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1. Introduction and Scope

As the global manufacturing industry transitions toward high-value-added and low-
carbon development, metal material manufacturing processes are undergoing systemic
transformations. The explosive growth of new energy vehicles and the pursuit of supe-
rior performances in the aerospace field [1,2] have fostered the growth of a huge market
for lightweight and high-strength metal components (such as aluminum alloys and mag-
nesium alloys). These components often require a combination of complex topological
structures, gradient functional characteristics, and ultra-high precision, which traditional
metal manufacturing processes have struggled to achieve. In addition, as manufacturing
systems impose strict requirements for the sustainable development of the whole life cycle
of metal materials, resource efficiency and environmental pollution control have become
prerequisites for process innovation.

Against this background, traditional processes have revealed their inherent limita-
tions [3,4]. For instance, although the typical melt casting rolling process is mature and
stable, it faces the dilemma of high energy consumption and low material utilization and
often finds it difficult to form complex cavities. To address these challenges, researchers
have integrated numerical simulations into manufacturing processes, enabling multi-
physics field coupling simulations (thermal–mechanical–electrical–magnetic–fluidic) of
the manufacturing process [5–7]. This makes it possible to predict the evolution of mate-
rial microstructures (such as dynamic recrystallization and phase transformation kinetics)
and key performance indicators before material manufacturing. Meanwhile, the precise
control technology of microstructure is used to improve the performance of products
from the perspective of material origin. For example, strategies such as grain refinement,
interface strengthening, and in situ reaction layer design [8–10] optimize phase compo-
sition and defect distribution at the atomic scale, achieving a coordinated improvement
in strength/toughness/corrosion resistance. Furthermore, additive manufacturing and
hybrid processing technologies that have subverted traditional manufacturing logic are
also utilized [11–14]. With layer-by-layer accumulation or in situ material synthesis as their
core principles, these technologies break through the constraints of geometric complexity
and open up new pathways for lightweight topological structures, functionally graded ma-
terials, and multi-material integration. In addition, systematic research on fatigue-resistant
design and joining mechanisms has been conducted [15], which provides crucial theoretical
support for the service reliability of products. Therefore, the chain of innovation in mod-
ern metal manufacturing process has been expanded from single equipment innovation
to the full-dimensional collaboration of “basic theory—Numerical Simulation—process
development—virtual verification—green assessment”.

Metals 2025, 15, 1203 https://doi.org/10.3390/met15111203
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2. Contributions

Numerical simulation and intelligent monitoring technology are reconfiguring the
process design paradigm. This kind of technology not only avoids the high cost of the
traditional trial-and-error method, but also lays the foundation for digital twin technology
and virtual manufacturing.

Russo Spen (Contribution 1) proposed an efficient calibration-free method for pre-
dicting welding deformation. The welding thermal cycle data were obtained In Situ by
infrared thermal imaging, and directly input into the forced Imposed Thermal Cycle (ITC)
model for finite element simulation. This method avoids the destructive metallographic
calibration required by the traditional Moving Heat Source (MHS) model. The experi-
mental and numerical verification show that the predicted deformation error is less than
0.3%. The calculation time is significantly reduced by more than 85% compared with the
classical method, which significantly improves the efficiency, although the error estimation
is slightly increased by 0.03%. Based on the actual process data-driven simulation process,
a virtual representation of this process can be realized, enabling the realization of future
digital twin applications.

Dai (contribution 2) established an incremental coupling model, which effectively
solved the problems of inaccurate coil temperature and nonlinear interactions between
stress and deformation during the coiling process of hot-rolled steel strips. The model
breaks through the limitations of the traditional method, and obtains the mechanical prop-
erties and radial elastic modulus of the strip steel by coupling the temperature and stress
of the coil, and conducting tensile tests and laminated compression tests at different tem-
peratures. Meanwhile, the effects of key process parameters such as strip thickness, coiling
tension and initial mandrel temperature on the internal state of the coil core are analyzed.
The results of the model were compared with the measured values and analytical solutions,
which confirmed the effectiveness of the incremental coupling model, and provided a
theoretical basis for optimizing and precisely controlling the hot strip coiling process.

Kendall (Contribution 3) investigated the key influence of surface geometry on the
oxidation kinetics of conveying pipes. Based on the Stefan problem, the customized
thermochemical database and the numerical solution of the diffusion equation, a prediction
model for the oxide thickness of typical curved surface was developed. The critical effect
of radial diffusion term on oxidation kinetics was quantitatively revealed for the first time
when the radius of the curvature of pipe was ≤200 mm, and proved the necessity of the
cylindrical coordinate system in the oxidation modeling of curved surfaces. The model
provides a theoretical basis for the high-precision prediction of scale layer growth, the
optimization of descaling processes and the reduction of tool damage.

Precise control of microstructure and interface engineering is the key to optimizing
material performance.

Zou (Contribution 4) significantly improved the comprehensive properties of MIG
welded joints of 5xxx series aluminum alloys by adding scandium (Sc) and erbium (Er) to
the welding wire: the grain size was refined from 47 μm to 29 μm and 31 μm, respectively,
which was attributed to the heterogeneous nucleation effect of submicron-sized coherent
Al3Er and Al3Sc phases (L12 structure). The tensile strength, fracture elongation and mi-
crohardness of the welded joint were significantly improved due to refining and dispersion
strengthening. In addition, the corrosion resistance of the joint was significantly enhanced,
which showed that the corrosion current density decreased and the corrosion potential
increased, which was attributed to the formation of a denser oxide film and the balance
of the potential difference between the precipitates and matrix. The addition of Sc and Er
elements have similar and significant effects on improving the properties of welded joints.

2



Metals 2025, 15, 1203

Sisodia (Contribution 5) innovatively used local electron beam-post-weld heat treat-
ment (LEB-PWHT) to regulate the electron beam welded joint of 12 mm thick S960QL high-
strength steel, and achieved accurate local energy input through a defocusing beam. The
results show that LEB-PWHT significantly optimizes the joint performance: the hardness
of the weld seam and heat-affected zone (HAZ) was reduced by 23% and 21%, respectively,
the tensile strength was increased by 3% (reaching 1082 MPa), and the ductility was im-
proved. However, attention should be paid to the decrease in the impact toughness of
the weld metal at −40 ◦C (from 63 J to 27 J). Microstructure, LEB-PWHT promoted the
transformation of martensite in the coarse-grain heat-affected zone (CGHAZ) into tem-
pered martensite + carbide precipitation, and equiaxed grains and dispersed carbides were
formed in the fine-grain heat-affected zone (FGHAZ). This reveals the directional control
mechanism of local heat treatment on microstructure and properties. Local post weld heat
treatment provides technical guidance for the precise control of micro zone properties for
high-strength steel thick plate welding.

Wang (Contribution 6) developed a simple one-step method without additives or
pre modification to directly prepare ZIF-8 films with strong adhesion on zinc substrates,
revealing the dual-role mechanism of the ZnO interlayer. The ZnO interlayer is formed
by the decomposition products of solvent and zinc ions. It not only serves as a sacrificial
precursor to promote the nucleation and continuous growth of ZIF-8 crystal, but also
acts as an anchoring site to significantly enhance the adhesion between the film and the
substrate. This work provides a simple direct production process that can be applied
to other metal substrates experimentally to further study the complete film formation
mechanism, and will provide more comprehensive theoretical support for the preparation
of metal substrate films.

At the same time, additive manufacturing (AM) technology has opened up new
dimensions for the fabrication of complex metal components.

Cui (Contribution 7) successfully fabricated 22MnCrNiMo mooring chain steel with
excellent comprehensive mechanical properties by utilizing the selective laser melting
(SLM) additive manufacturing process and determining the combination of key process pa-
rameters (laser power: 200 W, scanning speed: 800 mm/s, layer thickness: 30 μm, scanning
spacing: 110 μm) through experiments. The SLM-formed parts exhibit a microhardness of
513.2 HV0.5, a tensile strength of 1223 MPa, a yield strength of 1114 MPa, an elongation of
8.5%, and an impact energy of 127 J. The research findings reveal the microstructure evolu-
tion law and the strengthening–toughening mechanism of 22MnCrNiMo steel fabricated
via SLM technology, providing a new method and technical basis for the direct fabrication
of high-performance mooring chains

Gracheva (Contribution 8) systematically reviewed the current research findings on
selective laser melting (SLM) technology for biodegradable metals (Mg, Fe, Zn), and
quantified the key properties of three types of materials: Mg alloys fabricated via SLM
achieve an elastic modulus matching that of bone (40–45 GPa) and a moderate degrada-
tion rate (1–3 mm/year); Fe-based metals exhibit excellent strength (400–600 MPa) but
a relatively slow degradation rate (0.1–0.5 mm/year); Zn alloys offer moderate overall
performance. Meanwhile, the design strategy of porous/lattice structure is proposed to
enhance bone integrity and achieve performance gradients, and it is pointed out that the
four core challenges in this field include controlling degradation kinetics, optimizing the
SLM process for active metals, standardizing testing methods, and coordinating regulatory
frameworks. This work provides systematic theoretical support and technical guidance for
the development of the next generation of personalized biodegradable implants.

In the preparation process of metal materials, it is necessary to achieve collaborative
optimization of design and process parameters to ensure that the materials possess suffi-
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cient fatigue resistance and reliable service life. Therefore, it is essential to study the failure
mechanisms of materials under fatigue loads.

Meilinger (Contribution 9) addressed the lack of systematic high cycle fatigue (HCF)
research on key aluminum/steel hybrid joints for lightweight vehicle structures. Through
experiments, aluminum/steel hybrid joints were prepared using 5754-H22, 6082-T6 alu-
minum alloys and DP600 substrates, respectively, through resistance spot welding (RSW)
and conventional clinching (CCL), and HCF testing was conducted. An HCF design curve
with a 50% failure probability was established, and the study indicated a significant corre-
lation between interface structure and fatigue life. The relative load bearing capacity of
different joints under HCF was quantified (based on the steel/steel joint): the load bearing
capacity of the aluminum/steel hybrid joint was significantly reduced (RSW was 48.7%
and 73.0%, CCL was 35.0% and 38.7%), while that of the aluminum/aluminum joint was
even lower (RSW was 39.9% and 50.4%, CCL was 31.7% and 35.0%). In addition, the study
clearly shows that, with one exception, the load bearing capacity of CCL joints is better
than that of RSW joints (156.1–108.3%). This study provides an important basis for the
selection of lightweight vehicle bodies connection process.

Basak (Contribution 10) systematically reviewed the laws governing the performance
of common non thermal mechanical connections (adhesive, bolted, clinched and riveted
joints) under fatigue loads, mainly introducing the influencing factors of different con-
nection types. For instance, the fatigue behavior of bonded connections was affected by
the bond length, thickness, and the properties of different materials—increasing the bond
length can improve its fatigue strength until a certain length is reached, while increasing
the thickness of the laminate or adhesive reduces fatigue life unless the surface roughness
is increased; the differences in mechanical properties of different laminated materials di-
rectly determine their fatigue performance. This review integrates the fatigue behavior of
mechanical bonds and the effects of various internal and external parameters, providing a
key theoretical basis for the selection of optimal parameters in product design.

3. Conclusions and Outlook

The contributions summarized above provide an overview of recent progress in the
research on metal material manufacturing processes. Through theoretical research, numeri-
cal simulation and experimental verification, advanced manufacturing technologies are
provided for the preparation of high-performance metal materials. Numerical simulation
and intelligent detection have overcome the limitations of traditional manufacturing pro-
cesses, while virtual manufacturing design has replaced the experience driven trial and
error model. Studies on the microstructure and macroscopic properties of the materials fur-
ther show the importance of reforming the manufacturing process. Meanwhile, emerging
manufacturing technologies such as additive manufacturing show significant advantages
in terms of their material forming limits. It is worth noting that the significance of material
fatigue failure in actual service has been highlighted. As we look ahead, the manufacturing
processes employed in the fabrication of metallic materials must further embrace intel-
ligence, functional integration, and green development. It is essential to reduce energy
consumption and resource usage in manufacturing to meet the higher standards required
for sustainable industrial development while ensuring material performance.
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Abstract: Climate concerns are driving the automotive industry to adopt advanced manu-
facturing technologies that aim to improve energy efficiency and reduce vehicle weight. In
this context, lightweight structural materials such as aluminium alloys have gained signifi-
cant attention due to their favorable strength-to-weight ratio. Laser welding plays a crucial
role in assembling such materials, offering high flexibility and fast joining capabilities for
thin aluminium sheets. However, welding these materials presents specific challenges,
particularly in controlling heat input to minimize distortions and ensure consistent weld
quality. As a result, numerical simulations based on the Finite Element Method (FEM) are
essential for predicting weld-induced phenomena and optimizing process performance.
This study investigates welding-induced distortions in laser butt welding of 1.5 mm-thick
Al 6061 samples through FEM simulations performed in the SYSWELD 2024.0 environment.
The methodology provided by the software is based on the Moving Heat Source (MHS)
model, which simulates the physical movement of the heat source and typically requires
extensive calibration through destructive metallographic testing. This transient approach
enables the detailed prediction of thermal, metallurgical, and mechanical behavior, but it
is computationally demanding. To improve efficiency, the Imposed Thermal Cycle (ITC)
model is often used. In this technique, a thermal cycle, extracted from an MHS simulation
or experimental data, is imposed on predefined subregions of the model, allowing only
mechanical behavior to be simulated while reducing computation time. To avoid MHS-
based calibration, this work proposes using thermal cycles acquired in-line during welding
via infrared thermography as direct input for the ITC model. The method was validated
experimentally and numerically, showing good agreement in the prediction of distortions
and a significant reduction in workflow time. The distortion values from simulations
differ from the real experiment by less than 0.3%. Our method exhibits a slight decrease
in performance, resulting in an increase in estimation error of 0.03% compared to classic
approaches, but more than 85% saving in computation time. The integration of real process
data into the simulation enables a virtual representation of the process, supporting future
developments toward Digital Twin applications.

Keywords: laser welding; IR camera; FEM simulation; thermal cycle; distortion

Metals 2025, 15, 830 https://doi.org/10.3390/met15080830
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1. Introduction

Laser welding is a leading joining technique in lightweight manufacturing. It is widely
recognized for its precision and efficiency in joining aluminium alloys, which are critical
to the automotive industry. The increasing demand for lighter, fuel-efficient vehicles has
driven the widespread use of thin aluminium sheets, leveraging their strength-to-weight
ratio [1,2]. However, welding thin sheets poses a major challenge: improper heat control
can lead to distortion and compromise the integrity of the weld [3]. In addition, compared
to carbon steels, the large thermal expansion coefficient and the low elastic modulus of
aluminium alloys make them particularly prone to significant deformation and residual
stresses during welding [4]. Consequently, thorough evaluation and precise control of the
welding process are essential to ensure joint quality and performance [5]. Although helpful
for small-scale laboratory specimens, traditional trial-and-error methods are inadequate
for industrial applications, particularly when dealing with large or intricately shaped
components [6]. Finite Element Method (FEM) simulations have become an indispensable
tool, enabling detailed predictions of welding outcomes before production and significantly
reducing both time and material waste [7].

While FEM simulations provide valuable insights into the welding process, they face a
main limitation: calibrating the thermal source requires a repetitive and iterative process [8].
It involves continuous comparison between metallographic cross-sections of actual welds
and their simulated counterparts, demanding considerable time and resources to achieve
accurate alignment [9–12]. Moreover, because these methods are destructive and time-
consuming, they restrict the ability to make real-time adjustments, ultimately hindering
the efficient optimization of welding parameters.

Recent advancements have introduced non-destructive testing (NDT) and prediction
modeling methods to address these limitations. For instance, [13] explores automated
calibration techniques, while [14] proposes inverse modeling approaches to streamline
the calibration process. In addition, digital twins have also emerged as a powerful tool,
enabling real-time simulation and monitoring of welding processes without the need for
physical testing [9].

Thermography, an imaging technique based on infrared radiation, provides a non-
contact and efficient method for real-time monitoring of temperature distribution in the
welding zone [15–19]. The ability to detect temperature anomalies is crucial for predicting
and preventing defects such as deformation, which can compromise the structural integrity
of the weld [20–26]. Thermography can be used in combination with a laser system to
non-destructively inspect welded joints, such as resistance spot weld [27–29]. Integrating
thermography into the laser welding of aluminium not only enhances quality assurance
but also enables real-time process control, significantly reducing the likelihood of weld
defects and the need for costly rework [15,16,30–34].

This paper proposes a novel thermography-based approach not only for monitoring
the laser welding process and ensuring joint quality, but also as a support for a fully non-
destructive calibration strategy in FEM-based simulations. In this method, the transient
temperature field recorded by an infrared camera is directly imposed as the heat-source
boundary condition, dramatically reducing development time.

Unlike conventional methods that rely on the iterative tuning of moving heat-source
parameters against metallographic cross-sections, the proposed infrared-guided imposed
thermal cycle approach, hereafter referred to as IR-ITC, eliminates the need for macrographic
calibration. It reduces the calibration parameter set to a single LOAD definition and cuts the
setup time from roughly ten hours to less than thirty minutes. The simulation demonstrated
1.5 mm Al 6061 butt joints welded with a 2.8 kW diode laser in SYSWELD 2024.0. This
strategy is readily transferable to any process where surface temperature data is available.
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Beyond the drastic time savings, IR-ITC enables the development of real-time digital twins,
facilitating closed-loop weld quality control and adaptive manufacturing workflows.

The remainder of this paper is organized as follows. Section 2 reviews conventional
industry-standard FEM workflows and the limitations of moving heat-source calibration.
Section 3 details the proposed IR-ITC methodology, including thermal-cycle acquisition
and model implementation. Section 4 describes the experimental setup and validates
the simulations through comparison with thermal maps, melt-pool geometry, and dis-
tortion measurements. Finally, Section 5 presents concluding remarks and directions for
future research.

2. Industry Standard Approaches

2.1. Numerical Model

Traditional methods to simulate the laser welding process involve a two-step proce-
dure, first computing the thermal behavior, then assessing the mechanical response.

Thermal analysis in laser welding process simulation is typically modelled using the
heat diffusion equation [35]

ρCp
∂T
∂t

= ∇ · (k∇T) + Q̇, (1)

where ρ (kg m−3) is the material density, Cp (J K−1 kg−1) is the specific heat capacity, k
(W m−1 K−1) is the thermal conductivity, Q̇ (W m−3) is the internally generated heat per
unit volume, and T (K) is the temperature distribution.

By applying heat conduction and energy conservation laws to an infinitesimally small
control volume, it becomes possible to determine the instantaneous temperature at any
point within the welded material. Solving the heat diffusion equation provides the transient
temperature distribution T(x, y, z, t) as a function of time t and spatial coordinates (x, y, z).

It is worth noting that key thermophysical properties, such as density, specific heat
capacity, and thermal conductivity, are temperature-dependent. The primary heat source in
the welding process is the external heat input. This heat input drives the thermo-mechanical
changes in the material. Thus, defining a proper heat source model (i.e., a laser beam) is
critical for ensuring the accuracy of the theoretical model.

A three-dimensional truncated conical heat source model with a Gaussian distribution
is commonly used to model highly concentrated energy sources, such as laser beams [36].
This model assumes a Gaussian distribution of heat intensity with the peak located at the
apex of the cone and decreasing both radially and axially. Figure 1 illustrates the geometric
characteristics of the model, where re and ri are the upper and lower radii of the cone,
and ze and zi are the distances from the welding trajectory to the top and bottom surfaces
of the heat source. The thermal energy delivered to the welding plates by a laser beam
with power P and absorption efficiency η is defined in the laser reference system (x�, y�, z�)
by [37]

Q̇(x�, y�, z�) =
9ηP exp

(
3 − flasr2

r2
0

)

π(1 − e−3)(ze − zi)
(
r2

e − re ri + r2
i
) (2)

where (x�, y�, z�) = (0, 0, ze) is the laser spot center, flas = 3 is the heat source intensity
factor [37], Q is the volumetric heat flux, r represents the radial distance from the heat

source center, i.e., r =
√

x2
� + y2

� , and
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r0(z) = re − (re − ri)
(ze − z�)
(ze − zi)

. (3)

Assuming the laser moves at a velocity v (mm s−1) along the x direction in the global
reference system, this results in

⎡
⎢⎣

x
y
z

⎤
⎥⎦ =

⎡
⎢⎣

x0 + vt
y0

z0

⎤
⎥⎦, (4)

where (x0, y0, z0) is the initial laser spot position.

Figure 1. A 3D Gaussian truncated conical heat source model.

Air cooling occurs through the outer surfaces of the plates, resulting in both convective
and radiative heat losses. In the numerical model, these surface (skin elements) are coupled
to the surrounding environment using Newton’s law of cooling for convection and the
Stefan–Boltzmann equation for radiation [35]. The initial temperature condition is

T(x, y, z, t)
∣∣
t=0 = T0 (5)

where T0 is set at room temperature and assumed to remain constant during the welding
process. Convective and radiative heat losses result in the following boundary condition

k∇T ·�n = hc(T − T0) + σε(T4 − T4
0 ), ∀(x, y, z) ∈ S (6)

where S ⊂ R
3 is the set of plate surface points, �n is normal vector to the surface

point (x, y, z), hc is the convection heat transfer coefficient, ε is the emissivity, and
σ ≈ 5.67 · 10−8 W m−2 K−4 is the Stefan–Boltzmann constant. Based on the temperature
distribution of T(x, y, z, t) within the welded workpiece obtained from the thermal simula-
tion, the following mechanical analysis is conducted. This phase is essential for evaluating
the structural integrity of the welded joint, quantifying residual deformations, and the
stress state induced by the welding thermal cycle. The thermal effects influence the me-
chanical response through temperature-dependent material properties, such as Young’s
modulus and yield strength, as well as thermal expansion or contraction.
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The total strain at any node can be conceptually decomposed into four components:
elastic strain εe, plastic strain εp, thermal component εth, and strain from volumetric changes
due to metallurgical phase transformations εphase

ε = εe + εp + εth + εphase (7)

For the mechanical analysis, only elastic, plastic, and thermal strain components are
considered because these components predominantly govern deformation in aluminium
alloy sheets under laser welding conditions. Strains due to metallurgical phase transforma-
tions are considered negligible, given the absence of significant solid-state phase changes
in aluminum alloys during the welding thermal cycle [38,39].

Elastic strain is modeled by accounting for the temperature-dependent Young’s modu-
lus and Poisson’s ratio. Plastic strain is described using an isotropic hardening model in
combination with the Von Mises yield criterion. Thermal strain is approximated as

εth = α(T)(T − Tre f )I (8)

where Tre f is the reference temperature and α(T) is the temperature-dependent average
coefficient of thermal expansion

In welding processes, localized high temperatures generate non-uniform thermal
expansion. As the material cools, differential contraction between the heated regions and
the surrounding cooler regions results in residual stresses. When the resulting deformations
are not negligible, mechanical analysis must account for non-linear geometric effects. In
this context, the Green–Lagrange strain tensor E plays a crucial role, as it characterizes the
deformation relative to the initial configuration of the body [40]

E =
1
2
(FT F − I) (9)

where I is the identity tensor and F is the deformation gradient tensor, mapping a ma-
terial point from its initial position p0 to its current position p, according to the relation
p = χ(p0, t). The components of F are computed as the Jacobian of p with respect to the
initial position p0.

The numerical implementation of such mechanical models, typically through the FEM,
allows for the solution of non-linear systems of equations that account for temperature-
dependent material properties, mechanical boundary conditions, and the entire deforma-
tion history. Post-processing of the simulation results provides a detailed characterization
of residual stresses, plastic strains, and distortions introduced by the welding process.

Clamping conditions are simulated in the FEM model using two different kinds of
nodes, as shown in Figure 2. Three nodes located at the three bottom corners of the model
are assigned as free-clamp conditions to allow rigid body motion. Rigid clamps are used
to replicate the physical clamping conditions in the experimental setup. Specifically, six
rows of nodes on the top surfaces of each plate are rigidly constrained in all three spatial
directions. Meanwhile, six rows of nodes on the bottom surfaces are constrained only in
the vertical direction [41]. All clamps are considered active during the melting stage. After
the laser fusion process is completed, the rigid clamps are released, while the free clamps
remain in place until the end of the welding process.
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Figure 2. Finite element model schematic and clamping positions.

2.2. Iterative Calibration via Moving Heat Source

Accurate numerical simulation of welding processes using a moving heat source
model, implemented in commercial finite element software such as SYSWELD 2024.0,
critically relies on an iterative calibration procedure to bridge the gap between idealized
computational models and the complexities of real-world welding phenomena.

This calibration process involves systematically tuning the heat source parameters,
namely the radii of the upper (re) and lower (ri) cones, the height of the cone (ze − zi),
and efficiency (η) [8]. These parameters serve as key input parameters to the numerical
model. Additionally, it is necessary to identify the LOAD, the set of nodes instantaneously
affected by the moving heat source along its predefined path (Figure 3). Calibration is
considered successful when the geometry of the simulated fusion zone, including width,
penetration depth, and asymmetry, closely matches the experimental fusion zone, as
observed in cross-sectional metallographic micrographs of the weld bead. Ultimately,
this iterative calibration procedure ensures a robust and predictive simulation capable
of reliably forecasting temperature fields, phase transformations, residual stresses, and
distortion in welded structures [42].

According to the initial assumptions, preliminary welding parameters are introduced
to run the thermo-metallurgical FEM simulation. Based on the authors’ experience, the
upper and lower radii of the conical heat source model mainly influence the width of the
melt pool, while the cone height affects penetration depth. Numerical simulations also
reveal that the efficiency parameter η impacts both the width and penetration of the melt
pool. Thus, η is used to fine-tune the overall dimensions of the melt pool in the final trials.
Calibration is performed in quasi-steady state regions of the weld, where the transverse
cross-section is separated by the mid-plane line, as illustrated in Figure 2.

