shown in Figures 7 and 8, respectively.
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Figure 7. Maximum force-adhesive thickness diagram for all series.

The data points in Figure 7 represent various specimens with differing adhesive thick-
nesses. The observed trend indicated that greater adhesive thickness resulted in a decreased
maximum force capacity. This implies that thicker adhesive layers may compromise joint
strength, potentially due to defects within the adhesive.

Meanwhile, Figure 8 shows the relationship between the maximum force applied to
the specimens and the overlap length of the bonded joints, and the data points represent
different series of specimens with varying overlap lengths. The diagram reveals that as the
overlap length increased, the maximum force that the joint could withstand also increased.
This indicates that a longer overlap length enhanced the strength of the bonded joint, likely
due to the larger bonded area distributing the applied load more effectively and reducing
stress concentrations.
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Figure 8. Maximum force-overlap length diagram for all series.

2.3. Observation of Connection Structure Damage

Observations of the nature of fracture for CFRP-Steel adhesive connection were con-
ducted. A visual inspection was carried out. Figure 9 shows examples of damaged samples.

Figure 9. Observed forms of damage: (a) adhesive failure at steel/adhesive interface, (b) fabric
rupture, (c) mixed failure.
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Upon visual inspection of the damaged samples, different types of damage were
observed. For some samples, damage was only observed at the steel/adhesive interface,
and for others, fibre rupture. Others were distinguished by mixed damage behaviour.
However, in none of the samples, cohesive failure in the adhesive layer or delamination
was observed. A full description of the failure mechanisms for each sample is presented in
Table 5, where A denotes adhesive failure at the steel/adhesive interface and F corresponds
to fabric rupture.

Table 5. Damage mechanisms for each sample.

Sample Damage Sample Damage Sample Damage
Label Mechanism Label Mechanism Label Mechanism
Al AF Bl A C1 AF
A2 F B2 A C2 A F
A3 A B3 A C3 F
A4 AF B4 A C4 AF
A5 AF B5 AF C5 A
Ab AF B6 F Co F
A7 AF B7 AF Cc7 AF
A8 AF B8 A C8 A F
A9 AF B9 A c9 F
A10 A B10 AF C10 F
A1l F B11 A cn F
Al2 AF B12 F C12 A,F
A13 A B13 AF C13 AF
Al4 A B14 A C14 A F
A15 F B15 A C15 A
Al6 AF Bl6 F Cl6 AF
Al17 F B17 A C17 A
A18 A B18 A C18 F
A19 F B19 A C19 F
A20 F B20 A C20 F

Table 6 presents the average strength of the joint and its standard deviation for each
type of failure in different test series.

Table 6. Average joint strength for each type of failure.

Series A Series B Series C
Failure Average Standard Average Standard Average Standard
Strength Deviation Strength Deviation Strength Deviation
[kN] [kN] [kN] [kN] [kN] [kN]
A 4.96 0.41 4.44 0.99 3.17 0.16
F 6.32 1.57 6.75 0.67 6.64 0.79
AF 6.64 1.13 6.60 0.64 8.39 0.79

Figure 10 presents the average force—displacement diagrams for each series.

It should be noted that the joint stiffness and joint strength increased proportionally
to the overlap length. Moreover, an increase in the adhesive thickness caused a decreased
joint strength. It was also observed that the adhesive failure occurred at the steel interface,
indicating that the bond between the steel and adhesive was a critical point. Simultane-
ously, there was a combination of adhesive failure and fabric rupture, suggesting complex
interactions between the materials.
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Figure 10. Average force-displacement diagrams for each series—lab.

3. Numerical Analysis

A numerical analysis was conducted in the Abaqus program and later verified and
validated based on laboratory test results. Two models were developed, referring to damage
mechanisms (Table 5). In the first stage, the goal was to define the material parameters of
carbon fibre textile. Second, it was to define the cohesive zone model (CZM) for adhesive
connection. The relevant computer hardware and the system type used are presented in
Table 7.

Table 7. Computer hardware and system type.

Hardware Type
CPU 12th Gen Intel(R) Core(TM) i5-12500H 2.50 GHz
RAM 64 GB
System 64-bit operating system, x64-based processor

Figures 11 and 12 detail the steps for setting up a Finite Element Analysis (FEA)
simulation for steel and textile adhesive connection. The diagrams outline the process from
defining material properties to obtaining output results.