It should be noted that the calibration process is time-consuming and subject to
human influence. The overall heat source calibration time includes two major tasks:
metallographic analysis (i.e., specimen preparation and microscopic examination), and
iterative tuning of the input parameters (i.e., inner and outer radii, height, efficiency,
and LOAD definition) in SYSWELD 2024.0. In this study, around 4 h were required for
metallographic preparation and examination. Each single thermo-metallurgical simulation
run, including post-processing and result analysis, took approximately 15 min. We have
performed the simulations with a HP 290 G4 Microtower PC equipped with an Intel® Core
(TM) i7-10700 CPU and 64 GB of memory RAM. On average, 4.5 h were spent adjusting
the input parameters to complete the thermo-metallurgical calibration, and 1.5 h were
spent running a full thermo-metallurgical–mechanical simulation. Altogether, a total of
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approximately 10 h were required to achieve a fully calibrated laser welding FEM model
using the traditional moving heat source (MHS) method with a transient approach.

Figure 3. Selected mesh elements (LOAD) heated by MHS.

2.3. Imposed Thermal Cycle

The MHS model, while accurate, demands considerable computational resources,
especially for large components with complex geometry. It requires high memory capacity
and extended computation times. To overcome these limitations, the Imposed Thermal
Cycle (ITC) approach is often preferred due to its simplicity and efficiency. Instead of
computing heat transfer from a moving source, this method directly applies a predefined
thermal cycle to specific regions of the simulated specimen [43]. Although less accurate
than the MHS method, the ITC approach remains a practical and computationally efficient
tool for analyzing metallurgical transformations and mechanical deformations. The key
challenge of this methodology lies in defining the thermal cycle reliably, as the accuracy of
thermo-mechanical and metallurgical predictions depends strongly on the fidelity of the
imposed temperature data. Despite the simplification, the method still enables effective
analysis of metallurgical transformations and mechanical deformations. Therefore, a well-
defined thermal cycle is essential for the effectiveness of this method. In the traditional
Imposed Thermal Cycle approach (T-ITC), the thermal cycles are derived from a previously
calibrated and validated MHS model [36]. The LOAD region is designed to closely match
the shape and dimensions of the melt pool identified in the MHS simulation. According
to [44], the discrepancies between experimental and numerical temperature values tend to
increase as the thermal data points get close to the welding line, primarily because the ITC
model does not account for metal fusion. In the SYSWELD 2024.0 Visual-Viewer module,
temperature contour plots are used to define the melt pool boundaries. The required nodes
for the thermal cycle are selected from the outer boundary of this molten zone, as presented
in Figure 4. The extracted thermal cycles undergo pre-processing to remove any offset data
and/or negative values, if any, and to shorten the tail of the temperature curve, typically
ending around 400 ◦C for aluminium parts. In experimental tests, the T-ITC model did not
require additional calibration. Interestingly, the T-ITC method provided larger distortion
values than the MHS method, with the magnitude of this difference influenced by factors
such as geometry, material, and the joining technique [36]. Unlike the MHS approach, the
ITC method required only 24 min to complete the full thermo-metallurgical–mechanical
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simulation for the same FEM model. This efficiency was achieved using the predefined
LOAD, based on the theoretical melt pool area derived from the MHS model.

(a) (b)

Figure 4. Thermal cycle extraction node positions from the moving heat source models: (a) Sample 1,
(b) Sample 2.

3. Infrared-Guided Imposed Thermal Cycle Method

The thermal cycle used in the T-ITC model is generally extracted from a calibrated
MHS simulation. Nevertheless, it could also be derived directly from experimental data
obtained through temperature measurements on the welded sheets. This is commonly
performed by using contact thermocouples placed along a line perpendicular to the weld
seam, covering the entire width of the heat-affected zone [9,36]. In this study, an innovative
alternative is proposed: using an infrared (IR) camera to capture temperature data in real
time during the welding process. This approach eliminates the need for MHS simulation
or contact thermocouples, enabling continuous acquisition of thermal cycle data and pro-
viding real, directly process-related temperature measurements. Unlike the conventional
iterative calibration process required by the MHS approach, the proposed infrared-guided
imposed thermal cycle (IR-ITC) method integrates infrared thermography directly into
the simulation workflow. This allows the experimentally measured thermal cycles to be
imposed in the ITC model without the need for extensive iterative parameter tuning. Al-
though the IR-ITC method still requires calibration, it is significantly simpler, due to the
considerably smaller number of input parameters, and faster than MHS calibration. The
only parameter requiring adjustment is the LOAD—the area to which the thermal cycle
is applied—based on its influence on mechanical distortion outputs. Figure 5 presents
three different LOAD configurations used for IR-ITC calibration. Consequently, all LOAD
elements are subjected to the same thermal cycle, receiving the same thermal input during
both the heating and cooling stages. The size of the LOAD area directly influences the
extent of distortion in the component, since it defines the effective heating zone. The
IR-ITC model is calibrated based on mechanical distortion observed in the experiment;
therefore, thermo-metallurgical–mechanical computation is required. Given that a single
thermo-metallurgical–mechanical simulation run takes approximately 24 min, the total
estimated time to complete the IR-ITC calibration process was around 90 min, significantly
faster than traditional approaches.

IR Camera Monitoring

A FLIR A700 microbolometric (Teledyne FLIR LLC; Wilsonville, OR, USA) infrared
camera equipped with an 24 × 18 lens was used to monitor the laser welding process. This
camera featured a long-wave sensor (7–14 μm), making it compatible with laser welding
sources operating near 1 μm wavelength. It was positioned 600 mm from the weld seam
at a 40° angle to the horizontal plane, providing an IFOV of 676 mrad. The temperature
measurement range is 0–700 °C, and the system was set at a fixed distance of 1.00 m from
the specimen to ensure consistent data acquisition. For butt joint welds, the specimens
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were carefully oriented to provide an acceptable view and spatial resolution. Thermal data
was post-processed using FLIR Research Studio 2024.07.1 software.

Figure 5. Three different LOAD configurations for the IR-ITC method.

Calibration of the IR system is necessary because the surface thermal emissivity varies
strongly with temperature. By identifying an isothermal plateau corresponding to the
solid–liquid phase transition (around 650–670 °C) and comparing it with the literature
values for aluminium 6061 and 6082 alloys, the surface emissivity was set to 0.35.

To extract a thermal cycle suitable for use in the simulation, which is comparable to
that obtained from the MHS model, the thermograms were analysed to identify a region
located just outside the molten zone. The thermal history in this region was extracted and
used as input for the IR-ITC model.

4. Experimental Results

This section presents the experimental tests and numerical simulations used to validate
both the conventional and proposed modeling approaches. Comparisons focus on cross-
sectional metallography, thermal distribution, and mechanical distortions.

4.1. Materials and Experimental Methodology

To demonstrate the effectiveness of the proposed approach, we have performed
two laser welding experiments to acquire reference data.

The laser beam source is a diode laser (LDF4000-40, Laserline, Mülheim-Kärlich,
Germany) with a maximum power of 4 kW and two wavelengths of 1020 and 1060 ± 10 nm.
The welding head (OTS-5, Laserline, Mülheim-Kärlich, Germany) is mounted on a 6-axis
industrial robot (IRB2400, ABB, Zurich, Switzerland) Welding is conducted on 1.5 mm-
thick Al 6061-T6 plates, each measuring 150 × 200 mm, in a butt configuration. Prior to
welding, the joint area was sanded and polished to remove contaminants (grease and
dirt traces) and then cleaned thoroughly with acetone. The two aluminium plates were
clamped to ensure a zero-gap joint, as illustrated in Figure 6. The laser beam was oriented
perpendicular to the plate surface, and the focal point was adjusted to 3 mm above the
plate surface, resulting in a beam spot diameter of 1.2 mm. Neither shielding gas nor filler
material was used during welding. We have set the laser power at 2800 W. The two welding
experiments differ only in the welding speed: 35 and 50 mm s−1 for Sample 1 and Sample
2, respectively. The welding parameters were selected based on preliminary trials aimed
explicitly at maximizing weld-induced distortions. The goal is to generate significant
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mechanical deformation, which is particularly challenging to predict by FEM simulations.
Thus, parameter selection prioritizes distortion magnitude over weld joint quality.

Figure 6. Welding setup and thermal camera.

To examine the joint geometry, a cross-sectional specimen was prepared by cutting
through the weld zone. The samples were hot-mounted, polished to achieve a homoge-
neous surface finish, and then chemically etched using Keller’s reagent for metallographic
analysis. The cross-sectional images of the welding zone were captured using an (optical
microscope (Axiovert a1, Zeiss, Oberkochen, Germany). Subsequently, the molten pool
geometry is measured using the software ImageJ 1.54g. Post-weld distortion of the alu-
minium sheets is assessed using a direct contact profilometer. One side of the sheet is fixed,
as shown in Figure 7, and the measurement line is oriented at a 90° angle to the weld seam,
positioned at the midpoint of the sheet.

Figure 7. Profilometer measurements set-up.

4.2. Numerical Solver

Considering the complexity of the welding process and focusing on understanding
the effect of heat input on mechanical distortion, the models described in Section 2.1 were
numerically solved through FEM analysis. A single FEM model was employed for both
samples, with varying input parameters, and simulations were carried out using SYSWELD
2024.0 software in two steps: a thermo-metallurgical simulation followed by a mechanical
simulation [36,45]. Material properties and model parameters were selected according to
the SYSWELD 2024.0 database. The conductive heat transfer is set to hc = 25 W m−2 K−1,
and surface emissivity as ε = 0.8.
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Using the Visual-Mesh (SYSWELD 2024.0) module, mesh was defined with 54,400 8-node
hexahedral linear 3D prism elements representing the solid domain; 36,544 4-node rectan-
gular linear 2D elements to model heat exchange with the environment; and 200 1D line
elements to define both the welding trajectory and reference lines.

Figure 2 provides an overview of the model, including spatial orientation, clamping
positions, and Heat Affected Zone (HAZ) mesh appearance. The coordinate system is
defined as follows: x-axis corresponds to the welding direction, the y-axis to the width
of the weldment, and the z-axis to the direction of weld pool penetration (i.e., thickness).
Mesh density was refined in thermally critical regions to ensure accuracy while maintaining
reasonable computational time. Specifically, finer mesh grids of 0.25 × 0.25 × 1.0 mm were
used in the HAZ, with a transition to coarser center-concentric biased elements beyond the
Fusion Zone (FZ) [8]. The Broyden–Fletcher–Goldfarb–Shanno (BFGS) algorithm was used
to ensure the convergence and the stability of the numerical model computation [9].

In the same welding conditions, thinner plates are more prone to longitudinal and
transverse shrinkage, as well as angular distortions due to thermal volumetric expansion
and contraction during welding [46]). In FEM simulations based on small deformation
theory, where strain is linearly dependent on displacement, large distortions are often
underestimated. However, the interaction of large distortions (longitudinal, transverse, and
bidirectional angular) leads to the buckling phenomenon. In large distortion theory, instead,
strain is a nonlinear function of displacement. The nonlinear geometry option of SYSWELD
2024.0 accounts for such behavior, though some discrepancy between experimental and
FEM numerical results still remains [47]. In this work, the bending optimized function of
SYSWELD 2024.0 was used to improve the accuracy of distortion computation. Standard
hexahedral elements are limited in accurately capturing bending kinematics. This limitation
is addressed by using incompatible mode elements, which incorporate additional shape
functions to better model bending behavior [48]. As a result, all solid elements, except
those in the HAZ, were defined as type 2 (i.e., incompatible mode elements) to enhance the
accuracy of distortion computations.

4.3. Cross-Section Comparison and Time Analysis

Figure 8 illustrates the criteria used for measuring the melt pool and presents a
comparative analysis between the metallographic cross-sections of the laser-welded alu-
minium alloys (Sample 1 and Sample 2) and the corresponding results from MHS sim-
ulations. Both experimental and simulated results clearly display the Base Metal (BM)
and Fusion Zone (FZ). Table 1 summarizes the fusion zone dimensions obtained from the
cross-sectional analysis.

The calibrated model exhibits only minor differences between the experimental and
FEM results for the weld widths w1 and w2. In Sample 2, a smaller fusion zone is observed,
which can be attributed to the lower heat input per unit length caused by the higher
welding speed.

Table 1. Comparison of FEM and experimental weld pool dimensions.

Sample
FEM (mm) Experiment (mm)

w1 w2 w1 w2

1 3.22 3.18 3.20 3.20
2 2.65 2.30 2.64 2.29
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(a)

(b)

(c)

Figure 8. Comparison of numerical and experimental melt pool morphology: (a) Sample 1, (b) Sam-
ple 2, (c) fusion zone measurement criteria.

Within the scope of this study, numerical simulations based on the MHS, T-ITC, and IR-
ITC approaches are carried out for Sample 1 and Sample 2. Table 2 outlines the simulation
workflow for each model and reports the elapsed time per single run. The calibration of the
MHS model is the most time-consuming stage, requiring 10 h. Because the T-ITC model
derives its thermal cycle from the calibrated MHS model, its calibration time is identical. In
contrast, a single thermo-metallurgical–mechanical run for LOAD calibration in the IR-ITC
approach requires only 0.4 h. Three such runs, corresponding to three trial LOAD, were
sufficient to calibrate the IR-ITC model. The proposed IR-ITC method have required almost
seven times less calibration time than the MHS model, leading to a total time saving of
approximately 85% compared to the MHS approach.
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Table 2. Breakdown of simulation workflow stages and corresponding time requirements for each
modeling approach.

Stage Task MHS (h) T-ITC (h) IR-ITC (h)

Calibration MHS

Metallographic sample preparation 3.75 3.75 0.00
Macroscopic analysis 0.25 0.25 0.00
LOAD adjustment 0.90 0.90 0.00
Heat Source inner radius adjustment 0.90 0.90 0.00
Heat Source outer radius adjustment 0.90 0.90 0.00
Heat Source height adjustment 0.90 0.90 0.00
Efficiency adjustment 0.90 0.90 0.00

Thermal Cycle Preparation Thermal cycle extraction and preparation 0.00 0.30 0.30

Calibration IR-ITC LOAD adjustment 0.00 0.00 1.20

Computation Time Thermo-metallurgical–mechanical simulation 1.50 0.40 0.00

Total 10.00 9.20 1.50

4.4. Thermal Analysis Results

Thermal distribution during the welding process was measured through thermo-
graphic monitoring. Figure 9 shows a representative frame from the thermal video cap-
tured during the experiment. The boundary of the weld pool can be identified from the
temperature distribution, with the white region indicating temperatures at or above the
melting point of aluminium, approximately 660 °C. It is worth noting that temperature
acquisition through an IR thermal camera relies on the knowledge of the material emissivity,
which varies with its physical state. In the weld pool, the emissivity of liquid aluminium
differs from that of its solid form, introducing a potential error in measuring temperature
inside the weld pool. Despite this limitation, the frame in Figure 9 clearly shows the
temperature gradient from the outer edges of the metal sheets (cooler, darker regions)
toward the weld center (hotter, lighter), where the laser is focused (i.e., about 660 °C). The
gray region at the center represents pixel saturation due to the upper temperature limit
of the IR camera. However, in this study, the primary aim is on the thermal behavior
outside the weld pool, but still inside the welded joint, where emissivity is more stable and
temperature measurements are considered reliable. Thermal cycles were extracted at the
boundary of the molten zone (refer to Figure 4) from both the MHS simulation and the
IR-guided measurements. To validate the proposed methodology, the thermal cycles for
T-ITC and IR-ITC are compared with those obtained from the MHS simulation for Sample 1
and Sample 2, labeled as V35 and V50, respectively. The strong correlation between these
thermal profiles, as shown in Figure 10, confirms the ability of the simulation framework to
capture the thermal dynamics of the welding process accurately.

Following the procedures outlined in Sections 2.3 and 3, the thermal cycles shown in
Figure 11 were extracted from the thermal profiles in Figure 10 and subsequently imposed
on the T-ITC and IR-ITC numerical models.

Addressing the spatial resolution problem, the main concern might be related to the
pixel-to-mm ratio. However, to use the experimental data in the simulation, the best thing is
to have a pixel-to-mm ratio at least the minimum mesh element size. This avoids additional
work on retrofitting temperature value in unknown areas, but at the same time avoid to
have an unnecessary performing thermal camera.

The simulation successfully captures the distinct thermal cycles observed in the two
samples, accurately reflecting the different heat inputs applied during welding. These
differences are consistent with observations from thermographic analysis. To investigate
transverse temperature variations in different models of both samples, five common refer-
ence points (P1–P5) were selected along the mid-plane line on the top surface, as shown in
Figure 12. These points are located at 1.5 mm, 2.5 mm, 4.73 mm, 8.56 mm, and 13.88 mm

19



Metals 2025, 15, 830

from the weld line. Initially, temperature variation was evaluated for the MHS model at P1,
P2, and P3 by comparing thermal cycles.

Figure 9. Thermography map highlighting the weld pool.

Figure 10. Comparison of experimental and numerical thermal cycles.
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Figure 11. Comparison between the extracted thermal cycles from the MHS model (T-ITC) and the
IR-guided thermal cycles (IR-ITC) for Sample 1 and Sample 2.

Figure 12. Selected points (P1–P5) along the mid-plane line used for quantitative thermal analysis.

Figure 13 confirms the monotonic temperature drop with increasing distance from the
weld center, consistent with thermal-diffusion theory. The larger heat input in Sample 1
produces uniformly higher peak temperatures. To quantify thermo-metallurgical model
fidelity, instantaneous temperatures at P1–P5 are compared with the experiment, and the
average difference (Avg_Diff) is computed. Table 3 summarizes these results for all models,
including IR-ITC with three LOAD options. It should be noted that the higher nodal
temperatures observed in Sample 1 are due to points P1–P5 being located closer to the
melt pool boundary, whereas in Sample 2, these points lie slightly farther from the fusion
zone. Consequently, Sample 1 is expected to exhibit greater mechanical distortion than
Sample 2. In both samples, the IR-ITC model with the narrowest LOAD (LOAD-1) gives
the greatest thermal deviation; LOAD-2 shows a smaller but similar trend. In contrast,
MHS, T-ITC, and IR-ITC with the widest LOAD (LOAD-3) produce comparable Avg_Diff
values. Due to the minimal nodal temperature differences among these three models,
significant microstructural variations are unlikely. Considering this, IR-ITC with LOAD-1
and LOAD-2 is likely to yield less accurate distortion predictions than the other models
due to significant thermal deviations from experimental results and corresponding nodal
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temperature differences. Therefore, IR-ITC evaluated with LOAD-3 can be considered a
reliable representative of both MHS and T-ITC models.

Figure 13. Temperature evolution at points P1–P3 along the central cross-section for Sample 1 and
Sample 2.

Table 3. Comparison of simulated and experimental instantaneous temperatures at five selected
locations (P1–P5) for different models and samples (units in °C).

Sample Model P1 P2 P3 P4 P5 Avg_Diff (°C)

1

Experiment 660 532 282 118 71 –
MHS 695 494 253 97 39 31
T-ITC 695 521 245 69 28 35
IR-ITC (LOAD-1) 470 344 158 49 24 124
IR-ITC (LOAD-2) 540 404 188 55 24 90
IR-ITC (LOAD-3) 655 506 248 70 26 32

2

Experiment 628 442 201 86 64 –
MHS 606 404 173 56 26 31
T-ITC 620 431 159 40 24 29
IR-ITC (LOAD-1) 423 277 102 31 21 113
IR-ITC (LOAD-2) 507 344 127 34 21 77
IR-ITC (LOAD-3) 600 435 168 39 21 31

4.5. Mechanical Analysis Results

During welding, the weldment temperature is raised above the fusion temperature to
ensure proper melting of the joint area. The large temperature gradient experienced during
the heating and cooling stages causes significant volumetric expansion and contraction,
leading to metallurgical and mechanical transformations within the material. The thermal
data computed from the thermo-metallurgical simulation serve as input for the mechanical
analysis, enabling the prediction of welding-induced deformations, including potential
buckling behavior and residual stresses, particularly for thin aluminium alloy components.
To account for these effects accurately, all numerical models were computed with nonlinear
geometry effects, as recommended in [47]. In this study, the mechanical performance of the
numerical models is evaluated by analyzing the estimation errors between experimental
and simulated distortion angles. Figure 14 illustrates the method used to assess the
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distortion angle from the simulations and to compare it with the actual distortions measured
using a profilometer.

Figure 14. Distortion angle measurement from numerical models.

At first, LOAD sensitivity test was conducted for each LOAD configuration in the
IR-ITC model under identical thermal cycles derived from IR camera measurements corre-
sponding to each sample (refer to Figure 11). The highest distortion errors are observed
with the narrowest LOAD configuration in both samples, while the lowest errors occur with
the widest LOAD. Specifically, for Sample 1, angular distortion errors of 0.24% and 0.18%
were achieved for LOAD-2 and LOAD-3, respectively; for Sample 2, the corresponding
errors are 0.32% and 0.27%. Due to the poor performance of LOAD-1 configuration in pre-
dicting distortion, its results were excluded from the final analysis. This pattern indicates
that as the fusion zone (FZ) dimensions predicted by the MHS model converge with those
defined by the IR-ITC LOAD configurations, the mechanical distortion discrepancies are
correspondingly minimized. Table 4 summarizes the comparison between the numerically
predicted distortion angle and the experimental measurements.

Table 4. Comparison of distortion angle results between simulation models and experiments for
Sample 1 and Sample 2.

Sample Model Angle (◦) Error (%)

1

MHS 177.98 0.15
T-ITC 177.97 0.15
IR-ITC 177.92 0.18

Experiment 178.24

2

MHS 178.43 0.22
T-ITC 178.37 0.25
IR-ITC 178.34 0.27

Experiment 178.82

For both samples, the numerical prediction of angular distortions matches the exper-
imental measurements, with estimation errors consistently below 0.3%. A slightly more
accurate distortion estimate is obtained for Sample 1, characterized by a lower welding
speed. Notably, the distortion estimation errors are comparable between the traditional
simulation methods and the proposed technique. This demonstrates the efficiency of the
IR-ITC approach, as it provides reasonably similar results in about 90 min, significantly
faster than the over 10 h required by traditional simulation methods.

The excellent agreement between simulation and experimental results across both
thermal and mechanical parameters confirms the validity of our simulation approach,
whether using conventional iterative calibration or the proposed method based on thermal
camera data.
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5. Conclusions

This study proposes an FEM simulation approach to predict the thermal and distortion
behaviors during the laser welding of thin aluminium alloy sheets. A comparative analysis
between experimental observations and simulation results demonstrates strong agreement,
particularly in reproducing thermal cycles and distortion profiles.

A key innovation in this work is the use of IR thermal camera data to impose thermal
cycles directly in the simulation, thereby eliminating the need for calibrating a moving
heat source model. This significantly simplifies the computational process and speeds
up the tuning procedure. Although the predictive accuracy of the proposed simulation
method may not fully match that of the MHS approach, the advantageous trade-off between
significantly reduced overall workflow time and satisfactory accuracy underscores the
method’s potential for practical engineering applications.

Experimental validation confirms that the proposed method achieves accuracy compa-
rable to that of traditional simulation approaches, while reducing total time by more than
8.5 h in the present study. However, the magnitude of time and resource savings may vary
depending on the model scale and other influencing parameters. This proves the efficiency
of the proposed simulation approach.

It should be noted that the experimental validation in this study was limited to two
welding speeds, specifically selected to induce noticeable distortion. This choice was
deliberate, as our primary objective is to validate the proposed IR-ITC method under
conditions known to produce significant deformation, which is particularly challenging to
predict with FEM simulations accurately. However, the generalizability of our findings to
a broader range of process parameters, such as different welding speeds, varying power
inputs, and alternative joint configurations, still requires investigation. Future research
efforts should focus on assessing the robustness and accuracy of the proposed IR-ITC
methodology across a wider spectrum of welding conditions. Additionally, given that
thermal cycle extraction via infrared thermography primarily relies on surface emissivity
rather than being strictly material-dependent, the proposed IR-ITC method is expected
to be broadly transferable to other materials and sheet thicknesses. Nevertheless, future
studies should explicitly validate this methodology across different metals, alloys, and
material thicknesses to fully establish its versatility and industrial applicability.

In summary, the integration of IR thermography with FEM simulations represents
a meaningful advancement in the predictive modeling of laser welding processes. The
proposed methodology is particularly relevant for industries such as automotive manu-
facturing, where it can streamline production workflows and enhance weld quality by
reducing dependence on time-consuming and resource-intensive calibration procedures.
Furthermore, the method is a practical engineering tool for optimizing manufacturing pro-
cesses, especially in the development of lightweight and high-performance components.
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Abstract: During the coiling process of a hot-rolled strip, with the increasing layers the
temperature and stress distribution inside the coil constantly change and interact with
each other. Due to the contact with the sleeve and the transition of the heat exchange state,
it is inaccurate to consider the temperature of the whole coil as the coiling temperature
set by the process requirement. Meanwhile, due to the periodic interlayer contact in
the radial direction, the relation between stress and deformation is nonlinear. For the
coiling process, it is difficult to consider the above factors using conventional methods.
Therefore, an incremental model has been established to couple the temperature and stress
of the coil. In order to obtain the mechanical properties of the strip and radial elastic
modulus of the coil, tensile tests and laminated compression experiments are conducted at
different temperatures. The effects of changes in strip thickness, coiling tension, and initial
temperature of the sleeve on the stress and the temperature inside the coil are studied.
Finally, by comparing the model results with measurements and analytical solutions, the
effectiveness of the incremental coupled model is verified and the errors caused by the
analytical method are analyzed.

Keywords: hot-rolled strip coiling; stress field analysis; temperature field analysis;
incremental method

1. Introduction

As the final process of the hot-rolling production line, coiling directly affects the
quality of products [1–3]. The coiling temperature mainly depends on the control of the
microstructure and properties of the coil [4–7]. However, there is a significant temperature
difference between the cooled strip and the sleeve, resulting in severe heat transfer at the
contact position. The temperature drop near the inner ring of the coil can cause changes
in the microstructure. During repeated heating and cooling processes, surface cracks and
other forms of failure may appear on the sleeve. The defects in the coil are determined by
the internal stress state. Excessive tension can lead to defects such as interlayer bonding,
deformation of the sleeve, and interlayer slip damage, while insufficient tension can lead
to collapse after unwinding [8–10]. Therefore, understanding the temperature and stress
distribution inside the coil can provide a theoretical basis to optimize process parameters
and reduce defects. Therefore, it is important to establish a model to calculate temperature
and stress during the coiling process.

The coil is composed of repeated periodic contact interface layers, and the heat transfer
state is significantly different from that of the strip itself [11]. In previous studies, for the
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anisotropy caused by interlayer contact, the effective thermal conductivity in the radial
direction was commonly used [12–14]. Considering strip thickness, surface characteristics
and contact pressure, Park, S.J. [15] established a unit thermal resistance model. Based
on this model, Park, S.J. conducted a finite element simulation to analyze the effects of
different sizes and cooling methods on the cooling process of the coil. Park, S.J.’s model
has been widely applied in research. The thermal resistance model was adopted by Yang,
Y.J. [16] to perform differential calculations on the temperature inside the coil, and the
thermal deformation during the cooling process was analyzed. Saboonchi, A. [17,18]
established a temperature field model for coils stored in the warehouse, and the effects of
different stacking methods were discussed. In Cheng, J.F.’s works [19], material density
and thickness were considered as the factors affecting thermal conductivity, and the effects
of different element compositions of the strip on the temperature field were studied. Witek,
S. [20] established a temperature–stress coupled model during the cooling process and
analyzed the residual stress distribution after cooling. The above models all focus on
the cooling process, and the coiling temperature is considered as the starting point of the
cooling process. In fact, due to the heat loss at the axial end faces and the heat exchange
between the coil and sleeve, the overall temperature of the coil after coiling is no longer
uniform and there is a certain gap with the coiling temperature. Therefore, when using the
above thermal resistance model, the real-time changes in the radial thermal conductivity
caused by the stress as well as the heat transfer between the coil and the sleeve should be
considered. For solving the above problems, an incremental method is more suitable.

The analytical methods are widely used to calculate the stress distribution during
the coiling process. The axisymmetric assumption is adopted, and the coiling process is
equivalent to the thin-walled cylinders nested layer by layer on a thick-walled cylinder.
Using the elastic deformation of the sleeve and coiling tension as boundary conditions,
the internal stress of the coil can be calculated by superposition. This method requires the
condition that the coil and sleeve are isotropic and have uniform properties at all positions.
However, similar to the temperature conduction process, the layered structure of coils can
also cause changes in radial mechanical properties, so the radial elastic modulus is normally
modified in research [21–23]. Altmann, H.C. [24] considered the anisotropy of coils and
established a planar model to solve the stress. In subsequent studies, it was found that
the radial elastic modulus was related to interlayer pressure. Hakiel, Z. [25] established a
function of radial elastic modulus using radial pressure as a variable to reflect nonlinearity.
Based on the model established by Hakiel, Z., Benson, R.C. [26] described the relationship
between radial elastic modulus and interlayer pressure using an exponential function. Li,
S.P. [27] assumed that the radial elastic modulus was a quadratic function of interlayer
pressure and determined the coefficients by laminated compression experiments. For hot-
rolled coils, the temperature distribution is not uniform in the radial and axial directions.
The above models are limited to the plane assumption and cannot consider the influence
of temperature, which may cause certain errors. In order to consider the influence of the
temperature field on physical properties, Park, W.W. [28] fitted an axial temperature curve
of the strip based on measurements and assumed that each layer of the coil maintained this
temperature distribution during the coiling process. In fact, the temperature at different
positions of the coil continues to change during the coiling process, which causes changes
in physical properties. Therefore, the influence of a dynamic temperature field on stress
should be considered.

In summary, the temperature field and stress field during the coiling process interact
with each other, and calculating temperature or stress separately may cause certain errors.
Meanwhile, due to the real-time changes in temperature and stress state, the incremental
model is more in line with the dynamic process. Therefore, a new incremental model for
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temperature–stress coupled calculation is established to simulate the coiling process in this
article. In order to consider the anisotropy of coils, laminated compression experiments are
conducted at different temperatures to obtain the nonlinear relationship between pressure
and deformation. Finally, the temperature field results of the model are compared with the
measurements to verify the accuracy of the model. The stress field results are compared
with the analytical solutions. The differences between the two solutions and the errors
caused by analytical methods are analyzed.

2. Materials and Methods

2.1. Establishment of Temperature Field Model

The process of coiling is simplified into thin-walled cylinders nested layer by layer on
a thick-walled cylinder. The surface of the coil is covered by a layer of high-temperature
strip and forms a new coil. After a period of heat exchange, the new coil is covered by a
new layer of high-temperature strip to exchange heat. This process is repeated until the
end of coiling, and the heat transfer state of each layer is different and changes in real time
during the process. According to the radial heat transfer state, the strips can be divided
into two categories: (a) The inner side of the strip is in the contact heat conduction state,
while the outer side is in the heat dissipation state exposed to the air; (b) Both the inner
and outer sides of the strip are in the contact heat conduction state. The temperature field
model is shown in Figure 1. When coiling the (n + 1) layer, the n-th layer is in the heat
exchange state (a) and the other layers are in state (b). The duration is the time required
to coil the (n + 1) layer. After the coil is covered by the (n + 1) layer, the (n + 1) layer is in
state (a) and other layers are in state (b). The duration is the time required to coil the (n + 2)
layer. By repeating this process, the temperature distribution at any time during the coiling
process can be calculated based on the heat exchange state and time of each layer.

Figure 1. Schematic diagram of heat exchange state of each layer of the coil.

Both the coil and the sleeve can be regarded as axisymmetric thick-walled cylinders,
and the thermal conductivity differential equations can be presented as Equation (1).

Cpρ
∂T
∂t

= λr

(
∂2T
∂r2 +

1
r

∂T
∂r

)
+ λs

∂2T
∂z2 , (1)
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where Cp is the specific heat capacity, ρ is the density, T is the temperature, λr is the radial
thermal conductivity and λs is the thermal conductivity of the material itself (for the sleeve,
λr = λs).

To simplify the calculation process, half of the circumferential section of the coil
and the sleeve is taken for analysis. Figure 2 shows the circumferential section and the
mesh division.

 

(a) (b) 

Figure 2. (a) Circumferential section of the coil and the sleeve; (b) Division of units on the section.

The radial layered structure can be regarded as a continuous superposition of thermal
conduction units, as indicated by the shaded areas in Figure 2. The thermal conduction
unit is composed of the strip itself, the oxide layer, and the air layer at the contact interface.
The thermal resistance of the thermal conduction unit can be presented as Equation (2).
The composition of the thermal conduction unit is shown in Figure 3a.

Rt = Rs + Ri + Ro, (2)

where Rt is the thermal resistance of the thermal conduction unit, and Rs, Ri and Ro are the
thermal resistance of the strip, air layer, and oxide layer, respectively.

 

 
(a) (b) 

Figure 3. (a) Composition of heat transfer unit; (b) Thermal resistance of heat transfer unit.
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The air layer is the gap left due to insufficient contact between the surfaces of the
strips, and there are three ways of heat transfer in the air layer, namely, direct-contact heat
transfer on rough surfaces, radiation heat transfer on non-contact parts, and heat transfer
of the air in the gap. The total thermal resistance can be calculated as follows:

Ri =
1

1
Rcd,s

+ 1
Rrd

+ 1
Rcd,a

, (3)

where Rcd,s, Rrd and Rcd,a are contact thermal resistance, radiation thermal resistance, and
air layer thermal resistance, respectively, all of which are related to interlayer contact
pressure and can be calculated by Equation (4) [29], Equation (5) [15] and Equation (6) [14]:

Rcd,s =
σp

1.13λsK

(
H + P

P

)0.94
, (4)

Rrd =
1

4
(

1 − P
H+P

)
ε × 5.67 × 10−8T3

, (5)

Rcd,a =
42.7 × 10−6 exp

(−5 × 10−2P
)

(
1 − P

H+P

)
λa

, (6)

where σp is the standard deviation of contour height, K is the absolute value of the average
slope of the contour, H is the microhardness, P is the interlayer pressure, λa is the thermal
conductivity of the air layer and ε is the radiance.

Figure 3b shows the thermal resistance of the thermal conduction unit. By substituting
Equations (3)–(6) into Equation (2), the effective thermal conductivity in the radial direction
of the coil can be presented as follows:

λr =
Δr

hs
λs

+ 2 ho
λo

+
[

1
Rcd,s

+ 1
Rrd

+ 1
Rcd,a

]−1 , (7)

By substituting the effective thermal conductivity into the thermal conductivity differ-
ential equation, the temperature distribution of the coil and sleeve can be obtained. It is
worth noting that the effective thermal conductivity is closely related to contact pressure.
Therefore, the variation of radial stress distribution inside the coil must be considered
during the calculation process.

2.2. Establishment of Stress Field Model

When coiling a layer of strip, it can be regarded as adding a layer of elements on
the outer diameter side of the entire grid. The circumferential stress of the new layer of
elements is equivalent to the coiling tension. When coiling the (n + 1) layer of strip, material
properties and radial elastic modulus can be calculated according to the temperature and
interlayer pressure of the first n layers of the coil. After applying the boundary conditions
of the outermost tension, the temperature and stress increment can be calculated. By
superimposing the increment onto the initial condition, the initial condition for coiling the
(n + 2) layer of strip can be obtained. By repeating this process until the end of coiling, the
stress distribution of the coil and sleeve can be calculated. Due to the short coiling time,
the heat loss of the coil is not significant. The area with a large temperature drop in the coil
is relatively small. Compared with the mechanical stress, the thermal stress generated by
temperature changes is also relatively small. Therefore, this article mainly focuses on the
mechanical stress inside the coil, and the thermal stress is not considered. In addition, the
strip hardly slides in the axial and circumferential directions during the coiling process.
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Compared to the circumferential stress, the interlayer friction force is smaller and it is not
considered in the model. Due to the continuous application of significant coiling tension
on the strip in the circumferential direction within a short coiling time, the time–stress
relaxation is also not considered. Figure 4 shows the stress distribution inside the coil in
the model.

Figure 4. The stress distribution inside the coil in the model.

The completion time of coiling the nth and (n + 1) layer is tn and tn+1, respectively. In
the axisymmetric model, the incremental equilibrium equations for the coil and sleeve can
be presented as Equations (8) and (9).

∂Δσr

∂r
+

∂Δτrz

∂z
+

Δσr − Δσθ

r
= 0, (8)

∂Δσz

∂z
+

∂Δτrz

∂r
+

Δτrz

r
= 0, (9)

where Δσr, Δτrz, Δσθ and Δσz are the increments of radial stress, shear stress, circumferential
stress, and axial stress from tn to tn+1, respectively.

The constitutive equation can be presented as follows:

⎡
⎢⎢⎢⎣

	εr

	εθ

	εz

	γrz

⎤
⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎣

1
E∗ − μ

E − μ
E 0

− μ
E

1
E − μ

E 0
− μ

E − μ
E

1
E 0

0 0 0 2(1+μ)
E

⎤
⎥⎥⎥⎦

⎡
⎢⎢⎢⎣

	σr

	σθ

	σz

	τrz

⎤
⎥⎥⎥⎦ (10)

where 	εr, 	εθ , 	εz, and 	γrz are the increments of radial strain, circumferential strain,
axial strain, and shear strain of the sleeve unit from tn to tn+1, respectively, E is the elastic
modulus, and E∗ is the radial elastic modulus. When the structure is isotropic, E = E∗.

By taking strain increment as a known quantity and solving the stress increment in
Equation (10), constitutive equations in the sleeve and coil can be obtained.

The sleeve is isotropic, and the incremental constitutive equation can be presented
as follows: ⎡

⎢⎢⎢⎣
	σr

	σθ

	σz

	τrz

⎤
⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎣

An
1 An

2 An
2 0

An
2 An

1 An
2 0

An
2 An

2 An
1 0

0 0 0 Gn

⎤
⎥⎥⎥⎦

⎡
⎢⎢⎢⎣

	εr

	εθ

	εz

	γrz

⎤
⎥⎥⎥⎦, (11)

where En
t is the elastic modulus at tn. A1, A2 and G are the parameters related to elastic

modulus and Poisson’s ratio, An
1 =

(1−μt)En
t

(1−2μt)(1+μt)
, An

2 =
μtEn

t
(1−2μt)(1+μt)

and Gn =
En

t
2(1+μt)

.
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The coil is anisotropic and the incremental constitutive equation can be presented
as follows: ⎡

⎢⎢⎢⎣
	σr

	σθ

	σz

	τrz

⎤
⎥⎥⎥⎦ =

⎡
⎢⎢⎢⎣

Bn
1 Bn

2 Bn
3 0

Bn
2 Bn

4 Bn
5 0

Bn
2 Bn

5 Bn
4 0

0 0 0 Gn

⎤
⎥⎥⎥⎦

⎡
⎢⎢⎢⎣

	εr

	εθ

	εz

	γrz

⎤
⎥⎥⎥⎦, (12)

where En
s and En

r are the elastic modulus of the strip and the radial elastic modulus of
the coil at tn, respectively. B1, B2, B3, B4 and B5 are the parameters related to elastic mod-
ulus and Poisson’s ratio, Bn

1 = En
s ·En

r (1−μs)

En
s (1−μs)−2μ2

s En
r

, Bn
2 = En

s ·En
r μs

En
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r
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s ·En
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r
, and B5 = (En

s )
2+En

s ·En
r μ2

s
En

s (1−μ2
s )−2μ2

s (1+μs)En
r

.

When the elastic modulus of the coil is equal in the radial, axial, and circumferential
directions, parameter An

1 is equal to parameter Bn
1 and Bn

4 , and parameter An
2 is equal to

parameters Bn
2 , Bn

3 and Bn
5 . By substituting the constitutive equation into the equilibrium

equation and combining the boundary conditions with the incremental model mentioned
above, the internal stress of the coil can be calculated.

Using the temperature and stress at time tn as initial conditions, the physical properties
and thermal parameters can be calculated. The partial differential in the model can be
converted into differential form and discretized according to the grid. Then, the equation
system can be solved based on the boundary conditions to obtain the temperature increment
and stress increment, which can be added to the initial state to obtain the distribution of
temperature and stress at time tn+1. The above process is repeated until the end of the
coiling process to obtain the distribution of temperature and stress at any time during
the coiling process. The numerical calculations are implemented by writing calculation
programs in the C programming language. The software used for compilation is Microsoft
Visual Studio 2010.

3. Results and Discussion

3.1. Calculation Parameters

According to the actual parameters on the production line, the material of the sleeve is
45 # cast steel and the structure is the four-sided pyramid. The steel grade is Q235B, and the
elemental composition is shown in Table 1. Tables 2–4 show the relevant thermal property
parameters of the strip, the parameters related to radial thermal conductivity and the pa-
rameters of coiling equipment and process in the incremental coupled model, respectively.

Table 1. The elemental composition of materials.

Element C Si Mn P S

Content (%) 0.15 0.29 1.2 0.041 0.037

Table 2. Thermal property parameters of the strip.

T (◦C) λs (W·m−1·K−1) ρ (kg·m−3) Cp (J·g−1·K−1)

30 49.61 7810 0.45
150 47.86 7774 0.50
250 45.45 7742 0.54
350 42.56 7709 0.59
450 39.43 7674 0.65
550 36.41 7638 0.73
650 33.69 7600 0.87

33



Metals 2025, 15, 111

Table 3. The parameters related to radial thermal conductivity, respectively.

ho (μm) λo (W·m−1·K−1) λa (W·m−1·K−1) H (MPa) σp (μm) K ε

7 3 0.0048 1133.86 3.22 0.086 0.9

Table 4. The parameters of coiling equipment and process.

Parameters Value

Thickness h 2.0 mm
Width W 685.0 mm

Coiling speed v 12,700.0 mm/s
Number of layers N 255
Coiling tension σT 27.0 MPa

Outer diameter of the sleeve Rm 752.0 mm
Coiling temperature Ts 620.0 ◦C

Initial temperature of the sleeve Tt0 200.0 ◦C

In order to study the effect of temperature on the elastic modulus of a strip, samples
are collected from the site and tensile tests are conducted at the temperature nodes of
room temperature, 150 ◦C, 250 ◦C, 350 ◦C, 450 ◦C, 550 ◦C, and 650 ◦C. Figure 5a shows the
dimensions of the specimen, and the edges of the specimen are polished. In Figure 5b, the
testing machine model is Zwick 150 kN. Figure 5c shows the specimen clamping inside the
heating furnace. The temperature inside the heating furnace is raised to the temperature
node and held for 60 s. Then, the tensile test is repeated three times at each temperature
node and the deformation of the specimen is recorded with an extensometer.

Figure 5. (a) Dimension of the tensile specimen; (b) Tensile testing machine; (c) Clamping of the
tensile specimen.

To obtain the radial elastic modulus of the coil, laminated compression experiments
are conducted. The strip is cut into circular pieces with a diameter of 20 mm. Each set
of the laminates consists of 40 specimens, and compression experiments are conducted
at the same temperature node as the tensile tests. The testing machine model is Inspekt
Table 100 kN. In order to eliminate the influence of various possible factors such as flatness
defects, impurities, and improper operation, each set of the tests is repeated three times.
According to the experimental results, the relationship between displacement and pressure
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is converted into the relationship between the elastic modulus of the laminated material
and the compressive stress.

The trend of elastic modulus variation of a strip is shown in Figure 6a. Figure 6b
shows the relationship between the elastic modulus of the laminates and stress at different
temperatures. During calculation, the elastic modulus between temperature nodes can be
obtained through interpolation.

(a) (b) 

Figure 6. (a) Elastic modulus of strip at different temperatures; (b) Radial elastic modulus of coil at
different temperatures.

3.2. Analysis of Temperature Field Calculation Results

Figure 7 shows the temperature distribution of the circumferential section of the coil
and sleeve. From Figure 7a, it can be seen that in the radial direction, because of the heat
loss caused by the contact between the coil and the sleeve, there is a significant decrease in
temperature near the inner ring of the coil. The number of layers with a temperature drop
is 30, with the maximum temperature drop at around 270 ◦C in the innermost ring. The
temperature at the rest positions is close to the coiling temperature. The temperature drop
is most significant at the inner ring edges in the axial direction, with a difference of 50 ◦C
from the middle. This is because the heat at the inner ring edges can be transferred along
the axial direction of the sleeve. With the increasing of distance from the contact surface, the
temperature difference between the edges and the middle decreases by about 18 ◦C. This is
due to the low efficiency and limited time of convective and radiative heat transfer between
the axial end faces and the air. The temperature of the sleeve in Figure 7b corresponds to
the temperature drop of the coil. There is a severe temperature rise in the contact area, with
a maximum value of 180 ◦C. The thickness of the area where the temperature rises accounts
for about 30% of the thickness of the sleeve.

 
(a) (b) 

Figure 7. (a) Temperature distribution of circumferential section of the coil when the initial tempera-
ture of the sleeve is 200 ◦C; (b) Temperature distribution of circumferential section of the sleeve when
the initial temperature of the sleeve is 200 ◦C.
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3.3. Analysis of Stress Field Calculation Results

During the coiling process, the radial stress inside the coil is related to the anisotropy,
the tightness of the coil and the stress on the sleeve. The circumferential stress and radial
stress are interrelated. The coiling tension can be controlled based on the circumferential
stress to avoid situations such as loose coiling. Excessive local circumferential stress may
cause plastic deformation, resulting in defects in the shape. Therefore, the distribution of
radial and circumferential stresses in the coil are mainly discussed. Figure 8 shows the stress
distribution of the coil and sleeve after coiling. From Figure 8a, it can be seen that the radial
stress is highest at the inner ring and gradually decreases with the increase in radius. The
circumferential stress in Figure 8b is relatively high at the inner ring and gradually decreases
as it moves away from the contact surface, even transforming into compressive stress near
the lowest point. Then, with the increase in radius, the circumferential stress gradually
increases to the coiling tension. This distribution pattern is due to the significant difference
in radial stiffness between the coil and the sleeve, which limits the radial deformation
of the strip. The limit effect is most significant in the innermost ring, resulting in the
smallest increment in circumferential compressive stress. When combined with the initial
coiling tension, larger circumferential tensile stress is presented. With the increasing of
distance from the contact surface, the limit effect gradually weakens and the circumferential
compressive stress gradually increases, causing a gradual decrease in circumferential tensile
stress. When the compressive stress is larger than the tensile stress provided by the initial
coiling tension, the circumferential stress is converted into compressive stress. As the radius
increases, the circumferential compressive stress gradually weakens due to the decrease
in the number of stacked layers, and the circumferential tensile stress gradually increases
to the coiling tension. The difference in the stress of the coil is not significant in the axial
direction. This is because the axial temperature difference of the coil is small, resulting in a
small difference in mechanical properties.

   
(a) (b) (c) 

Figure 8. (a) Radial stress of the coil; (b) Circumferential stress of the coil; (c) Radial stress of
the sleeve.

3.4. Comparative Analysis of Coupled and Uncoupled Results

During the dynamic coiling process, because of the mutual influence of temperature
and stress, the time increment step is reduced and the temperature field and stress field
are coupled in the calculation. For the convenience of observing temperature differences,
Figure 9 shows the temperature distribution on the axial symmetry plane (OD section in
Figure 2). For the coil, the layer range is from 0 to 60 layers, while for the sleeve, the radius
range is from R = 260 mm to R = 376 mm.

As shown in Figure 9a, the temperature of the coupled model is relatively high near
the contact surface. As the radius increases, both results gradually approach the coiling
temperature, but the temperature of the coupled model is smaller. The difference is largest
around the 15th layer, about 60 ◦C. The reason is that the radial stress in the coupled model
is relatively high, which increases the radial thermal conductivity. Within the same coiling
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time, more heat flows from the coil to the sleeve, resulting in a decrease in temperature of
the coil. In Figure 9b, compared with the uncoupled model, the surface temperature rise of
the sleeve in the coupled model is larger and the temperature difference is about 50 ◦C.

(a) (b) 

Figure 9. (a) Coil temperature; (b) Sleeve temperature.

Figure 10 shows the stress comparison between the uncoupled model and the coupled
model. The radial stress in the coupled model is relatively large overall. The difference
between the two models is largest near the inner ring, about 25%. This is because the
influence of temperature on material properties is considered in the coupled model, re-
sulting in a decrease in the elastic modulus. It is more difficult for the sleeve to deform.
Corresponding to Figure 10a, circumferential stress of the coupled model in Figure 10b is
larger, but the difference between the two models is not significant.

  
(a) (b) 

Figure 10. (a) Radial stress of the coil in coupled model and uncoupled model; (b) Circumferential
stress of the coil in coupled model and uncoupled model.

3.5. The Influence of Coiling Process Parameters on Temperature and Stress Distribution

The temperature and stress fields of the coil are affected by the coiling process param-
eters. Therefore, in this article, the thickness of the strip, the coiling tension, and the initial
temperature of the sleeve are taken as variables to study the temperature and stress fields.
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Figure 11 shows the calculation results of stress. It can be seen that as the thickness of the
strip and the coiling tension increase, and as the initial temperature of the sleeve decreases,
the radial stress inside the steel increases. This is because the increase in thickness of the
strip and coiling tension both lead to an increase in the total tensile force of the circum-
ferential section, resulting in an increase in the radial stress increment. By reducing the
initial temperature of the sleeve, the difference in elastic modulus between the coil and the
sleeve is increased. It is more difficult to deform for the sleeve, and the reduction in radial
displacement of the coil can lead to an increase in radial stress. In the case of the same
radius, the circumferential stress corresponds to the slope of the radial stress curve. This
rule is reflected in Figure 11d,f. However, since the horizontal axis represents the number
of layers rather than the radius, the rule is not applicable in Figure 11b.

(a) (b) (c)

(d) (e) (f)

Figure 11. (a) The radial stress distribution inside the coil when the thickness of the strip changes;
(b) The radial stress distribution inside the coil when the coiling tension changes; (c) The radial stress
distribution inside the coil when the initial temperature of the sleeve changes; (d) The circumferential
stress distribution inside the coil when the thickness of the strip changes; (e) The circumferential
stress distribution inside the coil when the coiling tension changes; (f) The circumferential stress
distribution inside the coil when the initial temperature of the sleeve changes.

Figure 12 shows the temperature calculation results, which indicate that as the thick-
ness of the strip and the coiling tension increase, the temperature rise of the sleeve increases.
The reason is that the increase in radial stress leads to an increase in the effective thermal
conductivity in the radial direction, causing more heat to flow from the coil to the sleeve,
resulting in a corresponding decrease in the temperature of the coil. However, the temper-
ature of the strip of the thickness of 3 mm in Figure 12a is still higher because a thicker
strip has a higher total heat content. In Figure 12e, as the initial temperature of the sleeve
decreases, the temperature drop of the coil increases. This is because the heat transfer
efficiency is improved by the increase in temperature difference on both sides of the contact
surface, which is also the reason for the increase in the temperature rise of the sleeve in
Figure 12f.
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(a) (b) (c) 

  
(d) (e) (f) 

Figure 12. (a) Temperature distribution of the coil when the thickness of the strip changes; (b) Temper-
ature distribution of the coil when the coiling tension changes; (c) Temperature distribution of the coil
when the initial temperature of the sleeve changes; (d) Temperature distribution of the sleeve when
the thickness of the strip changes; (e) Temperature distribution of the sleeve when the coiling tension
changes; (f) Temperature distribution of the sleeve when the initial temperature of the sleeve changes.

3.6. Verification and Analysis of Simulation Results
3.6.1. Comparison Between the Calculated Results and the Measured Temperature

In actual production, due to the direct exposure to air, the temperature of the strip
before coiling will be lower than the temperature set by the process and there will be a
certain temperature drop at the edges of the strip. Therefore, in this article, the temperature
before coiling on the hot-rolling line is measured and the measurement results are fitted.
The temperature field is calculated based on the fitting results and compared with measure-
ments on site to verify the correctness of the model. The initial temperature of the sleeve is
set to 50 ◦C, and the other conditions are the same as the parameters in Table 4. Figure 13
shows the temperature distribution of the strip before coiling. The surface temperature of
the strip is directly captured by a thermal imaging system, and the model is FLIR-E95.

(a) (b) 

Figure 13. (a) Temperature distribution before coiling; (b) Measurement results and the fitting curve.

39



Metals 2025, 15, 111

Figure 14 shows the temperature distribution of the circumferential section of the coil
and sleeve. Corresponding to the temperature of the strip before coiling, the overall temper-
ature of the coil in Figure 14a is lower than 620 ◦C and there are obvious low-temperature
areas at the edges. The maximum axial temperature difference at the contact surface
is about 90 ◦C. As the position moves away from the contact surface, the temperature
difference gradually decreases to the initial temperature difference of 35 ◦C.

  
(a) (b) 

Figure 14. (a) Temperature distribution of circumferential section of the coil; (b) Temperature
distribution of circumferential section of the sleeve.