3.1. Numerical Model—Fabric Rupture

ABAQUES [20], a commercial finite element program, was used to simulate the fabric
rupture mechanism. The elastic material properties of the carbon fibre textile were taken
from [21] with elastic properties given in Table 8. The material behaviour of the textile
was defined as elastic-lamina, and the mixed-mode Hashin damage model [22] was im-
plemented with bi-linear behaviour. That model is based on criteria that consider four
different damage initiation mechanisms in the form of fibre tension, fibre compression,
matrix tension, and matrix compression. The general concept of damage in unidirectional
lamina is characterised by the degradation of material stiffness. It holds significant impor-
tance in understanding fibre-reinforced composite mechanics. Numerous such materials
demonstrate elastic-brittle characteristics; in particular, the initiation of damage in these
materials occurs without considerable plastic deformation. Therefore, the influence of
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plasticity can be dismissed when assessing the behaviour of these materials. It is assumed
that the fibres within the fibre-reinforced composite are arranged in a parallel orientation.

START

DEFINE MATERIAL PROPERTIES
Material = steel
Density
Elastic properties
Plastic properties

Material = textile
Damage Initiation, criterion=HASHIN
Damage Evolution,
type=ENERGY ,mixed mode

DEFINE GEOMETRY
Part name = plate
Element type = C3D8R
Generate element and node sets
Define and assign section properties
(Solid Section, material=stecl)

Part name = textile
Element type = M3D4
Generate element and node sets
Define material orientation
Define and assign section propertics
(Membrane Section, material=textile,
thickness=0.129)

Define part assembly

behavio=POWER LAW, power=1.
Damage Stabilization=0.0001
Density
Elastic properties

DEFINE INTERACTION
PROPERTIES
Interaction between plate and textile:
Tie, type=NODE TO SURFACE, master
surfaces on plate part

DEFINE BOUNDARY CONDITIONS
Enforce reaction of the joint by blocking
displacements and applying velocity to
appropriate nodes in relevant directions

DEFINE ELEMENT CONTROLS
*Section Controls, ELEMENT
DELETION=YES, MAX
DEGRADATION=0.98

DEFINE SOLVER
Dynamic implicit
Time=200s OUTPUT
Include geometric nonlinearity Forces, END
Discontinuous analysis displacements,
Time incrementation stresses,
strains

Figure 11. Block diagram for numerical model of textile.

Based on the current research reports, four distinct failure mechanisms appear: tensile
fibre rupture, compressive fibre buckling and kinking, transverse tensile and shear-induced
matrix cracking, and transverse compressive and shear-induced matrix crushing. The anal-
ysis in ABAQUS utilised the failure initiation criteria proposed by Hashin and Rotem [23]
as well as Hashin [24], which express the failure surface in the effective stress space. In this
model, longitudinal strength was taken from manufacturers data [18], and the remaining
parameters were identified during the verification and validation of the model based on
the laboratory tests.

After the homogenisation of the fabric, it was assumed that the fibres were contained
within the matrix as defined by the Hashin model, with the material properties given in
Table 9. However, it should be pointed out that in this analysis, the matrix was modelled as
air (Figure 13).

Given that the matrix was air, the transverse characteristics should be equal to “0”;
nevertheless, this will result in dividing by “0”, and the load bearing capacity of the fabric
would be equal to infinity. For this reason, these characteristics must be as small as possible;
however, it is necessary to validate the model based on the laboratory results. The value
of the parameters was defined as 5 MPa, which was equal to 0.16% of the longitudinal
strength of 3200 MPa.
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START

DEFINE MATERIAL PROPERTIES

Material = steel
Density
Elastic properties
Plastic properties

Material = textile
Density
Elastic properties

DEFINE GEOMETRY
Part name = plate
Element type = C3DSR
Generate element and node sets
Define and assign section properties (Solid Section,
material=steel)

Part name = textile
Element type =M3D4
Generate clement and node sets
Define material orientation
Define and assign section properties
(Membrane Section, material=textile, thickness=0.129)

Define part assembly

DEFINE ELEMENT CONTROLS
Second order accuracy=YES

DEFINE BOUNDARY CONDITIONS

Enforce reaction of the joint by blocking
displacements and applying velocity to

DEFINE INTERACTION PROPERTIES
Interaction between plate and textile:
*Surface Interaction, name=coh
*Cohesive Behavior, type=COUPLED
*Damage Initiation, criterion = Quadratic traction
*Damage Evolution, type=ENERGY, mixed mode
behavio=POWER LAW, power=1.
master surfaces on plate part
small sliding, type=SURFACE TO SURFACE

appropriate nodes in relevant directions

DEFINE SOLVER
Dynamic implicit
Time=200s
Include geometric nonlinearity
Discontinuous analysis
Time incrementation