Due to the difficulty in measuring the internal temperature of the coil, the temperature
measurements at the axial end face of the coil and the surface of the sleeve are compared
with the calculated results. Figures 15 and 16 are the comparison charts, which show
that the calculated results tend to be consistent with the measurements. The error of the
surface temperature of the sleeve is less than 30 ◦C, and the maximum error occurs at the
boundary between the contact area and the non-contact area. The reason is that the surface
temperature of the sleeve can only be measured after unloading. Due to the heat transfer in
the sleeve during the unloading process, the temperature difference between the contact
area and the non-contact area is reduced. The maximum temperature error of the coil is
less than 20 ◦C. The above results indicate that the temperature field calculation model
established is feasible.

(a) (b) 

Figure 15. (a) The surface of the sleeve after coiling; (b) Comparison between calculated result and
the measurements.
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(a) (b) 

Figure 16. (a) The axial end face of the coil after coiling; (b) Comparison between calculated result
and the measurements.

3.6.2. Comparison of Incremental Coupled Solution and Analytical Solution in Stress

Figure 17 shows the radial and circumferential stress of the coil after coiling. It can be
seen that the radial stress near the inner ring is larger in the middle and smaller at the edges
in the axial direction. This is because the temperature drop at the edges is relatively large,
which leads to the higher elastic modulus and the larger radial displacement at the edges.
Corresponding to the radial stress distribution, the circumferential stress in the middle of
the coil is larger than that at the edges. In the axial direction, the difference in stress is not
significant and gradually disappears with the increase in radius. It is predicted that if the
temperature drop at the edges is larger, the stress difference in the axial direction will be
more significant.

(a) (b) 

Figure 17. (a) Radial stress of the coil; (b) Circumferential stress of the coil.

Figure 18 shows the stress difference between the middle and edge of the coil more
clearly. During the coiling process, it is very difficult to measure the stress distribution
inside the coil. Therefore, it is not possible to prove the validity of the calculated results
through experiments. However, analytical methods have been accepted by scholars in
academic research and practical production. Therefore, in Figure 18, the analytical solu-
tion is compared with the calculated results to verify the rationality, and the differences
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between the two methods are analyzed. The analytical solution can be represented by
Equations (13) and (14) [30].

σr,i =
−σT · h
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+

N

∑
t=i+1

⎡
⎢⎣−σT · h
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−
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·
(
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)⎤
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+ 1(

Rt
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)2 − 1
·
(

p1,t − σT · h
Rt

)⎤
⎥⎦ (14)

where σr,i and σθ,i are radial stress and circumferential stress of the i-th layer and coiling
tension. t is the number of coiled layers; Ri and Rt are the radius of the i-th layer and
the radius of the coiled layers; p1,t is the contact pressure of the innermost layer when
the t-th layer strip has been rolled, which can be obtained from the elastic deformation of
the sleeve.

(a) (b) 

Figure 18. (a) Comparison of incremental coupled solution and analytical solution in radial stress;
(b) Comparison of incremental coupled solution and analytical solution in circumferential stress.

The radial stress trends of the two solutions are the same. But numerically, the
incremental coupled solution is relatively small. This is because in the analytical model, the
coil and sleeve are considered isotropic. The real-time changes in the radial stiffness caused
by interlayer contact and the influence of temperature on the physical properties cannot
be considered in the analytical model. According to the comparison, it is safe to design
the sleeve and other components based on analytical solutions. However, the temperature
results indicate that there is a certain area of temperature rise in the sleeve. If there are
defects on the sleeve, such as surface cracks or fatigue damage, the influence of temperature
on its physical properties should be considered in the design.

In terms of circumferential stress, the incremental coupled solution is smaller than
the analytical solution. This is because the decrease in radial stiffness of the coil in the
incremental coupled solution increases the radial deformation of the strip. The circum-
ferential compressive stress increases, and after being added to the coiling tension, the
circumferential stress decreases. In the analytical model, if there are enough layers, the
circumferential stress near the inner ring may be converted into compressive stress. In fact,
because the radial deformation near the inner ring is limited by the sleeve, the circumferen-

42



Metals 2025, 15, 111

tial stress remains tensile stress and maintains a certain value. It is worth noting that the
high temperature of the coil leads to a decrease in the yield limit. If the internal stress state
is analyzed based on analytical solutions, the plastic deformation generated near the inner
ring may be ignored.

4. Conclusions

(1) An incremental calculation model to couple the temperature field and the stress
field during the coiling process of hot-rolled strip is proposed. The mutual influence of
temperature and stress, the anisotropy of the coil, the uneven axial temperature of the
strip and the contact between the coil and sleeve can be considered. The calculation of
temperature field and stress field can be closer to actual working conditions.

(2) In production, if the thickness of the strip and the coiling tension are increased
and the initial temperature of the sleeve is reduced, the radial stress inside the coil and the
surface pressure of the sleeve will be increased to a certain extent. If there are defects such
as plastic deformation of the sleeve or the inner layer of the coil, the coiling process can be
adjusted according to the above rules. For example, when the strip thickens or the coiling
tension increases, the cooling time of the sleeve can be appropriately reduced to increase
the initial temperature, thereby reducing the sleeve pressure and internal stress of the coil.

(3) A comparison is made between the incremental coupled solution and the analytical
solution. The results indicate that the actual pressure on the sleeve should be much smaller
than the analytical solution. Therefore, when the process adjustment increases the pressure,
the sleeve designed by the analytical method is safe and can withstand a certain range of
increase in pressure. At this point, there is no need to replace the sleeve with a stronger one.
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Abstract: Conveyance tube manufacturing via a hot-finished, welded route is an energy-intensive
process which promotes rapid surface oxidation. During normalisation at approximately 950 ◦C to
homogenise the post-weld microstructure, an oxide mill scale layer grows on tube outer surfaces.
Following further thermomechanical processing, there is significant yield loss of up to 3% of total
feedstock due to scale products, and surface degradation due to inconsistent scale delamination.
Delaminated scale is also liable to contaminate and damage plant tooling. The computational ther-
mochemistry software, Thermo-Calc 2023b, with its diffusion module, DICTRA, was explored for its
potential to investigate oxidation kinetics on curved geometries representative of those in conveyance
tube applications. A suitable model was developed using the Stefan problem, bespoke thermochemi-
cal databases, and a numerical solution to the diffusion equation. Oxide thickness predictions for
representative curved surfaces revealed the significance of the radial term in the diffusion equation
for tubes of less than a 200 mm inner radius. This critical value places the conveyance tubes’ dimen-
sions well within the range where the effects of a cylindrical coordinate system on oxidation, owing
to continuous surface area changes and superimposed diffusion pathways, cannot be neglected if
oxidation on curved surfaces is to be fully understood.

Keywords: oxidation; modelling; steel; diffusion; heat treatment

1. Introduction

Low carbon steel thick-walled conveyance tubes are employed in wide-ranging build-
ing and industrial service applications, e.g., Heating, Ventilation and Air Conditioning
(i.e., HVAC systems), and petrochemical transport, where high pressures, e.g., refriger-
ation, and temperatures, e.g., a steam system, are possible. The manufacturing process
must be designed to achieve the material and mechanical properties necessary for these
service conditions. In the UK alone, there are approximately 425,000 km of mains water
infrastructure supplying domestic and commercial settings [1] and, according to the 2021
Census, approximately 1.1 million homes in Wales depend on a mains gas or oil supply for
central heating [2]. Component damage and failure due to surface defects associated with
phenomena such as oxidation could therefore have far-reaching social and economic conse-
quences [3]. However, it is a challenge for plants to optimise their processes to maximise
product quality, capacity, process flexibility, and cost effectiveness whilst high temperature
oxidation on curved surfaces is still relatively poorly understood.
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1.1. Conveyance Tube Manufacturing Process

Mild steel is delivered as a coil formed from a continuous cast billet. The steel sheet
then passes through an accumulator series and is cold worked by forming rolls into the
required hollow, cylindrical geometry. At this stage, the sheet still has a fine, homogenous
microstructure, ensuring technical standard-defined mechanical properties. High frequency
induction (HFI) welding is used to join the formed ends of the steel sheet creating a heat
affected zone (HAZ) and some residual stresses. Therefore, the tube is subsequently heated
to a temperature of over 950 ◦C for 2–4 min in a walking beam furnace, which restores
the bulk to the desirable austenitic phase, before cooling in air. Tubes produced in this
manner have several advantages over their cold-forged equivalents, including improved
toughness, ductility, and pressure integrity, giving them an overall higher factor of safety.
However, rapid growth of a multi-phase layer of dark-coloured, brittle iron oxide scale is
also observed. Further thermomechanical processing (TMP) is used to produce a range of
tube wall thicknesses and tube diameters, achieved by a multi-pass stretch reduction of
3–5% reduction per stand, with the greatest reduction occurring in the first few stands). The
processing temperature is defined by achieving a balance between strain hardening and
softening to minimise deformation-induced point and line defects (which are also defined
by chemical composition, initial microstructure and deformation condition, deformation
rate), and maintaining the material in the austenitic region. Typically, hydraulic descaling
is applied in a post-normalisation, pre-reduction ‘descaling box’ for its combined benefits
of reduced scale compaction and partial cooling to the ideal stretch reduction temperature
of 850 ◦C. A summary of the manufacturing process is shown in Figure 1.

 

Figure 1. Schematic sequence of the conveyance tube manufacturing process.

Stretch reduction, and its associated high mechanical strain, causes the remaining
scale to spall, leading to substrate exposure and surface wear. This has environmental and
economic consequences as losses of up to 3% by weight occur due to scaling alone (equiva-
lent to approximately 500 tonnes of feedstock loss per warehouse batch) [4]. There are also
aesthetic implications due to either compaction of scale on the substrate surface (‘rolled-in
effect’) and/or inadequate adherence of value-added coatings, e.g., anti-corrosion paint,
and in-service surface performance problems. The resulting inconsistent scale adhesion
that not only appears to give a poor surface finish but may also lead to complications
for those customers who wish to apply additional paint or coat the tubes. Furthermore,
scale removed either by descaling or spalling tends to disperse into the manufacturing
environment, causing damage and contamination to product and plant alike.

1.2. Scale Management

Growth stress, arising from volumetric increase associated with oxygen uptake, de-
pends on whether scale is internal or external and isotropic or radial, and is directly related
to scale failure [5]. Matsuno et al. [6] specifically explored the impact of growth (oxidation)
stress on descalability during a high-temperature hydraulic descaling operation. They also
highlighted the Pilling and Bedworth ratio (PBR), which represents the ratio of oxide to
metal volume as a measure of stress arising from volume dilatation during conversion of
a metal to its oxide [7–9], which can be measured via deformation analysis. Ultimately,
they proposed that oxidation stress is the dominant cause of adhesive failure within the
combined effect of stress and adhesion vs. cohesion strength dominance, since temperature
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will accelerate oxidation and cause great compressive volume dilatation. For austenitic
steels, such as are seen during conveyance tube normalisation, the dominance of Cr3+

migration favours the development of external oxide, i.e., oxygen ions are diffusing as well
as iron and chromium (III) for ferritic martensitic steels so they experience both external
and internal oxidation [10]. Furthermore, assuming radial (anisotropic) oxide growth and
absence of axial strain, growth stresses are a purely geometric, mono-axial effect only
observed on curved surfaces (where planar surfaces have an infinite radius of curvature
which drives quotient-based strain equations to 0) [11]. This supports Sabau and Wright’s
conclusions on the significant impact of geometry on spallation [12], thus showing that
geometry has an impact on scale management practice. Scale can be managed via a reac-
tive approach which aims to eliminate the problem after detection by identifying its root
causes and amplifiers after repeated incidence. This can take the form of anti-oxidation
coatings [13–15], the details of which are beyond the scope of this paper. However, a
more proactive approach using modelling would allow the industry to account for scale
kinetics phenomena during thermomechanical process design. Pillai et al. agreed in their
review of models for oxidation-based high-temperature degradation that the mechanism
and extent of high-temperature oxidation of low carbon steel is characterised as a function
of alloy composition, temperature, time, growth kinetics, geometry, and service environ-
ment [16]. Computational process modelling, when optimally designed and validated, can
identify routes to minimise costs, improve product quality, and increase output, based
on an accurate and fast assessment of scale and its associated trends. There are several
manufacturing benefits, including faster and cheaper product and process innovations,
reduced downtime and maintenance, reduced material usage, and, overall, more robust
processes. Furthermore, experimental validation of curved surface oxidation is challenging,
particularly due to the limitations of equipment used in in situ oxidation investigations.
Thermogravimetric furnaces, which provide continuous mass gain data, are often limited
in their sample size capacity so only very small tubes can be used, or tubes have to be sec-
tioned which causes machining-induced residual stress [17,18]. However, there are issues
with TGA measurements, as they give the total oxidation on a sample and neglect the effect
of the gas flow on the extent of oxidation in each part of the sample geometry, as shown in
the work by Mori et al. [5]. Therefore, any experimental value derived from TGA curves
is an average over the entire geometry which does not address the differences between
the side facing towards the flow and the one facing away. This is a strength of modelling;
its ability to distinguish between the two and the reason for focusing on the modelling
studies and then subsequently correlate these with the total oxidation thickness measured
after heat exposure (the latter being subject to errors due to spallation of poorly adherent
oxides). Furnaces with a larger sample size capacity do not usually have TGA equipment
so rely on pre- and post-heat treatment high resolution mass balance measurements of the
sample. High temperature oxides are known to be brittle, as seen in observation by the
authors and as reported by the literature [5,19–21]. This brittle nature makes scale spalling
inevitable so that material is lost between transferring the sample from the furnace to a
mass balance, in addition to losses during sample cooling before it is removed from the
furnace due to thermal mismatch between the metal and oxide. Typical oxide thickness
predictions can be derived from input of temperature-time profiles based on analytical or
computational predictions of thermofluid phenomena. However, this method still requires
considerable involvement via definition of any equations and models, and translation
of their results into functions for parameters used to calculate rate constants such as in
Sun et al.’s work [22]. CALPHAD-based (‘Computer Coupling of Phase Diagrams and
Thermochemistry’) software can investigate the thermodynamics and material properties of
an oxidising system via phase equilibria outputs. The CALPHAD methodology can obtain
a feasibility description for alloy system reactions and their most likely phase product via
the Second Law of Thermodynamics and a Gibbs Free Energy minimisation [23]. Such a
system relies on a comprehensive thermodynamic database for all the elements concerned
which undergoes assessment, model selection, optimisation, storage, and validation. As a
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minimum, it must be possible to describe the enthalpy, entropy, and Gibbs’ Free Energy of
a solution (generally described using the sub-lattice modelling-based Compound Energy
Formalism (CEF) for solid oxide systems) as a function of temperature and composition
in order to perform accurate and versatile thermodynamic calculation [24]. Consequently,
as with any computational model, descriptive accuracy must be balanced with mathe-
matical feasibility based on the Central Processing Unit (CPU) resources available so that
computation times are not excessive. However, ever-increasing computational power
availability is accompanied by options for increasingly complex feasible models. Poerschke
argues that understanding and prediction of spall-based surface degradation relies on
an understanding of the ‘interplay’ between substrate and scale (as well as any applied
coatings) and the thermodynamic information provided by computational materials engi-
neering modelling when systems become complex, e.g., non-planar geometries [25]. The
Thermo-Calc DICTRA commercial package has existed since 1994, but there have been few
attempts to extend its application of the moving phase boundary approach beyond phase
transformation applications [26]. Furthermore, where surface oxide layer growth has been
explored using this software, the geometry has been limited to planar cases [3]. The use
of DICTRA for surface oxide has also been inhibited by a lack of attempts to expand on
existing commercial thermodynamic and mobility data sets to incorporate oxide phases.

1.3. Geometry Effects

Despite many experimental and computational investigations into oxidation kinet-
ics and oxide adhesion during thermomechanical processes involving slab and/or strip
steel [27–29], there is far less literature concerning oxidation phenomena on non-planar
surfaces [11,12], such as those found in conveyance tube manufacturing. Works using a
computational approach are rarer still and seldom focus on oxidation as the main phe-
nomenon [30–32]. Nevertheless, investigations of wall temperature, reaction environment,
and thermal stress are still valuable as precursory information for heavily temperature-
dependent oxidation thermochemistry. Landfahrer et al. numerically modelled a full-scale
reheating furnace for investigation of the effect of scale on heat transfer in low carbon
steel tubes via extension of previous study [30]. The key advantage of their model was the
coupling of two independent simulations (stationary combustion and single-tube transient
heating) in place of a more computationally demanding fully transient, chemical kinetics
analysis. However, even in these rare cases, existing works are dominated by studies of
steam superheater systems where parallels can only be drawn to conveyance tube man-
ufacturing in the case of ‘fireside’ corrosion of tubes within these systems. Equation (2)
gives the diffusion equation in cylindrical coordinates, as is appropriate for conveyance
tube geometry, where ck is the species concentration as a function of time, t, and position,
(r, φ, z). Dependency on the azimuthal, φ, and vertical, z, coordinates is eliminated by
assuming rotational symmetry during oxidation, and changes in oxidation behaviour are
only observed along the radial coordinate, r (see (2)).

∂ck
∂t

=
1
r

∂

∂r

(
r

∂ck
∂r

)
+

1
r2

∂2ck

∂θ2 +
∂2ck

∂z2 (1)

∂ck
∂t

= D
(

1
r

∂ck
∂r

+
∂2ck
∂r2

)
(2)

Changes in radius are accompanied by a change in available reacting surface area
and surface area to volume ratio (see Figure 2), and highlight how an increase in radius
is accompanied by an increase in surface area, A, (see (3)) and a decrease in surface area
to volume ratio, A : V (see (4)). Therefore, the surface area increases during inner surface
oxidation (consumption of the substrate widens the cylinder bore, i.e., the inner radius)
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lead to an overall slower rate of reaction and therefore thinner oxide thickness after a given
time and, as such, the converse is true of the outer surface.

A = 2πr3t=t z (3)

A : V =
2r3t=t

r3t=t
2 − r2t=t

2 (4)

Figure 2. Diagram showing changes in cylinder outer radius during surface oxidation both pre- and
post-oxidation (adapted from source [33]).

1.4. Oxidation Theory for a Computational Approach

Low carbon steel oxidation kinetics are defined by either a linear or parabolic rate law
(dependent on instantaneous oxidation time and temperature considered) [34]. As most
steel reheat treatments are long, high-temperature processes, including tube normalisation,
a logarithmic rate law description is not appropriate. Initially, external oxidation of steel
is governed by phase boundary processes at the substrate–scale (SSI) and scale–gas (SGI)
interfaces. For the SGI, the rate of mass transport of oxygen-containing gas to the surface
for adsorption, splitting to free oxygen, chemisorption, lattice incorporation, nucleation,
and growth, is the most critical interface phenomenon and governs the linear rate law, i.e., it
is assumed that, initially, kinetics are dominated by gas transport from the environment to
the interface [35]. However, during the later stages of oxidation, kinetics are dominated by
ion diffusion phenomena in the oxide. To maintain equilibrium and high metal activity as
oxidation proceeds, there must be electron mobility, and ion flux levels must be maintained
as the flux path lengthens due to scale thickening. Surface reaction rate, i.e., SGI activity,
must fall to satisfy this constraint via a reduction in iron ion diffusion, making it the rate-
controlling step. This kinetic change triggers a transition from a linear to parabolic rate law
profile. Hence, kinetics are controlled by the dynamic balance of oxygen adsorption and
iron ion diffusion during scale thickening and established oxidation is characterised by
diffusion. Iordanova et al. argue that the strong influence of ion diffusion phenomena on
oxidation further supports the assumption of a parabolic rate law for high-temperature
investigations [34]. The relative thicknesses of the three phases (wustite, magnetite, and
haematite in a 95:4:1 ratio) typically present on heat-treated low carbon steel also reflect this
assumption of bulk diffusion-controlled (i.e., parabolic) oxidation and local thermodynamic
equilibrium at phase interfaces, as wustite has a much greater iron diffusion coefficient
than magnetite and haematite [36]. Highly defective crystal lattices, generated by divalent
and trivalent interstitial iron cations, are the source of both outward cation and inward
anion diffusion. Vacancies allow ions to ‘jump’ and thus move through the crystal lattice
unimpeded, provided enough energy is supplied. Modelling of this process demands an
understanding of the concept of sublattices, which are either tetrahedral or octahedral
in the Fe-O system. Scale formed on grades similar to those used in tube manufacturing
is dominated by wustite, a non-stoichiometric halitic phase Fe1−xO [37]. Hidayat et al.
argued that there is insufficient reliable quantitative data on sublattice site occupancy,
defect composition, and defect clustering to develop a comprehensive thermodynamic
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model of the halitic wustite structure (ideal, stoichiometric, or otherwise) [38]. Nevertheless,
such a model is required to generate comprehensive analytical and computational models,
and they therefore accept the assumption made by Sundman et al. that iron cations
and vacancies can only mix on octahedral sublattice sites, i.e., iron cations present on
tetrahedral sites are ignored. The resulting simplified sublattice formalism for wustite is
given below [39]. (

Fe+2, Fe+3, Va
)

1

(
O−2

)
1

Hallstrom et al. asserted that diffusion of Fe can be modelled without consideration
of its valency as crystal lattice electrons are significantly more mobile in wustite than Fe
cations at high temperatures (T > 600 ◦C) [40]. The formula unit can therefore be simplified
as below,

(Fe, Va)1(O)1

which provides the necessary information to analytically define the system, specifically
the flux, J, and bulk chemical diffusion coefficient, D, of both the iron and oxygen species.
Without a driving force, the energy barrier to diffusion (specifically that required to allow
an atom to jump to an empty lattice site) is defined by the free energy of migration, Gm.
(Then 5 shows how diffusivity is defined in part by atomic mobility, M, due to continuous
random movement in the absence of a driving force in this case (where R and T are the
molar gas constant (8.31 J·K−1·mol−1) and temperature (K), respectively).

D = RTM (5)

Hallstrom et al. [3] used Thermo-Calc’s Diffusion Module (‘DICTRA’) to numerically
solve the 1D diffusion equation, i.e., for a planar geometry, and computationally predict
oxidation kinetics. Xia et al. argue that the use of a 1D system ignores the realistic 2D
composition distribution of the material and restricts diffusion coefficient calculations to
fixed compositions or those that only vary compositionally in a single direction [41]. When
diffusion across a non-planar boundary, such as is found on a curved surface, is under
investigation, the computational domain must be complexified to accurately account for
two dimensions. Since both species flux and temporal concentration gradient, ∂ck

∂t , are
unknown variables, the equation for mass conservation in the absence of chemical reactions
must be coupled to Fick’s First Law, which relates flux and spatial concentration gradient,
∂ck
∂z , via a chemical diffusion coefficient, to derive Fick’s Second Law (see (6)).

∂ck
∂t

= D
∂2ck
∂z2 (6)

Computational solutions for the independent flux of metal cations and oxygen anions
for the two phases can be supplied to Fick’s Second Law, alongside volume and molar
fractions which are defined experimentally (via advanced imaging techniques) and com-
putationally (via phase diagram simulations), respectively. A moving phase boundary
(‘Stefan problem’) formulation for diffusion is used and the output of (6) is a description of
the migration rate of the boundary between two phases, i.e., metal and oxide, when the
flux of species k out of one phase, α, and into another, β, respectively, is not balanced, i.e.,
Jα
k − Jγ

k �= 0 [42]. The presence of the moving boundary renders this problem non-linear,
combining PDEs and complicated interphase geometrical movement, and it is difficult
to obtain analytical solutions without oversimplification. The moving phase boundary
approach is most suitable for isobarothermal binary systems where the interfacial composi-
tions are fixed so the numerical efficiency of the approach can be maintained [43]. Thus,
oxide thickness, Δδtstep , after a given timestep, tstep, can be predicted using (7), and the
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cumulation of values from each timestep shows the time-dependent kinetic trends (for a
given temperature).

Δδtstep = Vα
m

Jα
k − Jγ

k
xα

k − xγ
k

tstep (7)

As previously mentioned, diffusion in interstitial alloys with small migrating inter-
stitials, e.g., oxygen in iron, in dynamic equilibrium with each other is characterised by a
continual vacancy migration mechanism. In (5), the authors show that the variables for a
successful computation of diffusion depends on accurate expressions for the bulk mobil-
ity of all involved species. The species molar fraction to substitutional element (oxygen)
contribution, uk, and chemical potential derivative, ∂μk

∂uk
, are derived from the literature.

Application of (7) relies on an assumption of a planar diffusion front (long diffusion period
and small grains) to ensure diffusion field overlap around neighbouring grain boundaries.
This can be reasonably assumed in compounds such as wustite where the grains are small
compared to the oxide scale thickness and therefore the metal–oxide interface is straight
at the relevant length scales [3]. The final key assumption is that of an Arrhenius-type
expression for bulk mobility, including a pre-exponential coefficient, M0, and activation
energy, Q (see (8)).

Mk = M0e−
Q
RT (8)

It is noted that, alongside temperature, mobility is also influenced by oxygen partial
pressure when considering oxide phases (unlike diffusion due to the strength of atomic
binding) and the dopant effect of certain alloy elements. However, accounting for these
effects is beyond the scope of this work. Overall, oxidation as a phenomenon is complex
and dependent on multiple parameters. However, oxidation in the context of the tube
production process is further complicated by manufacturing parameters and tube geometry.
The increased computational resources available in the 21st century could be used to im-
prove the depth and accuracy of knowledge surrounding scale kinetics, morphology, and
adhesion on curved surfaces across a range of conditions not limited to the design envelope.
The work within this paper aims to explore the potential for using a computational thermo-
dynamics approach to understand scale kinetics phenomena during tube normalisation.
In particular, the Stefan problem moving phase boundary methodology is applied to a
new context, i.e., tube normalisation, so hollow cylindrical geometry and high temperature
low carbon steel and scale phases and appropriate tube manufacturing-friendly thermody-
namic and kinetic phase databases are developed. A high accuracy Simultaneous Thermal
Analysis (STA) approach, comprising Thermogravimetric Analysis (TGA) and Differential
Scanning Calorimetry (DSC) techniques, is used for validation to accelerate the analysis of
tube oxidation under normalisation conditions.

2. Materials and Methods

2.1. Materials

The materials under investigation during in situ oxidation tests for validation purposes
were the two grades of low carbon, low alloy steel P235GH and P265GH (compliant with
the material specification BS EN10217-2 [44]). The specification given in BS EN10217-2 is
outlined in Table 1. Nose crop samples of both grades were supplied by Tata Steel Tubes
UK Ltd in Corby, UK.
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Table 1. Alloy element composition limits specified by BS EN 10217-2 (welded steel tubes for pressure
purposes—technical delivery conditions [part 2: electric welded non-alloy and alloy steel tubes with
specified elevated temperature properties]) for steel grades P235GH and P265GH.

% by
Mass of
Element

C
Si

(max.)
Mn

P
(max.

S
(max.)

Cr
(max.)

Mo
Ni

(max.)
Al

(total)
Cu

(max.)
Nb

(max.)
Ti

(max.)
V

(max.)

Cr + Cu +
Mo + Ni
(max.)

P235GH ≤0.16 0.35 ≤1.20 0.025 0.020 0.30 ≤0.08 0.30 0.020 0.30 0.010 0.03 0.02 0.70

P265GH ≤0.20 0.40 ≤1.40 0.025 0.020 0.30 ≤0.08 0.30 0.020 0.30 0.010 0.03 0.02 0.70

2.2. Computational Methodology

Although sublattice models exist for all three oxide phases found on low carbon steel,
for simplicity of the initial model pre-processing, the entire scale layer was assumed to be
wustite. Field Emission Gun Scanning Electron Microscopy (FEGSEM) imaging, coupled
with Energy Dispersive Spectroscopy (EDS) of the oxide on a normalised tube sample
revealed a comparatively compact, homogeneous scale (see Figures 3–5).

 

Figure 3. FEGSEM image of oxide found at the outer surface of the tube wall for sample with a
20.5 mm internal diameter.

Figure 4. EDS map of iron (Fe) contribution for section of oxide formed on outer surface of a 15 nb
tube sample post-normalisation in industry.

The Fe-O binary system phase diagram was used to determine the phases present and
their relevant mole fractions at the normalisation temperature of 1223 K. Initial compo-
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sitions of oxygen and iron were supplied as left and right interface boundary conditions
for each region (austenite and wustite), respectively. Composition can only vary along
one spatial coordinate, and only substitutional elements contribute to volume. For the
overall system of finite volume cells, composition gradients are only considered between
cells rather than inside. The metal and scale regions are joined by a finite interfacial region
comprising two cells (one from each region). Local equilibrium is assumed to hold between
the two regions, with constant volume fractions of each phase.

Figure 5. EDS map of oxygen (O) contribution for section of oxide formed on outer surface of a 15 nb
tube sample post-normalisation in industry.

A cylindrical cross-sectional geometry of infinite length was used (see Figure 3). Inner
radius and wall thickness were set at values associated with typical conveyance tube
dimensions. Control of these two parameters makes the model well-suited to hot-finished
conveyance tubes, which are manufactured with a controlled inner radius, IR, and a
variable wall thickness, wt. The initial wustite thickness, δt=0, was unchanged at 0.1 nm.

The inability to define the oxide region as halite (the most accurate microstructural rep-
resentation of the wustite scale phase [39]) prevented the use of the commercial TCFE12 and
MOBFE7 databases available in Thermo-Calc (although data for magnetite and haematite
were used as part of the subsequent bespoke database development). Inspection of the
phase and phase composition inventory within the system definer revealed that mobility
data, necessary to define diffusion, was not available in the Thermo-Calc database for
common oxide scale microstructures (halite, spinel, corundum, etc.).

Initial database set-up relies on the definition of constituent elements (Fe and O in this
case, along with vacancy and electron additions) in terms of their Stable Element Reference
(SER) state (298.15 K, 1 bar) and enthalpy and entropy of formation. Stoichiometric formulae
are also needed for each species to include atomic and ionic states as well as compounds.
Gibbs Free Energy functions must also be defined ready for minimisation, which is an
essential part of computational thermodynamics. These functions (see (9)) were taken from
Sundman [39] and Kowalski and Spencer’s [45] works describing the Fe-O system.

GFeO = −279318 + 252.848T − 46.12826Tln(T)− 0.0057402984T2 (9)

Overall, wustite can have complex physical properties due to its non-stoichiometry,
variable site distribution of ferric iron, clustering of defects, long- and short-range ordering,
and exsolution. The level of non-stoichiometry in iron oxides is controlled by the con-
centration of cation (metal) vacancies evolved during the diffusion-controlled oxidation
process, and heavily influenced by temperature and partial pressure. However, Hazen and
Jeanloz remarked that wustite thermal expansion is not significantly affected by stoichiom-
etry [46]. Furthermore, deviation of stoichiometry in wustite only becomes significant at
temperatures lower than 800 ◦C, i.e., below typical normalisation temperatures.
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2.2.1. Mobility Database Definition

Elements, species, constituents, and phases in the kinetic database were defined
identically to those in the thermodynamic database. Volume data took a standard value
for all relevant volume-contributing substitutional phases (including oxygen gas) of 1 ×
10−5 m3mol−1, as defined in the Thermo-Calc database management documentation [47].
Interstitial species (O, Fe2+, Fe3+) were assigned as zero-volume species. Data for the
FCC_A1 (austenite) phase (iron and oxygen diffusivity as described for ferrite) came
from [48,49] in a diffusivity form, as did that of halite (wustite) from the widely accepted
work of Kofstad [50].

An implicit Euler method was used for time discretisation where the unknown, con-
centrations were defined by coupled sets of equations. The simulation length, 180 s, was
defined by the mean of the heat treatment period range in the normalisation furnace.
The initial and minimum acceptable timesteps were both set at 0.1 ms, respectively. A
convergence study was performed to assess the maximum timestep which provided the
optimal balance of accuracy and computational efficiency. Although the default maximum
timestep value for Thermo-Calc is 10 s, the use of a multi-resolution mesh (geometric for
the austenite region and double geometric for the wustite region), to reflect the steep gradi-
ents of ion concentrations due to fluxing at both the steel–scale and scale–gas interfaces,
increases the computational demand. For example, using a linear and geometric mesh
for the austenite and wustite regions, respectively, led to a CPU demand of 77 s to solve
for 204 datapoints. However, using the more appropriate geometric-double geometric
approach (see Figure 6), making both the steel–scale and scale–gas interfaces regions of
interest with the most elements, demanded 259 s to solve 324 datapoints. For timesteps
greater than 10 s, there was a negligible change in CPU demand and a consistent < 1%
decrease in maximum predicted oxide thickness. A maximum allowable timestep of 10 s
(~3% of the total simulation test time) was therefore selected as the best balance of accuracy
and CPU demands.

Figure 6. Geometric mesh structure for model domain.

2.2.2. Initial and Boundary Conditions

To solve the system boundary value PDE, i.e., (8), a fully implicit system was se-
lected. Fully implicit systems carry the advantage of being unconditionally stable across
all values of the mesh ratio parameter. Numerical integration was performed using the
Crank–Nicolson method (see (10)).

−rcn+1
i+1 + (1 + 2r)cn+1

i − rcn+1
i−1 = rcn

i+1 + (1 − 2r)cn
i + rcn

i−1, where r =
DΔt

2(Δx)2 . (10)
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The value for initial oxide thickness must be minimal but non-zero (<0.1 nm). The
system is closed by assuming a ‘closed’ system on the metal side of the metal–gas interface,
i.e., no diffusion of iron (Fe) in or out of that side of the system, and applying a fixed
oxygen flux to the oxide–gas interface, corresponding to the experimental atmosphere. The
combination of these conditions allows the oxide layer to grow outwards, i.e., external
oxidation is assumed. To further reflect the assumption of wustite as the oxide phase, an
oxygen flux of 4.5 × 10−4 m2·s−1 was applied by selecting the maximum value for oxygen
permeability before accumulation to prevent phase transitions to magnetite and haematite,
characterised by higher oxygen content. Standard reference conditions of 298 K and 1 bar
were applied for the gaseous oxygen. Both regions were discretised as a finite number of
nodes (within automatically assigned meshes, as described above)

2.3. In Situ Oxidation Experiments

Complex systems where multiple reactions are anticipated, e.g., different oxide phases
evolved and alternative reaction schemes are possible, are significantly influenced by
sample size, form, and environment. Simultaneous Thermal Analysis (STA), a combination
of Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry (DSC) uses
these complementary quantitative and qualitative techniques, respectively, suitable for
all solid–gas reaction studies. Wire Electrical Discharge Machining (EDM) was used to
generate as geometrically consistent 3 × 3 × 3 mm cubic coupons of E24 and E41 tube grade
steel as possible to ensure comparable STA data. The heating action of the EDM approach
introduced further oxidation to the machined coupon surfaces, which were therefore
cleaned using 4000 grit polishing paper and isopropyl alcohol. Each prepared coupon
was placed in the centre of an alumina crucible (which exhibits high thermal conductivity
and inert behaviour towards oxygen at high temperatures). Replica heat treatment in a
10% O2-90% N2 atmosphere was applied sequentially to each crucible. A ramp of 5 K·s−1

was used for both the heating and cooling periods. Before running the thermal cycle, a
‘blank’ run was performed using an empty crucible to establish a buoyancy effect correction
factor. Hence, uncertainty is accounted for pre-measurement. Given that the mass gain data
was supplied by the STA experiment but thickness data was the output of the model, one
data set required conversion. Converting the STA mass gain data demands the assumption
of a fully dense oxide layer and the method itself is complexified by recognition of the
fact the sample surface area is constantly changing as oxidation proceeds, i.e., sample
dimensions are not fixed due to the moving steel–scale phase boundary. The alternative
approach converts the model thickness data to mass gain data (see (11)).

Δm = ρAx1 (11)

The value of oxide (wustite) density, ρoxide, was calculated from its molar volume, Vm,
defined in the thermodynamic database, and molar mass, Mr (see (12)). The resulting value
of 5914 kg·m−3 agreed with values found in the literature [36]. This was arguably a more
accurate approach as, unlike the STA samples, within the model definition there was the
existing parameter which justified the assumption of equal oxide growth across the surface,
and only a single surface area, A, to consider, unlike the cubic STA samples. Ref. [11] was
used to convert the model oxide thickness predictions to a total mass gain value, Δm, for
the isothermal test simulated. Extension of the 1D model to 3D was achieved by extending
backwards to 3 mm to match the STA samples’ depth, x1.

ρoxide =
Mr

Vm
(12)

When applying the same conversion methodology to cylindrical samples, the moving
phase boundary for both the SSI and SGI must be accounted for, i.e., not only is the scale
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layer growing radially outwards on the external surface, but the steel substrate is retreating
as it is consumed during the ongoing oxidation reaction (see (13)).

Δm = ρπL
(

OR2 − (IR − δox)
2
)

(13)

3. Results and Discussion

3.1. Planar Geometry

A plot of the initial validation data in the 1000 ± 1 ◦C for both E24 and E41 (see Figure 7)
was made so that a direct comparison could be made against the identical conditions in the
Thermo-Calc isothermal simulation (planar geometry heated at 1000 ◦C for 5 min). Figure 7
shows the comparison between the mass gain in the isothermal region of STA testing, for
both grades, compared to iron oxidised in the Thermo-Calc model (converted from oxide
thickness to mass gain using wustite density). Each plot is annotated with its respective
parabolic rate constant.

Figure 7. Comparative plot of mass gain following heating to 1000 ◦C for 5 min for Thermo-Calc
model (red) vs. STA testing for E24 (green) and E41 (blue) tube grades, annotated with parabolic rate
constant, kp.

Although the model’s predicted total mass gain lay within the range observed for the
STA samples, suggesting a sufficiently accurate pre-processing methodology, its oxidation
rate was higher overall. Both experimental data sets also had minimal correlation to a
parabolic profile (inherent in the model due to its theoretical foundations discussed in the
introduction of this work). The discrepancy between the computational and experimental
results was assumed to be multi-factorial. Firstly, whilst the experimental data can be ob-
tained directly from the equipment in a mass gain format, the model data must be converted
from the thickness gain form, owing to the methodology used to make computational
predictions. Whilst the experimental samples are 3 × 3 × 3 mm cubes, i.e., with six surfaces
sharing the same material volume, only a single surface, i.e., 1D geometry, can be modelled,
hence that single surface of equivalent area has access to six times as much material as
each individual surface in the experimental samples. Hence, the mass gain associated with
the model was divided by six to allow for an equivalent comparison. Furthermore, a key
assumption of the model and its post-processing calculations, particularly those concerning
density, was that of a perfectly compact scale layer, i.e., no porosity. However, porosity is a
key property affecting diffusion mechanisms at the microstructural level. This is discussed in
greater detail during geometric validation in Section 3.2, but, ultimately, it is concluded that
only a modified diffusion coefficient can account for porosity and its associated effects, rather
than in the pre-processing of the model [51]. In this manufacturing case, porosity was most
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likely to arise due to thermal deformation mismatch between the steel and scale, mechanical
strength differences between phase layers (in the real case where multiple oxide phases form),
the degree of vacancy annihilation (Kirkendall effect), and growth stresses due to oxidation-
induced volumetric changes. Furthermore, it should be noted that Wagner’s descriptive and
predictive model for parabolic oxidation, which uses ionic and electronic charge transfer and
balance during simultaneous metal oxidation and free oxygen reduction to characterise alloy
element distribution [10], assumes a scale with a perfect microstructure and adhesion, i.e.,
they ignore the possibility of defects, e.g., cracks, porosity, etc., whose propagation could be
accelerated by the high temperatures and mechanical work of tube stretch reduction. This
is particularly important since high temperatures, such as those used in tube normalisation,
are associated with greater development of defects during cooling [18]. Such propagation
has been shown to interrupt oxidation diffusion mechanisms [16], and its effect on kinetics
and morphology must therefore be considered in a non-idealised approach. However, this
was beyond the scope of this investigation. The STA data alone reveal a 13% difference in
total mass gain between the two grades tested. This was attributed to the interactions of the
dominant non-carbon alloy elements, manganese [52] and silicon [53], with iron and oxygen
to form intermetallic compounds which affect oxidation kinetics and adhesion.

3.2. Cylindrical Geometry

As with the planar case, the CPU demand is low with 120 datapoints and approxi-
mately 115 s run time for each test (using a maximum timestep of 1000 s; interestingly,
decreasing the maximum timestep to 100 s has no effect on the predicted oxide thickness
but increases CPU demand to 899 datapoints and 684 s run time). It has been discussed
that the 1D approach to diffusion modelling does not reflect the multi-axial nature of
oxidation. Beyond the differences arising due to the link between geometry stress states
and porosity evolution, there is also the consideration of how geometry affects diffusion
pathways. The temporal concentration gradient becomes a function of 1

r . Accordingly,
assuming the concentration only changes due to diffusion in the radial direction, i.e., the 1D
form, the radius is the discretised dimension in the numerical solution. It should be noted
that, in this case, the concentration in each segment, i, is an average. When setting initial
concentration conditions, ci,t=0, and calculating average ith segment concentration, every
point of the circumference at radius, r, has a different weight dependent on which segment
it occupies. The area of the ring with an average concentration corresponding to ci,t=0 is
defined and integration of the concentration at individual points around the ring results
in an instantaneous initial average concentration. An increase in wall thickness, whilst
controlling outer diameter in the same way as is carried out during tube stretch reduction
and product specification, revealed a decrease in oxide thickness and the corresponding
parabolic oxidation rate constants. This is due to the extension of the diffusion pathway so
fewer metal cations diffuse to the SSI to react per unit time. It has also been suggested that
oxidation kinetics depend on the oxide scale stress state due to the negative correlation
between stress magnitude and the mole fraction of intrinsic defects within the oxide [54].
Higher stress is associated with a lower vacancy concentration, which can inhibit iron
diffusion via iron vacancies. Additionally, Asensio-Jimenez et al. cited the degree of oxide
growth stress relaxation by plastic deformation as a source of oxidation kinetics variation
across their samples (more influential than minor alloy element depletion, which was
also discussed) [55]. For example, if a sample is exposed to conditions which promote
creep, the compressive and tensile stress evolved in the scale and metal, respectively, will
eventually reach a level that causes substrate creep and therefore growth stress relaxation
in the oxide. A thinner sample will reach this critical value sooner, i.e., have a shorter
‘incubation period’, and therefore initiate a period of enhanced oxidation associated with
stress state changes. The difference in stress state for samples with only a small thickness
difference can be significant due to the power law relationship between creep rate and the
specimen thickness (although this is for flat surfaces). Although the incubation period for
observing any difference in oxidation rate due to sample thickness can be far longer than is
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observed in the tube manufacturing process compared to a planar surface, curved surfaces will
experience additional stresses associated with the forming process [56]. Asesnio-Jimenez et al.
quoted as much as a 60-fold increase in substrate creep rate by decreasing specimen thickness
from 0.5 to 0.3 mm. Clearly, stress cannot be directly accounted for in the thermochemical
model developed; however, it should nevertheless be considered, particularly when analysing
validatory data. Previous authors have investigated oxide formation on a range of tubes with
varying dimensions but do not isolate a single dimension to investigate its isolated effect
on oxide thickness [20,31]. This reinforces the advantages of a computational approach, as
representative samples in the context of manufacturing components are often limited to their
commercial range and can be restricted at a given time to only the specifications required to
meet current demand. Furthermore, the 2D diffusion pathway associated with the converging
and diverging radial path of oxygen and iron ions, and the fact that their concentrations are
defined normal to the surface, leads to an overlap of ion pathways, unlike in the planar case.
However, the relative effect of these phenomena is dependent on the radial scale, i.e., very
large radii may evolve a solution which approaches a flat plate solution as the 1

r term tends
to 0. The scale at which radial effects become relevant for diffusion must be investigated.
Conversely, an increase in OD, whilst controlling wall thickness, has no effect on predicted
oxide thickness and parabolic rate constants. It was noted that the material was consumed
approximately twice as quickly in the cylindrical case than the planar case (30 h vs. 60 h).

3.3. Radial Dependency Study

Since volume and mass gain were revealed in this work to be dependent on inner
radius during oxidation, it was hypothesised that there would be a critical radius value at
which the effect of cylindrical coordinates becomes influential. The effect of cylindrical ge-
ometry on the analytical theory of diffusion was outlined earlier in this work, and has been
explored by other authors in an analytical context [57–60]. An initial investigation using the
model explored the extremes of tube inner radial dimensions, 0.5 mm ≤ IR ≤ 1000 mm.
Volume gain, a calculation modified to reflect the cylindrical moving phase boundary and
the presence of an inner, ID, and outer diameter, OD (see (13)), and its dependence on
radius, was explored first and showed a strong linear relationship between volume gain
and tube radius. This demonstrated that, even with the geometric conversion steps where
inner radius is not involved, the physical diffusion phenomena predicted by the model
are not lost, i.e., the reciprocal relation between concentration and tube radius. Further
investigations were performed by exploring the relationship between mass-based parabolic
rate constant (normalised against sample surface area) and tube radius (see Figure 8).

Figure 8. Plot of mass-based, surface area normalised parabolic rate constant against tube inner
radius. The industrial relevant inner radius range is magnified (red box) and highlighted (red
dashed line).
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Crucially, the parabolic profile reveals a critical radius where radius no longer has
a significant effect, associated with changes in surface area and surface area to volume
ratio, as demonstrated by (2) and Figure 2, on oxidation kinetics. This change in kinetic
dependency occurs at approximately 200 mm. This is an industrially relevant conclusion
for typical conveyance tube applications. Furthermore, 98% of the change in thickness
gain occurred in the radius range below 100 mm, again demonstrating the influence of
cylindrical coordinates on conveyance tube product oxidation behaviour. This radius
region shows the sharpest change in oxidation rate. This conclusion is also supported by
equivalent plots of thickness gain (see Figure 9), again suggesting a critical inner radial
value of 200 mm.

Figure 9. Plot of oxide thickness against tube inner radius. The industrial relevant inner radius range
is magnified (red box) and highlighted (red dashed line).

Changes in radius are accompanied by a change in available reacting surface area
and surface area to volume ratio (see Figure 2) and highlight how an increase in radius
is accompanied by an increase in surface area, A, (see (3)) and a decrease in surface area
to volume ratio, A : V (see (4)). Therefore, the surface area increases during inner surface
oxidation (consumption of the substrate widens the cylinder bore, i.e., the inner radius),
which leads to an overall slower rate of reaction and therefore thinner oxide thickness after
a given time and, as such, the converse is true of the outer surface.

This computational approach has enabled the extremes of potential tube dimensions
to be investigated beyond that which time and sample access allows within an empirical
approach. The critical radius result is industrially relevant to the range of conveyance
tubes manufactured in this context, and indicates that oxidation kinetics on tubes cannot
be inferred from planar components subjected to equivalent thermomechanical processing
conditions. However, there are many high-temperature-application cylindrical and curved
components within this dimensional range, both hollow and solid, which could benefit
from the ability to understand and predict oxidation kinetics to streamline their respective
manufacturing processes.

3.4. Further Work

There is little empirical data for the incorporation of porosity into the model via a
modified diffusion coefficient. Porosity can influence diffusion, and subsequently oxidation,
via its effect on ion migration through vacancies. The mechanically intensive processes
which accompany tube manufacturing could encourage pores to propagate, amongst other
defects, and capturing the effect of porosity within the model is therefore paramount to
accurate oxide thickness predictions.

Attempts were made to modify the Thermo-Calc model to reflect the unavoidable heat
ramp of the STA validation experiment and allow a more direct comparison. However, this
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came at a significant computational cost. The model complexity was also exacerbated by
the introduction of a non-isothermal period due to the temperature dependence of so many
of the parameters in both the thermodynamic and kinetic databases, thus introducing many
more calculations to achieve a solution. The computational thermochemistry approach
does not yet lend itself to efficiency over its empirical counterpart when considering non-
isothermal scenarios. Hence, this work is limited to consideration of isothermal oxidation.

Although validation work was performed for the planar geometry iteration of the model
using STA, the specific information surrounding curved surfaces demands its own validation
using a specialist furnace to apply a representative heat treatment to tube samples.

Further techniques, such as indentation, could also be used to validate stress state
analyses for both the pre- and post-normalised states.

4. Conclusions

It has been shown in this work that the undesirable, diffusion-controlled oxidation re-
action, occurring on external surfaces during hot-finished conveyance tube manufacturing,
and specifically the normalisation stage, can be computationally modelled. Thermo-Calc’s
DICTRA commercial software package can be used to solve the Stefan problem-based
moving phase boundary equation for a curved surface and predict surface oxide thickness
using numerical techniques, provided that bespoke thermodynamic and kinetic databases
can be developed from empirical data. The following conclusions were drawn during
model development:

• External surface oxide thickness on cylindrical geometries, representative of those
used in conveyance applications, can be predicted quickly with ~120 datapoints.

• Dependence on the radial coordinate within the cylindrical coordinate form of the
diffusion equation leads to a more complex and faster oxidation process due to contin-
uous changes in surface area and overlapping normal diffusion pathways.

• There is a critical radius, estimated at ~200 mm, where the curvature is low enough
to no longer affect oxidation, however this is still larger than the conveyance prod-
uct range.

Overall, oxidation of curved surfaces appears to be more complex and unstable than its
planar equivalent, a topic which has seen much greater attention in the literature. Optimal
understanding and control of oxidation during conveyance tube manufacturing, and that
of equivalent products, demands a separate scientific consideration.
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Abstract: The development of MIG (metal inert gas) welding for five-series aluminum
alloys primarily involves the improvement and optimization of welding processes. Building
upon research findings regarding the enhancement of aluminum alloy properties through
the use of scandium (Sc) and erbium (Er), our study incorporates Sc and Er into the welding
wire to examine their impact on welding quality. The results show that the introduction
of Er and Sc results in grain refinement from 47 μm to 29 μm and 31 μm, respectively.
Grain refinement is mainly attributed to the heterogeneous nucleation of submicron-sized,
coherent Al3Er and Al3Sc phases with L12 structure. The ultimate tensile strength (UTS),
fracture elongation EI [%], and microhardness of joints welded with Er-containing and Sc-
containing filler wires exhibit significant enhancements due to the refinement strengthening
and dispersion strengthening. Joints welded with the filler wires containing Er and Sc
display reduced corrosion current density and higher corrosion potential. The enhanced
corrosion resistance comes from the formation of a denser oxide film and the equilibrium in
the potential difference between the precipitated phases (Al3Er and Al3Sc) and the matrix.
Filler wires containing Er and Sc have almost similar effects on improvements of the MIG
welding joints.

Keywords: MIG welding; Er; Sc; mechanical properties; corrosion resistance

1. Introduction

Scandium (Sc) and zirconium (Zr) are commonly added to aluminum–magnesium
alloys to enhance their mechanical properties through the formation of core–shell Al3(Sc,Zr)
phases, which act as effective strengthening agents [1–3]. However, the high cost of scan-
dium has prompted the search for more economical alternatives. Neodymium (Er) has
emerged as a promising substitute, forming similar core–shell Al3(Er,Zr) phases that offer
comparable benefits, including grain refinement, recrystallization inhibition, and precip-
itation strengthening [4–8]. The application of aluminum alloys in shipbuilding heavily
relies on effective joining techniques. Fusion welding methods, such as metal inert gas
(MIG) and tungsten inert gas (TIG) welding, are widely used for joining 5000 series alu-
minum alloys [9,10]. In particular, MIG welding provides deep penetration, high deposition
rates, and enhanced production efficiency, making it suitable for welding thicker plates
(thickness ≥ 1.6 mm) [11,12]. The corrosion resistance of 5000 series aluminum alloy welds
is a critical factor in their application, particularly in marine environments. The primary
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failure mechanisms of these alloys are often associated with localized corrosion, such as
pitting and intergranular corrosion (IGC), which can be exacerbated by microstructural
inhomogeneities introduced during the welding process [13,14]. The presence of intermetal-
lic compounds also strongly influences the electrochemical behavior of the alloys [15,16].
Recent studies have emphasized the importance of controlling the microstructure to en-
hance the corrosion resistance of 5000 series aluminum alloys. For instance, the addition of
scandium has been shown to significantly reduce IGC susceptibility by altering the distri-
bution and morphology of intermetallic phases, hindering recrystallization, and reducing
continuous precipitation [17,18]. Furthermore, the use of optimized welding parameters
can modify the distribution of grain boundary phases, affecting the intergranular corrosion
resistance of different regions and thereby improving the overall corrosion resistance of
the weld [16].