OUTPUT
Forces, END
displacements,
stresses,
strains
Figure 12. Block diagram for numerical model of adhesive.
Table 8. Carbon fibre textile—elastic material properties.
Parameter Quantity Unit
Density 1.83 x 107° kg/mm?
Elastic modulus of fabric E1 220,000 MPa
Elastic modulus of fabric E2 15,750 MPa
Longitudinal and transverse Poisson’s ratio 0.3 [-]
Shear modulus G12 8730 MPa
Shear modulus G13 11,650 MPa
Shear modulus G23 5615 MPa
Table 9. Carbon fibre textile—Hashin damage material properties.
Parameter Quantity Unit
Longitudinal Tensile Strength 3200 MPa
Longitudinal Compressive Strength 3200 MPa
Transverse Tensile Strength 5 MPa
Transverse Compressive Strength 5 MPa
Longitudinal Shear Strength 5 MPa
Transverse Shear Strength 5 MPa
Fracture Energy 0.01 N/mm
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Fiber

Matrix

Figure 13. The ABAQUS anisotropic damage model, which is based on research conducted by
Matzenmiller et al. [24], Hashin and Rotem [22], Hashin [23], and Camanho and Davila [25].

The calculations were conducted using the dynamic implicit procedure, accounting for
geometrical nonlinearity and a time period of 200 s. The boundary conditions applied are
presented in Figure 14. On the bottom edge, the displacements were all blocked. Similarly,
on the top edge, the displacements were blocked, except the vertical displacement. The
displacement velocity was set to 0.01 mm/s in order to enforce tension. Tie connection was
used between the plate and textile.

Figure 14. Applied boundary conditions.
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An extended mesh sensitivity analysis was performed. Moreover, the impact of the
desired material properties (considering the Hashin damage definition) was included. The
individual cases are summarised in Table 10.

Table 10. Mesh sensitivity analysis.

Case

Textile Mesh Plate Mesh

Number of Number of Hashin Damage Total CPU Time

Elements Nodes Parameters [MPa] [s]
: quadrﬂ[;trg: M3D4 Lmeazjl;g(saél edral 70,000 85,951 3 2.92 x 10°
i quadri{;itrg: M3D4 Lineaégle)?l?edral 10,500 14,637 3 9.49 x 10°
1 quadrif:;iz M3D4 Lineaz:ls}g(si}};edml 70,000 85,951 5 2.75 x 10°
v quadri{;itrz: M3D4 Lineag]ejxsa}?edral 112,000 128,191 5 4.04 x 10°
\% qgilar(iilﬁelrcal Lineaégg‘g}?edral 10,500 21,757 5 1.45 x 10*
M3D8R
VI qt?alzli‘(iilfjctel:al Li“eaé;‘g‘gﬁedral 21,000 53,497 5 417 x 104
M3D8R

3.2. Numerical Model—Adhesive Connection

In engineering practices, it is assumed that the destruction of the connection should
not be of an adhesive nature. Therefore, in order to prevent adhesive destruction, it is
necessary to properly prepare the surfaces of the joined elements. On the other hand,
the commonly known cohesive zone model (CZM), as the name suggests, allows for the
simulation of cohesive destruction, i.e., in which the crack develops in the adhesive layer.
Based on the CZM, the authors of this paper attempted to determine a model that would
correspond to adhesive destruction at the adhesive-steel interface, which was observed in
the laboratory. The ABAQUS program was used to implement a coupled CZM. Given the
extremely thin adhesive layer, local effects within the layer were disregarded. A surface-
based cohesive behaviour was utilised, characterised by a mixed-mode cohesive law, using
the power law criterion. By constructing traction—-separation behaviour with coupled and
specified stiffness coefficients, the cohesive behaviour was defined. The quadratic traction
criterion was used to define the damage initiation criterion, and an energy type with linear
softening behaviour was identified as the damage evolution behaviour. We can characterise
the initial stiffness matrix as follows:

K 0 0 99 0 0
K=|0 Ks 0|=|(0 35 0|[MPa/mm] )
0 0 Ky 0 0 35

where K,;;;, Kss, and K}; are the elastic stiffnesses in the normal and the two-shear directions,
respectively. K, is equal to the initial slope of the traction—separation model for mode I
and can be described as follows: E
m =t ®)

where:

x—a parameter proposed by the authors to bring the destruction mechanism closer to
that observed in the laboratory, « = 0.01 [—];

E,—tensile elastic modulus of an adhesive;

T,—thickness of the adhesive.
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Both Ky and Ky are the same and are equal to the initial slope of the traction—
separation model for mode II loading and can be described as follows:

Kss = Ktt = 0(% (4)
a
where:

x—a parameter proposed by the authors to bring the destruction mechanism closer to
that observed in the laboratory, « = 0.01 [—]; G;—shear modulus of an adhesive;

T,—thickness of the adhesive.