The selection of appropriate welding filler materials is crucial for achieving high-
quality welds. However, research on welding filler materials for 5000 series aluminum
alloys, particularly those containing scandium or neodymium, remains limited. In this
study, three types of welding filler wires—Al-Mg-Mn-Zr, Al-Mg-Mn-0.2%Sc-Zr, and
Al-Mg-Mn-0.2%Er-Zr—were designed for the MIG welding of cold-rolled Al-Mg-Mn-Er-Zr
plates with a thickness of 4 mm. By examining the interactions between microstructural
characteristics and corrosion, the effects of adding scandium and neodymium to the weld-
ing filler materials on the microstructure, mechanical properties, and corrosion resistance
of Al-Mg-Mn-Er-Zr welds were systematically investigated.

2. Materials and Methods

The base metal and three filler wire materials (Wire-1: Al-Mg-Mn-Zr filler wire, Wire-2:
Al-Mg-Mn-Er-Zr filler wire, Wire-3: Al-Mg-Mn-Sc-Zr filler wire) were sourced from North-
east Light Alloy Co., Ltd. (Harbin, China). Their compositions were determined via
inductively coupled plasma–atomic emission spectroscopy(ICP-AES), as listed in Table 1.
Prior to conducting MIG welding, we cut the sample using wire cutting, polished it with
metallographic sandpaper of varying particle sizes, and then polished it with water on
a PG-1A polishing machine. Subsequently, the surface of the sample was corroded with
Keller’s reagent, the surface was cleaned sequentially with purified water and anhydrous
ethanol, and finally, it dried quickly with a hair dryer. During the MIG welding process,
pure argon gas was used as shielding gas. MIG welding was executed on the butt of the
cold-rolled Al-6Mg-0.8Mn-0.2Er-0.15Zr plates with a thickness of 4mm, with the welding
direction perpendicular to the rolling direction, As shown in Figure 1, through welding
wire overlay experiments [19], the welding current and welding speed were explored, and
the final welding parameters obtained are shown in Table 2.

Figure 1. Welding wire performance test diagram.

65



Metals 2025, 15, 287

Table 1. Chemical compositions (wt%) of the BM and filler wires.

Mg Mn Sc Er Zr Al

Wire-1 5.7 0.83 - - 0.15 Bal.
Wire-2 5.9 0.78 - 0.19 0.16 Bal.
Wire-3 6.2 0.76 0.23 - 0.19 Bal.

BM 6.1 0.81 0.2 0.15 Bal.

Table 2. Welding parameters.

Parameter Value

Welding current (A) 110
Welding voltage (V) 17.3

Welding speed (mm/s) 0.5
Weld width (mm) 1.2

Wire diameter (mm) 1.2
Shielding gas Ar

Gas flow (L/min) 12

All the specimens were gained from the central region of the joint and perpendicular
to the weld seam. For metallographic observations, the samples were etched for 15 s
using Keller’s reagent solution (2.5HNO3:1.5HCl:1HF:95H2O) and were observed using an
optical microscope (OM, LEICA DM IRM, Leica Microsystems GmbH, Wwtzlar, Germany).
The microstructures and fracture surfaces of the joints were observed using a scanning
electron microscope (SEM, Quanta-200, Thermo Fisher Scientific, Hillsboro, OR, USA) and
a transmission electron microscope (TEM, JEM-2100 EX, JEOL Ltd., Tokyo, Japan), both
equipped with energy-dispersive X-ray spectroscopy (EDS, EDAX Genesis, EDAX Inc.,
Princeton, NJ, USA).

The mechanical properties of MIG-welded joints were tested using a universal testing
machine (WDW 3050, Cangzhou Zhongke Beigong Test Instrument Co., Ltd., Cangzhou,
China). Tensile specimens were perpendicular to the weld seam, with the weld axis posi-
tioned at the midpoint of the parallel section of the specimen. Tensile testing was conducted
at a rate of 0.5 mm/min, and an average value was obtained from five parallel tests. Mi-
crohardness measurements were performed using an microhardness tester (HXS-1000Z,
Guiyang Milite Instrument Co., Ltd., Guiyang, China), with a load of 0.98 N and a dwell
time of 15 s. Measurements were taken at 1 mm intervals from the center of the weld seam
towards both sides.

The corrosion resistance of the welded joints was tested using an electrochemical
workstation (Im6/Im6ex). For the electrochemical measurements, a saturated calomel
electrode, platinum sheet, and the specimens served as the reference electrode, auxiliary
electrode, and working electrode, respectively, while a 3.5% NaCl (by mass) solution was
utilized as the electrolyte. During the polarization curve test, the open circuit potential was
initially determined. Subsequently, the upper and lower limit potentials were set at ±0.3 V
relative to the open circuit potential. A scan rate of 0.1 mV/s was employed to generate
Tafel curves, from which corrosion current density and corrosion potential were derived
through curve fitting. Each sample required 3 separate samples to be tested, and a total of
9 samples were tested.

3. Results and Discussion

3.1. Macroscopic Observation of Weld Seam Formation

Figure 2 illustrates the surface morphology of the weld seams on both the front and
back sides of the butt MIG-welded joints. Subject to identical welding process parameters,
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the quality of the weld seams remains consistent. On the front side, uniform and finely
detailed fish-scale patterns are evident, while on the back side, there is ample weld penetra-
tion, resulting in the creation of teardrop-shaped weld pools. This morphology shows that
it allows single-side welding with double-sided formation, producing welds characterized
by density, esthetic appeal, minimal spatter, and narrow weld bead widths. The back side
of the weld seam displays complete fusion, devoid of any discernible defects such as weld
cracks and incomplete fusion or biting edges. These observations attest to the stability of
the welding process and the high-quality formation of the weld seams.

Figure 2. Surface morphology of welded joints: (a) Wire-1; (b) Wire-2; and (c) Wire-3.

3.2. Microstructure Observation

Figure 3a illustrates the low-magnification microstructure of the Wire-2 joint, which
can be primarily divided into four typical regions: the base metal region (BM), the heat-
affected zone (HAZ), the fusion zone (FZ), and the welding zone (WZ). In the BM, a fibrous
structure resulting from rolling remained. Aluminum alloys containing Er and Zr can form
numerous fine Al3(Er,Zr) particles during the welding process. These nanoscale particles
effectively suppress recrystallization [20], resulting in the retention of more deformation
structures during welding. The HAZ exhibits a microstructure with partial recrystallization
due to the influence of the welding heat input, resulting in relatively coarser fibrous struc-
tures [21]. During welding, the temperature gradient typically leads to higher temperatures
at the center of the weld. A transitional region, known as the fusion zone, is located between
the welding zone (WZ) and the heat-affected zone (HAZ). It is characterized by grains
with a distinct crystallographic orientation that extends from the welding zone towards
the heat-affected zone. These grains form elongated structures with non-uniform sizes.
The morphologies of the welding joints for the three types of welding wires are similar;
therefore, only the low-magnification microstructure of the Wire-2 joint is presented here.
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Figure 3. Optical microstructure of cross-section of welded joint: (a) appearance of welded joint of
Wire-2; (b) WZ of Wire-1; (c) WZ of Wire-2; and (d) WZ of Wire-3.

Figure 3b–d depict the metallographic microstructures of the welding zones in the
joints of Wire-1, Wire-2, and Wire-3, respectively. They all exhibit typical cast microstruc-
tures characterized by equiaxed grains. However, there are significant variations in grain
size. All the samples were treated by electrolytic polishing and then observed by SEM, as
shown in Figure 4. According to the calculations using IPP software (Image-Pro Plus 8.0),
the Wire-1 joint exhibits the largest grain size, approximately 47 μm. In contrast, the joints
with Wire-2 and Wire-3 have comparable grain sizes, approximately 29 μm and 31 μm,
respectively. This discrepancy in grain size can be attributed to the incorporation of Er
and Sc in Wire-2 and Wire-3. The presence of these elements in the welding wires leads
to the formation of Er-containing and Sc-containing phases within the weld zones, which
promote nucleation in the joints [22].

The presence of fine equiaxed grains, particularly within the welding zone (WZ), is
predominantly attributed to the elevated cooling rates during welding. The rapid cooling
process, facilitated by the high thermal conductivity of the base metal (BM) and the plentiful
and non-uniform nucleation sites offered by the weld pool’s edges, foster grain refinement.
These refined grains hinder the growth of dendrites, accounting for the absence of dendritic
structures in the WZ.

Figure 5 depict SEM images (back-scattered electron image) of the weld zone for the
joints. The EDS results corresponding to points 1 to 9 in Figure 5 are presented in Table 3.
Bright regions in Figure 5 indicate an enrichment of higher atomic weight elements, while
dark regions represent the α-Al matrix. The results reveal that the black, granular second
phase corresponds to the Mg-Si phase, the light gray, blocky second phase corresponds to
the Al-Mn-Fe phase, and the bright white granular and lamellar second phases correspond
to the Al-Mg phase, which precipitates along grain boundaries. Figure 6 shows the energy
spectrum of the SEM image in Figure 5c. From this figure, the enrichment of various
elements at the joint of Wire-3 can be observed, which is consistent with the inferred
elemental composition in Table 3. Since the compositions of the three welding joints are
similar, only the EDS image of Wire-3 is presented.
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Figure 4. Secondary electron morphology in WZ of different welded joints: (a) Wire-1; (b) Wire-2;
and (c) Wire-3.

 

Figure 5. Back-scattered electron images for the WZ of welded joints: (a) Wire-1; (b) Wire-2;
and (c) Wire-3.

In the weld zones of the joints, the geometric shapes and distribution of these second
phases are largely consistent. Since the three filler wires have almost the same composition
and the same welding parameters are used, the phase compositions in the weld zone are
identical. Due to the smaller size of the precipitates formed by Er and Sc elements, they
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could not be observed with SEM microscopy and were further examined in the subsequent
TEM analysis.

Table 3. Chemical composition of points in Figure 5 (at.%).

Point Mg Al Si Mn Fe Zr Inferred Phase

1 48.99 29.00 22.01 0 0 0 Mg2Si, Si
2 1.17 81.85 0 8.80 8.18 0 Al6(Mn,Fe), Al6Mn
3 23.39 76.61 0 0 0 0 Al3Mg2, Al12Mg17
4 39.63 40.71 19.66 0 0 0 Mg2Si, Si
5 0.82 82.50 0 9.21 7.47 0 Al6(Mn,Fe), Al6Mn
6 33.79 66.21 0 0 0 0 Al3Mg2, Al12Mg17
7 39.15 43.86 16.99 0 0 0 Mg2Si, Si
8 1.12 84.85 0 7.43 6.60 0 Al6(Mn,Fe), Al6Mn
9 35.33 64.67 0 0 0 0 Al3Mg2, Al12Mg17

Figure 6. Energy spectrum of the SEM image in Figure 5c.

The existence of Sc and Er triggers eutectic reactions during the solidification of the
welding zone, resulting in the formation of submicron-sized Al3Sc and Al3Er phases. These
phases play a pivotal role in facilitating the precipitation of solute atoms, thereby providing
heterogeneous nucleation sites for subsequent solidification processes. This mechanism
effectively refines the dendritic structure of the weld while simultaneously inhibiting
excessive grain growth, thus achieving fine-grain strengthening in the weld zone.

We utilized an electric discharge wire-cutting machine to slice the test sample into thin
sections measuring 5 mm × 5 mm × 1 mm. Subsequently, we polished these thin sections
with 320 and 2000-grit sandpaper until they were less than 35 μm thick, ensuring uniformity
in thickness. We employed the Gatan 695 C ion-thinning instrument to further refine the
transmission sample. Prior to thinning, we used a punch to create and cut out a circular
piece with a 3 mm diameter. The ion thinning process involves initially thinning the sample
at a large angle (8◦) and high voltage (3 eV) for 1–2 h. Once a hole was formed in the sample,
we decreased the angle to 6◦ and the voltage to 3.5 eV, continuing for approximately 0.5 h.
Finally, we reduced the angle to 3◦ while maintaining the voltage at 3.5 eV and thinned
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this for an additional 10–20 min to achieve a transparent sample. Microstructural changes
within the weld zones of joints between Wire-2 and Wire-3, stemming from the introduction
of Er and Sc, were meticulously examined via transmission electron microscopy (TEM),
as shown in Figures 7 and 8. Although Al3(Sc,Zr) and Al3(Er,Zr) particles inherently
possess high-temperature stability and relatively elevated melting points (approximately
1320 ◦C), it is noteworthy that these particles tend to become coarser during the welding
process, primarily due to the temperatures reaching up to 1200 ◦C at the core of the
weld [23]. Consequently, the Al3(Sc,Zr) and Al3(Er,Zr) particles undergo a transition from
the nanoscale to the submicron scale. Detailed observations from Figures 7 and 8 reveal that
the size of the Al3Sc and Al3Er phases within the weld zones of joints are approximately
200 nm, with no presence of other nanoscale particles [24]. Conventionally, within the
context of MIG welding, alloying elements tend to dissolve into the aluminum matrix, and
the rapid cooling rates prevalent in this process yield only limited solute precipitation from
the matrix, subsequently forming new phases. TEM diffraction patterns unambiguously
confirm that the precipitated phases indeed correspond to Al3Sc and Al3Er, showcasing a
characteristic L12 structural arrangement. Due to the almost identical lattice structure of
Al3Sc, Al3Er, and α-Al, the discrepancy between the lattice parameters is about 1.5% [25].

 
Figure 7. HADDF-STEM image of the Wire-2 weld zone and its element mapping and diffraction
pattern of this region with Al3Er stripes.

In summary, natural air cooling fosters the formation of fine equiaxed grains within
the weld zone, and the introduction of Er and Sc elements in the form of submicron
Al3Sc and Al3Er phases further refines the grains [26]. Furthermore, it is noteworthy that
the geometric characteristics of grains within the fusion zone (FZ) remain significantly
influenced by the welding thermal cycles.
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Figure 8. HADDF-STEM image of the Wire-3 weld zone and its element mapping and diffraction
pattern of this region with Al3Sc stripes. The yellow circles highlight the Al3Sc phases.

3.3. Mechanical Properties

During MIG welding, the three types of welding wires are melted by the electrode
and solidified on the adjacent workpiece, resulting in the formation of the weld joint [19].
Figure 9 illustrates the microhardness distribution of MIG-welded joints. The trends in
hardness variation were generally consistent across the three groups of joints and exhibited
symmetry along the center of the weld. It is apparent that MIG-welded joints comprise
the welding zone (WZ), heat-affected zone (HAZ), and base metal (BM). The BM typically
exhibits a coarse-grained structure due to the rolling process. The presence of fine Al3(Er,Zr)
precipitates in the BM helps to pin dislocations and sub-grain boundaries, resulting in a
high microhardness (approximately 126 HV) and good mechanical strength. The HAZ
experiences partial recrystallization due to thermal cycling during welding, leading to a
gradient microstructure with coarser grains near the BM and finer grains near the WZ.
The fibrous structure in the HAZ is retained due to the suppression of recrystallization
by Al3(Er,Zr) precipitates. The HAZ exhibits a gradual transition in microhardness, with
values lower than the BM but higher than the WZ.

In the weld zone, the average microhardness of joints with Wire-2 and Wire-3 is quite
similar and significantly higher than that with Wire-1, measuring approximately 82 HV.
In contrast, the average microhardness of Wire-1 joints in the weld zone is approximately
78 HV. Within the weld zone of Wire-2 and Wire-3 joints, fine equiaxed grain structures
dominate. Furthermore, the precipitated Al3Er and Al3Sc phases provide numerous sites
for heterogeneous nucleation, refining the grains during the solidification of the welding
melt. Consequently, under the same MIG welding parameters, the weld zone hardness
of the joint with Wire-1 is lower than that with Wire-2 and Wire-3. As the welding heat
input remains consistent under the same welding parameters, the heat-affected zone (HAZ)
width is nearly identical among the three welded joints, resulting in similar hardness values
in this region.
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Figure 9. Distribution of microhardness in three kinds of welding wire joints.

In the center of the weld zone, the absence of precipitated Al3(Er,Zr)/Al3(Sc,Zr) parti-
cles, along with the strengthening effects of substructures and deformation, collectively
contribute to the lowest microhardness values observed in this region. As depicted in
Figure 3, it is evident that there is a gradual transition from fine equiaxed grains to fi-
brous structures. Consequently, a recovery in microhardness can be observed, which is
attributed to fine grain strengthening and work-hardened states. The high-melting-point
Al3(Er,Zr)/Al3(Sc,Zr) particles in the base metal do not undergo aggregation or coarsening
even when exposed to the elevated temperature of MIG welding. They persist in pinning
dislocations and sub-grain boundaries. Consequently, the heat-affected zone is primarily
composed of fibrous structures, although some small, recrystallized grains are observed
near the fusion line.

The tensile stress–strain curves for joints are presented in Figure 10. To facilitate a
more direct comparison of the tensile properties of joints, specific values for ultimate tensile
strength and fracture elongation are listed in Table 4.

 

Figure 10. Tensile stress–strain curves of three kinds of wire-welded joints.
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Table 4. Mechanical properties of three kinds of welded joints.

Samples Tensile Strength (MPA) Elongation (%)

WIRE-1 261 ± 6 12.8 ± 0.3
WIRE-2 287 ± 6 14.8 ± 0.3
WIRE-3 286 ± 6 14.9 ± 0.3

The fracture locations of the tensile specimens are all within the weld zone. In the
base metal, coherently distributed Al3(Er,Zr) particles are uniformly dispersed within the
matrix, resulting in fine microstructures and significant strengthening effects. In contrast,
in the weld zone, work-hardening effects are absent. Additionally, most of the major
alloying elements are dissolved within the supersaturated solid solution of Al, with only
small quantities of precipitated Al3Er and Al3Sc phases in the joints with Wire-2 and
Wire-3. Consequently, considering the strengthening effects of Al3(Er,Zr) particles through
deformation and precipitation, the hardness of all joints is lower than that of the base
metal (BM). The tensile properties of the joints are closely related to their grain size. The
well-known Hall–Petch equation describes the contribution of grain size to yield strength,
with a smaller grain size resulting in higher yield strength. The fine-grained structure of
the WZ enhances the mechanical properties through the Hall–Petch effect, where smaller
grain sizes lead to higher yield strength. The WZ of Wire-2 and Wire-3 joints exhibits higher
microhardness (approximately 82 HV) and superior tensile strength (287 ± 6 MPa and
286 ± 6 MPa, respectively) compared to Wire-1 joints (78 HV and 261 ± 6 MPa). The fine
equiaxed grains also contribute to improved ductility, as evidenced by the higher fracture
elongation (14.8 ± 0.3% and 14.9 ± 0.3% for Wire-2 and Wire-3, respectively) [27–29]. These
results indicate that the mechanical performance of joints with Wire-2 and Wire-3 is quite
similar and superior to that of joints with Wire-1.

Figure 11 provides high-magnification micrographs of the fracture surfaces of tensile
specimens from the joints. The fracture surfaces of all joints are predominantly composed
of numerous dimples without prominent cleavage facets or quasi-cleavage features. This
behavior is indicative of a typical ductile fracture, highlighting the good plasticity of the
joints, with fracture elongations exceeding 10%.

 

Figure 11. SEM micrographs of fracture surfaces of tensile samples: (a) Wire-1-welded joint;
(b) Wire-2-welded joint; and (c) Wire-3-welded joint.
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3.4. Corrosion Resistance

The corrosion resistance of aluminum alloys primarily relies on the presence of a
passive oxide film on the surface and its capacity for self-repair when it is disrupted. To
investigate the influence of the weld zone on the corrosion resistance of joints, the corrosion
morphology of the samples in a 3.5% NaCl (by mass) solution and their electrochemical
polarization curves were obtained, as illustrated in Figure 12. Employing electrochemical
analysis software (CHI760E Electrochemical Testing Software), the self-corrosion potential
and corrosion current density of the three welded joints were determined and are presented
in Table 5. It is noteworthy that the corrosion current density for joints welded with
Wire-1 is 9.266 × 10−7 A/cm2, accompanied by a corrosion potential of −0.683 V. In
contrast, the joints welded with Wire-2 and Wire-3 display corrosion current densities of
8.642 × 10−7 A/cm2 and 8.775 × 10−7 A/cm2, coupled with the corrosion potentials of
−0.646 V and −0.650 V, respectively. It can be seen from the corrosion morphology that the
corrosion area and corrosion depth of the welded joints after adding Er or Sc elements are
greatly reduced.

Figure 12. Corrosion morphology of different welded joints: (a) Wire-1; (b) Wire-2; (c) Wire-3; and
(d) polarization curves of different welded joints.

Table 5. Electrochemical parameters of different WZs in wire joints were obtained from polarization
curves immersed in 3.5% NaCl solution (by mass).

Sample Ecorr (mV vs. Ag/AgCl) Icorr (A cm−2)

Wire-1 −683 9.266 × 10−7

Wire-2 −646 8.642 × 10−7

Wire-3 −650 8.775 × 10−7

Considering that Wire-2 and Wire-3 incorporate Er and Sc elements, the corrosion
current density diminishes while the corrosion potential rises. In accordance with the
connection between potential and equilibrium constants, an upward shift in the corro-
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sion potential, specifically a reduction in its absolute value, correlates with a decrease
in the equilibrium constant of the corrosion reaction. Consequently, corrosion reactions
become less favorable. The corrosion current density is associated with the corrosion rate
as follows [30]:

CR (mm/year) = 3.27
M
nρ

· icorr × 10−3

The formula demonstrates a general relationship between the metal corrosion rate and
corrosion current density (μA/cm2). In the equation, M represents the atomic weight of the
metal atoms (g/mol), n denotes the valency, i represents the current density, and ρ signifies
the density of the alloy (g/cm3). For the aluminum matrix, the numerical value of A/nρ is
3.33 cm3/mol. Substituting this value into the above equation reveals that the corrosion rate
of Wire-1, Wire-2, and Wire-3 is 1.009 × 10−8, 9.411 × 10−9, and 9.555 × 10−9 mm/year
respectively. The addition of rare earth elements Er and Sc significantly reduces the
corrosion rate of the welded joint.

The principal reason for the corrosion resistance of aluminum alloy surfaces is the
presence of a protective Al2O3 film. The incorporation of Er and Sc leads to the formation of
composite Er-Al and Sc-Al oxide films within the interstices of Al2O3 [31,32]. The positions
occupied by Er and Sc enhance the binding energy for Al-O, resulting in a denser surface
oxide film with greater stability, effectively suppressing cathodic reactions. Additionally,
the addition of Er and Sc significantly refines the grain size in the weld zone, with the
reduction in grain size contributing to a decrease in pinhole density on the oxide film
surface. Accordingly, the addition of Er and Sc reduces the corrosion current density
and raises the self-corrosion potential in the weld zone. Rare earth elements affect the
properties of the oxide film on the surface of aluminum alloy, making the oxide film denser
and preventing the dissolution of aluminum ions, so that the anodic dissolution reaction
becomes a rate-controlling reaction.

Inclusions, such as oxides and intermetallic phases (e.g., Al6(Mn,Fe)), act as prefer-
ential sites for corrosion initiation due to their higher electrochemical activity compared
to the α-Al matrix. These inclusions can lead to localized pitting corrosion, particularly
in chloride-containing environments. To mitigate this issue, the addition of Er and Sc in
the filler wires (Wire-2 and Wire-3) promotes the formation of Al3Er and Al3Sc phases.
These phases act as heterogeneous nucleation sites, refining the grain size and reducing the
grain boundary area. This refinement lowers the diffusion rate of corrosive media along
the grain boundaries, thereby enhancing the intergranular corrosion resistance of the alloy.
Additionally, the presence of Sc and Er further stabilizes the microstructure, contributing
to improved overall corrosion resistance. [17,18,33].

4. Conclusions

In this study, three different filler wires were employed for the MIG welding of 4 mm
thick Al-Mg-Mn-Er-Zr cold-rolled plates, investigating the influence of adding 0.2% Er
and 0.2% Sc to the filler wires on the microstructure, mechanical properties, and corrosion
performance of the welded joints. The main conclusions are as follows:

(1) All the joints exhibit excellent external appearance without defects. The additions
of Er and Sc refine the grains in the WZs from 47 μm to 29 μm and 31 μm, respectively.
This refinement is primarily attributed to the presence of submicron-sized Al3Er and
Al3Sc phases.

(2) The three weld joints possess ultimate tensile strengths of 261 ± 6 MPa, 287 ± 6 MPa,
and 286 ± 6 MPa and fracture elongations of 12.8 ± 0.3%, 14.8 ± 0.3%, and 14.9 ± 0.3%,
respectively. This improvement, due to the additions of Er and Sc, is mainly attributed to
the combined effects of refinement strengthening and dispersion strengthening.
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(3) The corrosion resistance of Al-Mg-Mn-Er-Zr alloy-welded joints is significantly
influenced by grain size, weld morphology, and the presence of inclusions. In the weld
zone (WZ), the fine-grained structure, achieved through the addition of Er and Sc, enhances
corrosion resistance by stabilizing the passive oxide film and reducing the susceptibility to
intergranular corrosion.

(4) With the addition of 0.2%, wire containing Er can effectively replace wires contain-
ing Sc, and has the advantage of low cost.
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Abstract: Electron beam welding (EBW) is one of the most highly precise methods that is gaining
more importance in high-strength structural steel (HSSS) thicker plate application in various vehicles,
construction industries, etc. Since it offers particular advantages over arc welding processes like
narrow welds, reduced heat-affected zone (HAZ), and low distortion, it inherits lower linear heat
input characteristics. The main purpose of this study is to analyze and compare the effect of localized
electron beam–post-weld heat treatment (LEB-PWHT) with that of an as-welded EB-welded S960QL
joint of a thickness of 12 mm for various joint and HAZ properties. LEB-PWHT can be beneficial
in terms of time saving, more local treatment, higher flexibility, energy saving, greater efficiency,
increased productivity, etc. In this study, LEB-PWHT was applied to an autogenous EB-welded
S960QL joint using a defocused beam. Microstructural characteristics were observed through light
optical and scanning electron microscopy (SEM) while mechanical properties, including microhard-
ness, tensile strength, bending, and Charpy V-notch (CVN) impact test, are compared in as-welded
and LEB-PWHT joints. The microstructural results showed that the EBW coarse-grain heat-affected
zone (CGHAZ) consists of martensite, while the PWHT weld metal contains tempered martensite
with carbide precipitates. The fine-grain heat-affected zone (FGHAZ) of EBW exhibits a martensitic
and bainitic microstructure, whereas the FGHAZ of the PWHT joint exhibits equiaxed grain with
finely dispersed carbides. The hardness decrease after LEB-PWHT in the weld metal and HAZ was
approximately 23% and 21%, respectively. An increase in tensile strength (3%) was observed in the
LEB-PWHT joints (1082 MPa) compared to the EBW joint (1051 MPa). Both tensile and bending
tests demonstrated improved ductility behavior after PWHT. However, the impact test at −40 ◦C
indicated a reduction in toughness in the weld metal of LEB-PWHT (27 J) compared to EBW (63 J).

Keywords: electron beam welding; S960QL; local electron beam–post-weld heat treatment;
microstructural characterization; mechanical properties

1. Introduction

High-strength steels (HSSs) are widely used in today’s steel structural applications
due to various factors such as sustainability, climate change, and higher weight reduction
with increased strength [1,2]. To meet these requirements, several researchers are looking
for an efficient method of producing HSSs with increasing strength and toughness using
new manufacturing methods, the careful selection of alloy content, or a combination of both.
For various delivery conditions of high-strength structural steels (HSSSs), the following
technological processes are applied in their manufacturing: rolled (AR), normalized (N),
quenched and tempered (Q + T), and thermomechanically rolled (TM) [3]. Since the
introduction of the Q + T steel group in the 1970s, technological breakthroughs and rising
demand for HSSSs have resulted in considerable increases in yield strength. Today, the
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maximum yield strength has been increased to 1300 MPa by combining various alloying
materials and optimizing Q + T heat treatment methods [4]. The addition of alloying
elements to steels increases their strength and hardenability, which, in turn, increases
the risk of brittle fracture, especially if the optimal welding parameters are not used [5].
However, it should be noted that filler materials (FMs) are currently available in the
market with yield strengths of up to 1100 MPa, so for these extreme strength HSSSs, only
undermatching (UM) (approximately 15–20 percent) is available if it is permitted. S960QL
is more widespread in industrial applications like cranes [6], bridges, and constructional
equipment industries like bulldozers [4,7,8]. Until now, EN 10025-6 [9] has standardized
Q + T steel grades with yield strength grades up to 960 MPa, but the S1100 and S1300
grades are not included.

The main goal in the development of various HSSS is an overall “property package”
of very appealing mechanical properties, which has resulted in widespread adoption and
piqued the interest of several industries. However, it is important to use appropriate weld-
ing processes that can meet the weldability criteria, welded joint strength requirements,
etc. [10]. The wider applications of these steels would necessitate advancements in welding
and joining technology, as well as pre- and post-weld heat treatment processes. As a result,
the weldability study is critical, as it is one of the key technological characteristics of struc-
tural steels that is influenced by processing, carbon concentration, and alloying element
composition [11]. Difficulties arise in the welding of HSSSs due to their inhomogeneous
grain structures resulting from the refining method used in the production of the steels.
One of the most important points to consider for weldability in the case of these HSSSs is
the heat input (Q), which can be described with linear energy. If this value is too low, the
cooling rate of the welded joint may be too fast, resulting in cold cracks [12,13]. In the op-
posite case, a strong coarse-grain microstructure can form in the heat-affected zone (HAZ),
which decreases the strength and toughness features [14,15]. As a result, the welded joint’s
HAZ has a highly inhomogeneous microstructure and different mechanical properties than
the base material (BM). Higher hardness peaks and brittle parts formed locally in the HAZ
as a result of the thermal cycle can be sites of crack formation, especially when combined
with a sufficient diffusible hydrogen content [16]. Furthermore, the additional internal
stresses caused by welding, combined with the low deformability of HSSs, increase the
tendency of cracks to form.

So, the appropriate low linear heat input will be the best option, and the electron
beam welding (EBW) process is the most appropriate and unique technology under the
category of high-energy beam welding processes which encompasses several unparallel
benefits due to its owing characteristic features. Due to its high energy density, thicker
plates can be welded by the keyhole technique with full penetration without using filler
materials in a single pass. The use of this high-energy-density welding process not only
produces quality joints that perform their intended function, but it also reduces the area
influenced by heat, i.e., the HAZ, to achieve mechanical properties similar to the BM. It
has the ability to weld with extremely narrow HAZ, deep penetrated welds, and low heat
distortions [17–19]. This is a significant difference from the way arc welds fuse together
and is caused by the unique penetration mechanism of beam welding processes [20]. In
EBW, the cooling time from 800 ◦C to 500 ◦C (t8/5) is usually between 2 and 5 s due
to the high energy density, and the hardness peaks in the HAZ are even higher due to
the brittle martensite microstructure in the HAZ of HSSSs with yield strengths between
690 MPa and 1300 MPa and high carbon equivalent (CE) values [21]. Therefore, preheating
or post-weld heat treatment may be necessary to reduce HAZ hardness. Localized electron
beam–post-weld heat treatment (LEB-PWHT) can be effective in reducing the hardness
peaks across the HAZ sub-zones (coarse-grained heat-affected zone (CGHAZ), fine-grained
heat-affected zone (FGHAZ), and inter-critical heat-affected zone (ICHAZ)) [22]. LEB-
PWHT also induces microstructural change in the welded joint, which improves ductility
and reduces the risk of brittle fracture, increases the fatigue resistance [23], and improves
the impact toughness and tensile residual stresses (TRSs) [24]. However, its primary
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benefits include high purity, local PWHT, higher precision, energy saving, time saving,
flexibility, greater efficiency, and higher productivity [25]. The scientific novelty of this
work lies in its specialized investigation of LEB-PWHT on EB-welded S960QL steel, an
HSSS with limited prior research on this topic. This study uniquely examines how localized
EB-PWHT affects the microstructure and mechanical properties of S960QL, providing new
insights through microstructural characterization including hardness, tensile, bending, and
toughness tests. These findings fill a significant gap in the literature, contributing valuable
data and methodologies for optimizing localized EB-PWHT procedures and establishing
standards for HSSS applications.

In this study, an autogenous S960QL joint was produced by the EBW process, followed
by LEB-PWHT with a defocused electron beam. Mechanical and microstructural analyses
were conducted, and the results of PWHT-welded joints were compared with those of
EB-welded S960QL joints to evaluate the effects of localized heat treatment.

2. Materials and Methods

2.1. The Investigated Base Material

The base material DILLIMAX S965T, Dillinger, Dillingen, Germany (S960QL in stan-
dard EN 10025-6, quenched and tempered steel) with a plate thickness of 12 mm was used
for the experiments. The sample was tack-welded at a few positions along the weld length
by manual tungsten inert gas (TIG) welding. The chemical composition and mechanical
properties of the base material are presented in Table 1 and Table 2, respectively. The
mentioned details are from the material’s data sheet [26].

Table 1. Chemical composition of the investigated S960QL steel in wt%. Reprinted from Ref. [26].

C Si Mn P Cr Ni Mo V + Nb CEV/CET

≤0.20 ≤0.50 ≤1.40 ≤0.018 ≤0.90 ≤2.0 ≤0.70 ≤0.10 0.70/0.43

Table 2. Mechanical properties of the investigated S960QL steel. Reprinted from Ref. [26].

Material
Rp0.2

MPa
Rm

MPa
A5

%
CVN (at −40 ◦C)

J
HV0.1

S960QL ≥960 980–1150 12 ≥27 * 380
* Lab measurement data.

The carbon equivalent values for the S960QL base material are CEV = 0.70 and
CET = 0.43 (material certificate [26]). Figure 1a, 1b and 1c show scanning electron mi-
croscopy (SEM), inverse pole figure (IPF), and image quality (IQ) photos of the S960QL
base material (BM), respectively. The microstructure of the S960QL base material, as
received, is composed of tempered martensite (TM) and bainite (B).

 

Figure 1. Base material (S960QL) microstructure: (a) SEM (M = 10,000×), (b) IPF, and (c) IQ micro-
graphs (after 2% NITAL chemical etching).
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2.2. Welding Experiments
2.2.1. Electron Beam Welding

EBW and LEB-PWHT were performed in situ on a 12 mm thick plate by means of an
electron beam welding machine at the Lukasiewicz—Upper Silesian Institute of Technology,
Gliwice, Poland. The S960QL HSSs (compliance to EN 10025-6) plates with dimensions
of 350 mm × 150 mm × 12 mm in two pieces for a butt-welded (BW) joint were used.
EBW was performed in a vacuum with a chamber pressure of 1 × 10−4 mbar and a gun
pressure of 1 × 10−5 mbar. Before welding, joints were prepared carefully to avoid any
defects or misalignments. The joining surface was initially cleaned mechanically using
sandpaper and a steel wire brush to remove impurities, followed by cleaning with acetone
to remove any remaining residual particles. The EB-welded and LEB-PWHT joints are
shown in Figure 2a,b. Figure 2c,d show the thermal cycle measurement set-up and the
thermocouple arrangement on both the top and bottom surfaces.

 

Figure 2. (a) Electron beam welded joint; (b) LEB-PWHT joint; (c) clamping and thermocouples for
the thermal cycle on the top of the joint; (d) thermocouple arrangement on the bottom of the joint for
temperature measurement during the PWHT process.

The optimal parameters for EBW are presented in Table 3.

Table 3. EBW optimal parameters.

Steel Process Va (kV) Ib (mA) v (mm/s) db (mm)

S960QL EBW 140 28 10 0.3
Va = accelerating voltage; Ib = beam current; v = welding speed; db = beam diameter.

The measured cooling time (with thermocouple arrangement) at a distance of 1.55
mm from the weld center was found to be 2.24 s (Figure 3a). Welding was performed at a
speed (v) of 10 mm/s, an accelerating voltage (Va) of 140 kV, a beam diameter (db) of 0.3
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mm, and a beam current (Ib) of 28 mA. The linear heat input was calculated using Equation
(1) [27], with parameters provided in Table 3 and efficiency (η = 0.9) [28] as 0.353 kJ/mm.

Q = η
Va Ib

v
(1)

 

Figure 3. Thermal cycle: (a) EBW and (b) LEB-PWHT.

2.2.2. Local Electron Beam–Post-Weld Heat Treatment (LEB-PWHT)

LEB-PWHT was carried out with great care and special arrangements. In perform-
ing LEB-PWHT, a temperature of 550 ◦C was selected. According to the AWS [29], the
maximum allowable heat treatment temperature for quenched and tempered steels is
600 ◦C. Zhao et al. [30] mentioned in their study that normal-strength steel heat treatment
temperatures range from 600 to 650 ◦C. During the heat treatment of steels, the maximum
soaking or holding temperature and the soaking or holding time at the maximum soaking
temperature are the two most important factors that would influence the final mechanical
properties of the steel under heat treatment [31]. In this study, a soaking time of 10 min was
selected for LEB-PWHT. The heat treatment cycle for LEB-PWHT is shown in Figure 3b.
To measure the heating temperature at full penetration, thermocouples T2 and T3 were
welded at two different locations along the weld joint on the bottom of the plate. The
sample travel speed during LEB-PWHT (which corresponds to the welding speed during
the EBW process) was 12.5 mm/s. The detailed parameters for LEB-PWHT are presented
in Table 4.

Table 4. The local electron beam–post-weld heat treatment (LEB-PWHT).

Steel Process
Va,

(kV)
Ib,

(mA)
v,

(mm/s)
St,

(min)
Stemp,
(◦C)

S960QL LEB-PWHT 140 8 12.5 10 550
Va = accelerating voltage; Ib = beam current; v = sample travel speed; St = soaking time; Stemp = soaking
temperature.

For LEB-PWHT, an oscillating defocused beam (100 mA on focusing coil in relation
to the focus point above the surface) with a frequency of 20 Hz and a heating field of
40 mm × 40 mm with 200 × 200 points was used. The defocused beam current (Ibf)
for the LEB-PWHT process was 640 mA. During the PWHT process, a beam current of
12 mA (with a 140 kV accelerating voltage) was applied for the first 1200 s. The current was
then increased to 14 mA for the next 600 s. From 1800 s to 2600 s, the current was further
raised to 18 mA, which helped the material to gain the required temperature (550 ◦C)
faster. Following this, the beam current was reduced to 16 mA to maintain a temperature
of approximately 550 ◦C from 2600 s until the end, ensuring that the welded joint remained
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at this temperature for the entire heat treatment process (with a soaking time of 10 min).
Therefore, during the process, the sequence for the holding time and beam currents is as
follows: 0–1200 s → 12 mA; 1200–1800 s → 14 mA; 1800–2600 s → 18 mA; and 2600 s–end
→ 16 mA.

After welding and PWHT, the microstructural and mechanical properties of the EBW
joints were investigated. The samples for light optical microscopy (LOM) and scanning
electron microscopy (SEM) observations were sectioned transversely through the weld.
The sectioned samples were polished with SiC waterproof papers of 120, 400, 800, and
2000 ANSI grits, followed by a disk of 1 μm diamond paste. The specimens were then etched
for 10 s with 2% Nital (2% HNO3). The microstructural examinations were carried out using
an LOM (Axio Observer D1m, Zeiss, Oberkochen, Germany) and SEM (ThermoScientific
Helios G4 PFIB CXe, ThermoScientific, Walthum, MA, USA; Zeiss Evo MA10 Carl Zeiss
Microscopy GmbH, Jena, Germany). The microhardness tests were performed using KB
Prüftechnik KB50BVZ-FA (KB Prüftechnik, Hochdorf-Assenheim, Germany) automated
digital Vickers tester with a 100 gm (HV0.1) load and a 10 s dwell time in accordance with
EN ISO 9015-2 [32]. The hardness measurement was performed 5 mm below the top edge
of the specimen. Transverse (perpendicular to the welding direction) tensile tests on EB
welded and LEB-PWHT joints were conducted in accordance with the EN ISO 4136 [33]
standard. An MTS Criterion Model 64 (MTS Systems, Eden Prairie, MN, USA) machine
with a maximum capacity of 600 kN was utilized to load these specimens. The bending
tests were performed according to EN ISO 5173 [34]. The impact tests were performed
with a LabTest CHK 450J-I machine (Labortech, s.r.o., Rolnická, Opava, Czech Republic)
in accordance with the EN ISO 148-1 [35] and EN ISO 9016 [36] standards. Three samples
each of BM and weld metal were used to perform Charpy V-notch (CVN) impact tests
with dimensions of 10 mm × 10 mm × 55 mm, and the test was performed at −40 ◦C.
Specimens were incised in the weld metal.

3. Results and Discussion

3.1. Microstructural Tests

Figure 4a,b depict a typical light optical panoramic cross-sectional micrograph of
the S960QL EB-welded and PWHT joints, respectively, demonstrating the changes in
microstructure from the base material to the weld center throughout the weld (roughly in
the mid-thickness of the welded cross-section).

 

Figure 4. Light optical microscopic panoramic photo of BM, weld metal cross-section, and HAZ:
(a) EBW and (b) LEB-PWHT.

The microstructure of the weld metal for EBW exhibits finer and columnar characteris-
tics (Figure 4a), as evidenced by the faster cooling rate and subsequently shorter cooling
time (2.24 s) associated with the process involved. Marcell and András [37] investigated
the gas metal arc welding (GMAW) of Q + T steel (S960QL) and found that a linear energy
setting of 0.7 kJ/mm for filler passes leads to a longer cooling time (t8/5) limit of 5–6 s. The
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columnar grains grow from the fusion boundary in a direction parallel to and opposite to
the heat flow (Figure 4a). The solidification begins from the fusion boundary, adjacent to
BM, which acts as a heat sink and proceeds toward the weld center due to a preferential
growth mechanism, resulting in a columnar structure.

The light optical micrograph location taken on the transverse cross-section of the
welded joint of the EBW and LEB-PWHT processes is shown in Figure 5.

Figure 5. EBW and LEB-PWHT light optical micrograph location on the top and bottom face of the
transverse weld cross-section.

Figures 6a–f and 7a–f depict the light optical microstructure of the weld metal, HAZ,
and HAZ-BM interface for the top and bottom faces of the EBW and LEB-PWHT process
transverse cross-sections of the weld.

Figure 6a,d show that the weld metal in EBW exhibits a martensitic microstructure.
However, in LEB-PWHT, Figure 7a,d shows that the weld metal undergoes tempering of the
microstructure. In the HAZ, Figure 6b,e show a coarse, lath-like martensitic microstructure
with visible boundaries, while Figure 7b,e demonstrate that after LEB-PWHT, the HAZ
appears more homogenous and refined due to the tempering effect on the martensite. The
interface between the HAZ and BM under LEB-PWHT conditions, as seen in Figure 7c,f),
shows a smoother, less pronounced transition than in EBW, where Figure 6c,f, shows a
distinctive boundary between the HAZ and the BM.

The HAZ consists of four sub-zones, namely, coarse-grained HAZ (CGHAZ), fine-
grained HAZ (FGHAZ), inter-critical HAZ (ICHAZ), and sub-critical heat-affected zone
(SCHAZ) [38]. Figure 8 shows the SEM microstructure of the weld metal and CGHAZ, while
Figures 9 and 10 present SEM images illustrating the spot energy spectrum analysis at the
reference point (RP) and the carbide locations (C1 and C2) in the weld metal and CGHAZ
of the S960QL LEB-PWHT joint, respectively. In Figure 8c, the weld metal of the EBW
joint shows a martensitic structure, while the PWHT weld metal (Figure 8d) shows a more
equiaxed and uniform microstructure compared to the as-welded microstructure. Also,
carbide precipitation in the weld metal of LEB-PWHT is visible in Figure 9. Figure 8g shows
the martensitic microstructure of the CGHAZ of EBW and Figure 8h shows the tempered
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microstructure of the CGHAZ after heat treatment, which consists mainly of carbides.
The carbides appear very fine and evenly dispersed within the tempered martensite;
however, coarser carbide precipitation can also be observed along the lath boundaries
(Figures 8 and 10). As a result, the coarse carbides pose a risk to the material’s impact toughness.

 

Figure 6. S960QL, EBW, optical micrograph. Top: (a) Weld metal, (b) HAZ, (c) HAZ-BM. Bottom:
(d) Weld metal, (e) HAZ, (f) HAZ-BM. M = 500× (after 2% NITAL chemical etching).

 

Figure 7. S960QL, LEB-PWHT, optical micrograph. Top: (a) Weld metal, (b) HAZ, (c) HAZ-BM.
Bottom: (d) Weld metal, (e) HAZ, (f) HAZ-BM. M = 500× (after 2% NITAL chemical etching).

Figure 11 illustrates the SEM images of the FGHAZ and SCHAZ for both the EBW
and LEB-PWHT joints, while Figure 12 presents SEM images with spot energy spectrum
analysis at the reference point (RP) and carbide locations (C1 and C2) in the SCHAZ of the
S960QL LEB-PWHT joint. From Figures 8 and 11, it is evident that the grain sizes in the
CGHAZ are bigger than those in the FGHAZ of the EBW joint. In Figure 11, the FGHAZ of
EBW clearly shows a martensitic and bainitic microstructure, while the FGHAZ of PWHT
exhibits a martensitic structure with finely dispersed carbides and equiaxed grains. In

86



Metals 2024, 14, 1393

the case of EBW, the SCHAZ microstructure morphology appears more like spheroidal,
which can be attributed to the lower temperature of sub-critical range. However, after
PWHT, more finely dispersed carbide precipitates are observed alongside coarse carbides,
as shown in Figure 12.

 

Figure 8. S960QL SEM micrographs of normal EBW and LEB-PWHT specimens: (a,b) weld metal,
M = 1000×; (c,d) weld metal, M = 5000×; (e,f) CGHAZ, M = 1000×; and (g,h) CGHAZ, M = 5000×.

87



Metals 2024, 14, 1393

 

Figure 9. Energy spectrum analysis of S960QL LEB-PWHT joint. Weld metal SEM micrograph,
M = 2500×; reference point (RP) = EDS spot RP; carbide (C1) = EDS spot C1; carbide (C2) = EDS spot C2.

 

Figure 10. Energy spectrum analysis of S960QL LEB-PWHT joint. CGHAZ SEM micrograph,
M = 2500×; reference point (RP) = EDS spot RP; carbide (C1) = EDS spot C1; carbide (C2) = EDS
spot C2.

88



Metals 2024, 14, 1393

 

Figure 11. S960QL SEM micrographs of normal EBW and PWHT specimens: (a,b) FGHAZ,
M = 1000×; (c,d) FGHAZ, M = 5000×; (e,f) SCHAZ, M = 1000×; and (g,h) SCHAZ, M = 5000×.
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Figure 12. Energy spectrum analysis of S960QL LEB-PWHT joint. SCHAZ SEM micrograph,
M = 2500×; reference point (RP) = EDS spot RP; carbide (C1) = EDS spot C1; carbide (C2) = EDS
spot C2.

The energy spectra of the S960QL LEB-PWHT joint were evaluated using energy-
dispersive spectroscopy (EDS) for the weld metal, CGHAZ, and SCHAZ, as shown in
Figures 9, 10 and 12, respectively. EDS spot analyses were conducted at the reference points
(RP) in each zone and at two locations (C1 and C2) of carbide precipitates.

3.2. Hardness Test

The distribution of Vicker’s microhardness across the weld cross-section was examined
for both EBW and LEB-PWHT joints. The microhardness of the base material (S960QL)
was measured at 380 ± 10 HV0.1. The average measured hardness for the weld metal
along the width of the EBW and LEB-PWHT specimens (Figure 13) is 519 ± 35 HV0.1 and
399 ± 24 HV0.1, respectively. Figure 13a clearly depicts the decrease in the hardness values
after LEB-PWHT, and the overall average decrease is about 23%. The average measured
hardness for HAZ along the width of the EBW and LEB-PWHT specimens (Figure 13) is
473 ± 77 HV0.1 and 376 ± 28 HV0.1, respectively. This indicates a 21% decrease in hardness
for the LEB-PWHT specimen compared to the EBW specimen. In the case of EBW, higher
hardness was observed in the CGHAZ, i.e., 589 HV0.1, than in the BM because of the
martensitic microstructure obtained after welding thermal cycles. In the case of LEB-PWHT,
the maximum hardness was observed in the FGHAZ, i.e., 434 HV0.1. Figure 13b shows the
average hardness comparison between EBW and LEB-PWHT in the weld.
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Figure 13. S960QL, microhardness. (a) EBW and LEB-PWHT along the width, and (b) base material
average hardness, average hardness comparison between EBW and LEB-PWHT in the weld.

3.3. Transverse Tensile Test

In accordance with the minimum requirements specified in EN ISO 15614-11 [39],
two tensile test specimens were taken from both the EBW and LEB-PWHT joints. The load
was applied with a displacement rate of 0.2 mm/min. The specimens were milled and
etched in order to see the fracture along the welded specimens by viewing the weld metal
and HAZ from the welded plates. The tensile results for the EB-welded and LEB-PWHT
joints, along with their standard deviations, are summarized in Table 5.

Table 5. Tensile properties of EB-welded and LEB-PWHT joints.

Process Sample No.
Tensile Strength

(MPa)
Average Tensile
Strength, MPa

Std. Dev. Fracture Location

EBW
1 1048

1051 3.5
Rupture out of BM

2 1053 Rupture out of BM

LEB-PWHT
1 1086

1082 5.7
Rupture in weld metal

2 1078 Rupture in weld metal

The average tensile strength of the EBW and LEB-PWHT joints was 1051 MPa and
1082 MPa, respectively. A three percent increase in tensile strength was observed in the
LEB-PWHT joint compared to the EBW joint, as shown in Table 5. This slight rise in tensile
strength may be due to the refinement of the microstructures in the FGHAZ and the carbide
precipitation that occurred during the PWHT, as shown in Figures 8 and 11. It is also
important to note that the tensile strength of LEB-PWHT reached the higher end of the
strength range provided in the material’s certificate (Table 2).

3.4. Bending Test

The bending tests were performed according to EN ISO 5173 [34]. The 2-2 samples
were tested for the weld-face tensile bend test (FBB) and root-face tensile bend test (RBB)
for both EBW and LEB-PWHT. The diameter (100 mm) of bending mandrel was chosen for
A5 = 10% and L = 180 mm. The bending test results are presented in Table 6.

The required bending angle of 180◦ was achieved. Based on the experimental observa-
tions, no fracture or cracks were reported on test specimens.
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Table 6. Bend tests for the EBW and LEB-PWHT joints.

BM Process Sample No.
Bending Mandrel Diameter

(mm)
Fracture
Location

S960QL

EBW 96B1/FBB/1

100

No crack
EBW 96B1/FBB/2 No crack
EBW 96B1/RBB/1 No crack
EBW 96B1/RBB/2 No crack

LEB-PWHT 96HT/FBB/1 No crack
LEB-PWHT 96HT/FBB/2 No crack
LEB-PWHT 96HT/RBB/1 No crack
LEB-PWHT 96HT/RBB/2 No crack

3.5. Charpy V-Notch (CVN) Impact Test

According to EN 10025-6, the required minimum impact energy for S960QL steel is
27 J at −40 ◦C. The Charpy V-notch test was used to measure the toughness of the welded
joints at the base material’s guaranteed operating temperature [40]. The investigated BM
steel has a CVN absorb energy of 44 J, while for the EBW weld metal, it was measured
as 63 J. The comparison of the CVN results for the EBW and LEB-PWHT joints from the
investigated S960QL material is presented in Table 7.

Table 7. Measured CVN values of EB-welded and LEB-PWHT S960QL joints.

Zone S. No. CVN, J CVN, Avg.
Toughness,

J/cm2
Toughness (Avg.),

J/cm2 Remark

BM
1 46

44
61

55
-

2 36 46 -
3 46 58 -

Weld
metal

S. No. EBW PWHT EBW PWHT EBW PWHT EBW PWHT EBW PWHT

1 51 24
63 27

64 30
78 34

B * M *
2 68 26 85 33 B M
3 69 30 86 38 B M

* B = Brittle failure; M = Mixed mode failure.