It was assumed that surface preparation, which affects adhesive failure, has the same
impact on the elastic stiffnesses in all directions. For this reason, the correction factor in
formulae 3 and 4 is the same. The stiffness reduction was intended to simulate the uniform
distribution of stresses along the length of the adhesive and, consequently, the sudden
development of joint failure. The damage properties of cohesive surface are presented in
Table 11. As mentioned, the CZM refers to the failure inside the adhesive. To simulate
the adhesive failure, a reduction parameter of g = 0.2 [—]| was proposed. The maximum
nominal stress in all directions was defined as follows:

tp =ts =t; = BR (5)

where:
ty, ts, t—normal and shear tractions in each direction;
R—the tensile strength of the adhesive given by the manufacturer, R = 30 MPa.
The symbol in square brackets [—] indicates that the parameters « and 3 are dimensionless.

Table 11. Cohesive surface properties implemented in FEM model.

Parameter Quantity Unit
Maximum nominal stress in all directions 6 MPa
Normal fracture energy 0.01 N/mm
First and second shear fracture energy 3.8 N/mm
Power law coefficient 1 -

The calculations were conducted using a dynamic implicit procedure accounting for
geometrical nonlinearity and a time period of 200 s. The boundary conditions and material
properties are presented in Section 3.1. In this case, fabric rupture was not observed; hence,
the Hashin damage was not defined.

For the carbon fibre textile, the linear quadrilateral membrane elements of type M3D4
was used, and for steel plates, the linear hexahedral elements of type C3D8R was used. The
size of the FE mesh set to 0.4 mm consisted of 131,875 elements and 156,744 nodes.

3.3. Verification and Validation of Numerical Models

In order to verify the effectiveness and quality of the proposed model, validation and
verification were carried out (Figure 15). Unfortunately, it was found that the fabric model
was very sensitive to the finite element mesh density. With smaller mesh densities, the
initiation of destruction occurred faster. It should be emphasised that due to computa-
tional limitations, it was not possible to determine a mesh small enough not to affect the
calculation result. The smallest tested finite element had a dimension of 0.25 mm.

However, in the case of the model for an adhesive connection, the mesh density did
not have a significant impact on the obtained results. In common practice, there should be
at least five integration points in the thickness of the solid element, and for this reason, the
mesh size was set to 0.4 mm. For a smaller mesh value (0.3 mm), the force—displacement
graph coincided with the base graph (0.3 mm). Therefore, it can be concluded that the
presented model was not sensitive to grid density, which is recommended in engineering

175



Materials 2024, 17, 6022

practice. The total CPU time for a model with a 0.4 mm mesh size was equal to 4.18 x 10°s.
The value of the maximum force was close to that obtained from the laboratory (Figure 16).
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Figure 15. Verification and validation of the fabric rupture model.
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Figure 16. Verification and validation of CZM.

4. Conclusions

In this paper, the laboratory tests and numerical analysis of a composite bonded joint
consisting of galvanised steel elements, an adhesive layer, and CFRP fabric were presented.
Different overlap lengths (15 mm, 25 mm, and 35 mm) were taken into account in a shear
test conducted on 2 mm thick hot-dip galvanised steel plates of S350 GD overlapped on
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one side with SikaWrap 230 C carbon fibre textile (CFT) using SikaDur 330 adhesive. Based
on the conducted analysis, three forms of joint damage were observed, namely, at the steel—
adhesive interface, fibre rupture, and mixed damage behaviour. There was a combination of
adhesive failure and fabric rupture, suggesting complex interactions between the materials.
It was also noted that most danger adhesive failure occurred at the steel interface at the
bond between the steel and adhesive layer. Moreover, it was found that the joint stiffness
and strength increased proportionally to the overlap length. A simultaneous increase in
adhesive thickness caused a decrease in joint strength. As far the numerical composite
model consisting of adhesive and fabric models, unfortunately, the fabric model was very
sensitive to the density of the finite element mesh. The smaller the mesh size, the greater
the fabric destruction parameters that must be applied. With smaller mesh sizes, the onset
of destruction occurred faster. But it should be emphasized that the use of the authors” own
correlation coefficients « and (3 allowed for the correct mapping of adhesive damage in the
numerical model.
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