The Charpy V-notch impact test results show that LEB-PWHT leads to a decrease in
the average toughness of the weld metal (27 J), which is approximately half the toughness
of the EB-welded joint (63 J). This decrease in toughness is attributed to the tempering of
the microstructure and carbide precipitation in the weld metal (Figures 8 and 9). Following
heat treatment, the CGHAZ exhibits a tempered microstructure, primarily composed of
fine, evenly dispersed carbides within the tempered martensite. However, coarser carbide
precipitates can also be observed along the lath boundaries (Figures 8 and 10), which may
pose a risk to the material’s impact toughness. Also, the weld metal impact test of EBW
indicates brittle fracture behavior in all the tested samples, whereas the weld metal impact
test of PWHT demonstrated mixed-mode failure.

4. Conclusions

The following conclusions can be drawn from our investigations and their findings:

(a) EBW results in a martensite microstructure in the weld metal, while LEB-PWHT
produces equiaxed and uniform grains with carbide formation in the weld metal. The
EBW CGHAZ predominantly consists of martensite, whereas the tempered martensite
in the PWHT CGHAZ contains both fine and coarse carbides. The EBW FGHAZ
exhibits martensitic and bainitic microstructures, while the PWHT FGHAZ shows
equiaxed grains with finely dispersed carbides.

(b) After LEB-PWHT, the average hardness of the weld metal and HAZ in the LEB-
PWHT joint decreased compared to the EBW joint, with values of 399 ± 24 HV0.1 and
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376 ± 28 HV0.1, respectively, compared to 519 ± 35 HV0.1 and 473 ± 77 HV0.1 in the
EBW joint.

(c) The tensile strength of the LEB-PWHT joint increased by 3% compared to the EBW
joint, and the bending test successfully met the required 180◦ bending angle without
fracture or cracks.

(d) After LEB-PWHT, a decrease in impact toughness was observed in the welded joint,
attributed to the tempering of the microstructure and carbide precipitation.

This study provides important direction for the future applications of the LEB-PWHT
technique across various fields that use high-strength structural steels. The LEB-PWHT
results demonstrated a reduction in hardness peaks in both the weld metal and HAZ, along
with an increase in tensile strength and good bendability. However, even if the CVN results
are under the as-welded values, these results are relevant because they were obtained
with an economical process and represent a robust property assessment for structural
applications. Additionally, these results may be further enhanced with the use of standard
post-weld heat treatment, along with optimized soaking temperature, soaking time, and
the proper size of the heating field.
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Abstract: There is much promise for creating metal organic framework (MOF) films on metal sub-
strates in fields including sensing and electrical conduction. For these applications, direct production
of MOF films with strong bonding on metal substrates is extremely desirable. In this study, a simple
one-step method without the need for additives or pre-modification is used to directly create zeolitic
imidazolate framework-8 (ZIF-8) films with strong bonding on zinc substrate. The formation mecha-
nisms of ZIF-8 film are analyzed. The strong bonding ZIF-8 film can be attributed to an in-situ grown
ZnO interlayer between the ZIF-8 and substrate. The growth process shows the formation time of
zinc oxide on the substrate, which is subsequently covered by ZIF-8 crystals. The ZnO interlayer
results from a combination of decomposition products of the solvent and the zinc ions. Furthermore,
the ZnO interlayer serves as a sacrificial precursor for the in-situ nucleation and continuous growth
of ZIF-8 film. It serves as an anchoring site between ZIF-8 film and substrate, resulting in strong
adhesion. This paper describes a simple and straightforward production process that is expected to
provide a theoretical basis for the laboratory preparation of ZIF films.

Keywords: ZIF-8 film; strong bonding; in situ fabrication; zinc substrate; ZnO interlayer

1. Introduction

A subclass of metal organic frameworks (MOFs) known as zeolitic imidazolate frame-
works (ZIFs) combines the special qualities of both zeolites and MOFs, including large
internal surface areas, high grades of crystallinity, permanent porosity, adjustable pore
sizes, and chemical and thermal stability [1]. More recently, ZIFs have demonstrated their
intriguing potential as novel functional materials by being used in energy storage [2],
sensors [3], optoelectronics [4], membrane separations [5], and catalysis [6]. It is more
advantageous to fabricate ZIF materials as films or membranes (rather than powders) for
use in these applications, as the former can help with the direct fabrication of ZIFs into gas
sensors [7–9], electronic devices [10], and other microelectronic devices, while the latter can
be used for gas separations [11–13].

Various MOF films or membranes that correspond to thin layers have been created
thus far using either in situ or secondary growth techniques on a variety of support
materials [14], including aluminum oxide [15], titanium dioxide [16], glass [17], organic
polymers, etc. [18–20]. Less research has been done on ZIF films or membranes synthesized
directly on metal substrates [21,22], which could be employed as sensors or electrodes in
electrochemical and electrical applications. Furthermore, it is still a challenge to directly
fabricate strong-bonding MOF films on metal substrates. The main handicap for directly
growing MOF films or membranes on metal substrates is weak interface adhesion and poor
heterogeneous nucleation sites [23–25]. Therefore, modification of the support surface with
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suitable functional groups like organosilanes, imidazole derivatives, dopamine, and metal
oxides became necessary to improve binding affinity or/and nucleation density. Compared
with organic functional, the inorganic modification layer is more favored because it not
only can enhance affinity and compatibility but also has strong thermal stability and
environmental friendliness. To enhance the binding strength of the MOF layer with the
substrate, modifying a metal substrate with metal oxide or hydroxide micro-nanostructures
is employed to promote MOF crystal nucleation because these structures can act as both
nucleation centers and anchor bars for film growth. For example, Falcaro and co-workers
fabricated HKUST-1 (Cu3(BTC)2) film on Cu substrate by converting pre-prepared copper
hydroxide coating into HKUST-1 [26]. This approach may be applied to four different MOF
films (Cu-BTC, Cu-BDC, ZIF-8, and MOF-5) on either a Cu or Zn substrate, as Kim et al.
found [27]. Li et al. also fabricated Co3(HCOO)6 membranes on a Co3O4-modified Ni foam
substrate [28]. Nevertheless, these strategies always involved a preceding oxidation step of
the metal substrate.

Recently, modified ZnO micro/nanostructures on substrates have been proven to be
an effective method for promoting ZIF film or membrane growth and enhancing binding
strength to the substrate. For example, a series of ZIFs (ZIF-8, ZIF-68, ZIF-71, and ZIF-78)
membranes were fabricated on porous ZnO or ZnO-modified α-Al2O3 substrates [29–36].
In these cases, the ZnO layer acts as a multifunctional role, inducing the nucleation for ZIF
crystals, providing the zinc source for Zn-based ZIFs films, and the anchorages between
the film and substrate. However, in most of the previous research, ZnO layer deposition
was completed via sol-gel and heating methods, resulting in an unstable ZnO layer and
complicated operation. Furthermore, activation of the ZnO layer is a non-negligible step
to create nucleated species for homogeneous nucleation and induce the growth of ZIF
crystals on the ZnO layer surface [37,38]. Therefore, to develop a facile and direct method
to fabricate strong-bonding ZIF films derived from ZnO layers on metal substrates is
highly desirable.

Here, a one-step solvothermal method was used to directly create a dense zeolitic
imidazolate framework-8 (ZIF-8) layer on a zinc substrate. In our strategy, DMF solution
only containing zinc ions and 2-methyl imidazolate (mim) ligands were used to synthesize
ZIF-8 film (schematically shown in Figure 1). During this one-step process, a hexagonal
plate-like ZnO interlayer was in situ constructed between the ZIF-8 crystal layer and
substrate, resulting in a separate ZnO preparation or/and activation process that was
omitted in previous reports. For the ZIF-8 film to nucleate and grow continuously, the ZnO
interlayer acted as a sacrificial precursor. It also acted as an anchoring site between the
ZIF-8 film and substrate, strengthening the stability of the film.

Figure 1. Schematic diagram of the in situ synthesis process of ZIF-8 film on zinc substrate.
(ZIF-8: gray means C, orange means N, blue means Zn, and white means H).
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2. Experimental

2.1. Materials and Methods

We bought 99.9% zinc foil with a thickness of 0.2 mm from Yi Tian Metal Products Co., Ltd.,
Shanghai, China. The chemicals that were employed were N, N’-dimethylformamide (DMF,
≥99.9%), 2-methylimidazole (mim), ethanol, and zinc nitrate hexahydrate. (Sinopharm
Chemical Reagent Co., Ltd., Shanghai, China, analytical grade).

2.2. Preparation of the ZIF-8 Film

As the substrate, 20 mm by 30 mm zinc foil was utilized. Before the synthesis began,
the zinc foil was cleaned by ultrasonically degreasing it in absolute ethanol for five minutes,
rinsing it with ultrapure water, and abrading it with emery papers rated 200, 400, and 800#.
In order to prepare the growth solution of ZIF-8 film grown in situ, 2-methylimidazole
and Zn(NO3)2 were dissolved in DMF solution and stirred magnetically for 10 min to
obtain mixed solution concentrations of 0.024 mol/L mim and 0.030 mol/L Zn(NO3)2.
A growth solution was made for the in-situ growth of ZIF-8 film by dissolving 0.0457 g
of 2-methylimidazole and 0.1812 g of Zn(NO3)2·6H2O in 20 milliliters of DMF solution.
First, clean Zn foil was positioned vertically in a stainless steel autoclave lined with Teflon,
and 20 milliliters of growth fluid were added. After that, the autoclave was covered with
a lid, kept at 150 ◦C for a predetermined amount of time, and then allowed to cool to
room temperature. Then, the Zn foil was removed and dried in air. For comparison,
the zinc foil was treated in a quite similar procedure, with methanol instead of DMF or
without 2-methylimidazole.

2.3. Characterization

The treated Zn foil surface’s morphological structures were investigated using scan-
ning electron microscopy (SEM, Hitachi S-4800, Tokyo, Japan). Utilizing an X-ray diffraction
machine (XRD, Rigaku D/MAX-2500PC, Tokyo, Japan), the phase constitutions were ex-
amined. Using Fourier transform infrared spectroscopy (FTIR, Nicolet iN10, Waltham, MA,
USA), the samples’ infrared spectra were examined. A Thermoelectron ESCALAB 250
X-ray photoelectron spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) was used
to analyze the samples’ surface chemical composition.

3. Results and Discussion

3.1. Synthesis and Characterization of ZIF-8 Film

Typical SEM pictures of the zinc foil following solvothermal treatment for 24 h are
given in Figure 2. The SEM image (Figure 2a) at low magnification shows that zinc foil
is growing a well-intergrown crystal layer. A higher magnification image of the treated
Zn foil (Figure 2b) shows well-formed crystal facets that some small polyhedral crystals
randomly distributed with a diameter of 1–3 μm. The cross-sectional view in Figure 2c
demonstrates that the film consists of intergrown crystals. The crystals penetrate inside
the substrate, making the boundary of the crystals and support very undistinguishable,
but a careful inspection still illustrates that the film is of thickness of about 40–50 μm.
The treated zinc foil’s typical XRD pattern is displayed in Figure 2d. In addition to the
prominent zinc substrate diffraction peaks, a portion of the remaining diffraction peaks (2θ
> 30◦) can be satisfactorily indexed to the wurtzite hexagonal ZnO structure, indicating
that the as-prepared film is primarily composed of ZnO and ZIF-8.

The XPS detection was used to look into the chemical condition and surface compo-
sition of ZIF-8 film. The O element and all ZIF-8 (C8H10N4Zn) characteristic elements,
such as zinc (coordinating metal), nitrogen, and carbon (imidazole linker), are visible in
the XPS survey spectrum (Figure 3a). Three components originating from adventitious
carbon (284.6 eV), C-N-C (286.2 eV), and C=C (288.6 eV) could be deconvoluted from the
C 1s high-resolution spectrum (Figure 3b) [39]. Two peaks can be identified in the N 1s
high-resolution spectrum (Figure 3c) for ZIF-8 film: a larger peak at 399.0 eV and a smaller
peak at 400.5 eV, which are attributed to the imidazole and secondary amine groups [22].
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DMF breakdown and a trace amount of uncoordinated methylimidazole linkers can pro-
duce secondary amines. The autoclaves of the former emit a distinct and powerful fishy
odor upon opening for each synthesis. Moreover, Zn2+ of the ZIF-8 is responsible for the
Zn 2p 3/2 and Zn 2p 1/2 peaks, which are located at approximately 1021.9 and 1044.9 eV,
respectively (Figure 3d) [40].

Figure 2. SEM of the zinc foil after solvothermal treatment for 24 h: (a,b) Top view and (c) cross-
section, (d) XRD patterns of the treated zinc foil.

 
Figure 3. XPS (Al Kα) spectra of the zinc foil after solvothermal treatment for 24 h: (a) survey, (b) C 1s,
(c) N 1s, and (d) Zn 2p.
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Furthermore, FTIR spectroscopy was used to investigate the ZIF-8 film’s distinctive
functional groups. Zn-N stretching bands exhibit a distinctive absorption peak at 418 cm−1,
as depicted in Figure 4. The mim ring’s out-of-plane and in-plane bending are attributed
to the bands at 600–800 cm−1 and 900–1350 cm−1, respectively [41,42]. The imidazole’s
whole ring stretching is situated between 1350 and 1500 cm−1 [41,42]. The methyl groups
from the mim linker’s aliphatic C-H stretching bands may be identified as the peak at
1310 cm−1, while the N-H bending vibration of mim is linked to the peak at 1543 cm−1 [43].
The spectral area of 2900–3200 cm−1 derives from the aliphatic and aromatic C-H stretching
of mim. The XRD and XPS results and this result match one another quite well. Therefore,
it can be concluded that ZIF-8 completely covers the ZnO layer.

Figure 4. FTIR spectra of the zinc foil after solvothermal treatment for 24 h.

3.2. Evolution of the ZIF-8 Film Formation

A number of operations with varying synthesis times (1 h, 3 h, 6 h, and 12 h) were
carried out in order to investigate the formation process of ZIF-8 film in this in-situ ap-
proach. After the reaction ran for one hour, the majority of the substrate was covered in
randomly distributed tiny protrusions on the zinc foil, as shown in the low-magnification
SEM image of the foil (Figure 5a). From the high-resolution SEM image (Figure 5b), the
protrusions show irregular polyhedron structure. After just 3 h, some cubes with truncated
edges with a diameter of 20 μm and a large number of hexagonal plate-like structures
with a diameter of 3–5 μm and a thickness of 0.50–1.4 μm are observed in Figure 5c and
d. As reported, the cube with truncated edges is a typical intermediate shape of ZIF-8
(Figure S1, in ESI) [44,45]. The plate-like structures are highly similar to ZnO prepared
without mim (Figure 7c). Furthermore, the elemental composition of different morphology
protrusions was tested by EDS, and elemental mapping of the sample confirmed that the
polyhedron was ZIF-8 crystal, whereas the hexagonal plate-like structure was ZnO (Figure
S2, in ESI). Furthermore, the elemental composition of different morphology protrusions
was tested by EDS, and elemental mapping of the sample confirmed that the polyhedron
was ZIF-8 crystal, whereas the hexagonal plate-like structure was ZnO (Figure S3, in ESI).
After just 6 h, a small amount of well-defined independent rhombic dodecahedral crystal
protrusions with an average size of 12–18 μm are obtained (Figure 5e), which is a stable
equilibrium morphology of ZIF-8 [46–49]. For the non-protuberant section between the
rhombic dodecahedral protrusions (Figure 5f), the small-sized (1–3 μm) interconnected
crystals and several hexagonal plate-like structures are obtained. After just 12 h, rhom-
bic dodecahedral crystals become larger and interdigitated with a diameter of 40–60 μm
(Figure 5g), and cross-linking small crystals become denser in the non-protuberant section
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(Figure 5h). When the reaction time was extended to 24 h, the lamellar structure disap-
peared completely and the polyhedron ZIF-8 was observed (Figure 5i). In addition, small
particles of polyhedral crystals have also been observed (Figure 5j). Based on the above
results, we can conclude that the hexagonal plate-like ZnO layer is preferentially grown
and a dense and crosslinked ZIF-8 crystal layer is obtained on the zinc substrate through
nucleation, evolution, and growth processes.

 

Figure 5. SEM images of zinc foil after the different treatment times: (a,b) 1 h, (c,d) 3 h, (e,f) 6 h,
(g,h) 12 h, and (i,j) 24 h.
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Additionally, the ZIF-8 film underwent time-dependent XRD testing, the results of
which are displayed in Figure 6. As seen in Figure 6 and Figure S3, weak characteristic
diffraction peaks of ZnO are detected just after 1 h of treatment. Moreover, the peaks
of ZnO are also observed for different synthesis times. These results indicate that zinc
oxide grows preferentially and is present throughout the process. It is noted that the
diffraction pattern of ZIF-8 is detected for the 6h sample, and the intensity is substantially
weaker compared with that of 12 h. This is because zinc ions competitively interacted
with hydroxyl groups and ligands to form ZnO and ZIF-8 in the case of an in situ process.
This outcome agrees with the SEM findings (Figure 5a). Furthermore, ZIF-8’s intensity
and degree of crystallinity grow steadily throughout reaction time. Thus, we can conclude
that the hexagonal plate-like ZnO is formed prior to the ZIF-8 crystals, then spontaneously
converts to ZIF-8, and is finally completely covered by ZIF-8 crystals.

Figure 6. XRD patterns of Zn foil after the different treatment times.

3.3. Effect of Solvent and Reactives on ZnO Formation

To probe the formation mechanism of ZnO, some comparative experiments were
carried out. When DMF is replaced by methanol alone, spherical ZnO with a diameter
of 0.5–5 μm is detected (Figure 7a,b, and Figure S4a in ESI). These findings suggest that
the ZnO layer’s shape and crystal growth direction are significantly influenced by the
solvent. The N 1s XPS high-resolution spectrum (Figure 3c) confirms that the amine was
created throughout the preparation process when these syntheses were carried out in DMF
without the inclusion of a mim linker. There was also a strong, distinct, fishy smell when
the autoclaves were opened. The amine may be attributed to dimethylamine decomposed
by DMF at the reaction temperature [50]. Moreover, the ZnO layer is formed on a zinc
substrate, which consists of a stacked hexagonal plate (Figure 7c,d, and Figure S4b in ESI).
This morphology is highly similar to the sample after treatment for 3 h with ligand. These
findings suggest that although the ligand aids in the growth of the ZnO layer, it is not
necessary for the ZnO layer to form. Additionally, the ligand (mim) also facilitated this
process, as confirmed by Carreon et al. [51] due to its weak alkaline (pKb = 7.75) [52].
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According to Carreon et al. [51], the mim might function as an organic amino group catalyst
that encourages ZnO production. The morphology of the synthesis gel takes on the shape
of a hexagonal plate when organic amino groups are added. Zinc oxide nanoplates, for
instance, have been created while hexamethylenetetramine and diethylenetriamine are
present [53–55].

Figure 7. (a) SEM image and (b) XRD patterns of zinc foil treated with the methanol-based protocol;
(c) SEM image and (d) XRD patterns of zinc foil treated with DMF-based synthesis without mim.

3.4. Formation Mechanisms of ZIF-8 Film

The direct manufacturing of MOF film on metal substrates at large geometrical scales
has been tried in a few prior investigations. But only three methods—(i) forming metal
oxide overlayer on metal substrates via an earlier oxidation step [27], (ii) adding oxidation
reagents in the synthesis solution to oxidize the metal surface [56], or (iii) reducing solvents
or introducing reducing gases [21]—can successfully construct ZIF-8 film. Note that no
extra chemicals or preparation procedures were used in the construction of the ZIF-8 films
given in this study; instead, they were created utilizing a one-step in-situ method. The
solvothermal technique is environmentally friendly since it only uses organic ligands and
metal substrates. The ZIF-8 film production techniques in this work differ significantly
from the earlier methods. ZnO formation and ZIF-8 synthesis processes can occur on the
surface of zinc substrates in an aqueous precursor solution. The feasible creation methods
of the ZIF-8 film might be postulated as represented in Figure 8.

In the initial stage, the zinc substrate, amphoteric metal, was etched by amine derived
from DMF decomposition to release zinc ions. A rich hydroxyl species solution environment
is created when the amine is present. Therefore, it is expected that the OH- will react to
create Zn(OH)2 with the Zn2+ ions from the zinc reagent and etched zinc substrate. The
coordination compounds can be adsorbed on the zinc substrate surface due to electrostatic
effects [57]. ZnO is then formed when these hydroxyl species are dehydrated. Additionally,
the ligand (mim) also enhances the production of ZnO.

In general, the nucleation of ZIF-8 crystals is affected by deprotonation equilibrium
and coordination [58]. According to Cravillon et al. [58], the ZIF-8′s deprotonation equilib-
rium can be controlled by a modulator. More basic modulating ligands (pKa > 10.3) can
deprotonate ligands effectively, resulting in a high nucleation rate, but less basic modulat-
ing ligands (pKa < 10.3) cannot. The organic amines from decomposed DMF deprotonate
the organic ligands, which act as protonation agents in the synthesis solution. In our case,
deprotonation of mim is inhibited by consumed amines for ZnO. Moreover, the amine may
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hinder the synthesis of ZIF-8 by competing with the mim ligand to coordinate with the
Zn2+ on the substrate to generate coordination compounds. Therefore, the ZnO layer’s
growth supersedes the ZIF-8 film. The growth of ZnO continues until it is completely
covered with ZIF-8.

Figure 8. Schematic diagram of the formation mechanism of ZIF-8 film.

During this process, nucleation of ZIF-8 may take place once the deprotonated ligand
binds to Zn2+ in the solution. Then the heterogeneous nucleation and crystallization of
ZIF-8 on the ZnO surface are triggered. The crystallization of ZIF-8 immediately resulted
in the formation of nanocrystals on the ZnO surface due to the tendency of ZIFs to prefer-
entially nucleate on ZnO crystals [59] and supersaturated interface near the ZnO surface.
The nanocrystals acting as seed crystals are further crystallized, and then microcrystals are
gradually formed on the surface of ZnO. According to the SEM and XRD results, ZIF-8
crystals grow gradually after 3 h treatment. The dense and continuous ZIF-8 layer is formed
by the fusing of nanoparticles between the big particles, which seals the grain boundaries
and imperfections and ensures effective ZIF-8 surface coverage. In addition, ZnO crystals
may be etched by mim ligand in this process, resulting in more mobile Zn2+ for ZIF-8
crystal growth.

3.5. Adhesion Test of the ZIF-8 Film on Metal Substrate

For prospective uses, ZIF film must have strong adhesion between the film and its
substrate. Therefore, the adhesion strength of ZIF-8 film to the substrate was evaluated
by a sonication method [27]. Additionally, during the ultrasonic treatment, we employed
an SB-5200 ultrasonic cleaner from Ningbo Xinzhi Bio-Technology Co., Ltd., Ningbo,
China. The ultrasonic procedure involved placing the substrate with the film into a beaker
containing ethanol and then placing the beaker in the ultrasonic cleaner for treatment.
Figure 9 shows the morphology of the ZIF-8 film before and after 30 min of sonication
treatment in ethanol. As compared with that of a sample without sonication treatment
(Figure 9a–c), no obvious shedding and damage is observed on the ZIF-8 film surface
(Figure 9d–f), indicating that the prepared ZIF-8 film remained intact and firmly attached to
the zinc substrate. The strong adhesion of the ZIF-8 film to the substrate can be attributed
to the extra binding strength stemming from the in-situ grown ZnO layer. The ZnO layer
served as an anchoring site between the ZIF-8 film and substrate for reinforcing the film’s
stability.
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Figure 9. Micrographs of ZIF-8 coatings before and after ultrasonic testing: (a–c) before testing and
(d–f) after testing.

4. Conclusions

In summary, a strong bonding ZIF-8 film is successfully constructed on a zinc substrate
by a direct in-situ solvothermal process. The strong bonding ZIF-8 film can be attributed to
the spontaneous in-situ grown ZnO interlayer between the ZIF-8 and substrate. The growth
process demonstrated that the ZnO interlayer is preferentially formed on the zinc substrate
and subsequently covered by ZIF-8 crystals. The zinc ions and the solvent’s breakdown
products combine to form the ZnO interlayer. The ZnO interlayer not only acts as an active
seed for the nucleation and continuous growth of ZIF-8 film but also acts as an anchoring
site between ZIF-8 film and substrate for reinforcing the film adhesion to the substrate.
The zinc reagent and solvent’s breakdown products encourage the formation of the ZnO
interlayer. We firmly believe that the strategy opens up a simple direct growth route for
achieving a strong bonding ZIF-8 film on a metal substrate, and a basic understanding of the
formation mechanisms of ZIF film is beneficial for the efficient fabrication of advanced MOF
film on a metal substrate. Future research could build upon this method to prepare more
efficient and strongly bonded thin films on metal substrates. Additionally, this approach can
be experimentally applied to other metal substrates to further investigate the complete thin
film formation mechanism. Such studies would provide a more comprehensive theoretical
foundation for the preparation of thin films on metal substrates.
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10.3390/met14121403/s1, Figure S1: Illustration of the crystal morphology evolution with time,
Figure S2: (a) SEM images of Zn foil after 3 h and (b) elemental mapping by energy-dispersive X-ray
spectroscopy (EDS), Figure S3 XRD patterns of Zn foil after 1 h, and Figure S4. (a) SEM image of zinc
foil treated with the methanol-based protocol and (b) SEM image of zinc foil treated with DMF-based
synthesis without mim.

Author Contributions: Conceptualization, H.W. methodology, B.L. and Y.Z. validation, P.W., Z.Z.
and X.W. data curation, H.W., Y.Z. and X.W. visualization, Z.Z., X.R. and J.L.; formal analysis,
H.W. resources, H.W. writing—original draft preparation, H.W.; writing—review and editing, J.L.
supervision; Y.Z. funding acquisition, B.L., Y.Z., P.W. and X.R. All authors have read and agreed to
the published version of the manuscript.

Funding: The authors gratefully acknowledge the Central Guiding Science and Technology Devel-
opment of Local Fund (Grant No. YDZJSK20231A046), National Natural Science Foundation of
China (Grant No. 52071227), Shanxi Province Patent Transformation Project (Grant Nos. 202402004,
202402019), and Fundamental Research Program of Shanxi Province (Grant Nos. 202203021222188
and 202303021211166).

104



Metals 2024, 14, 1403

Data Availability Statement: The original contributions presented in the study are included in the
article/Supplementary Material, further inquiries can be directed to the corresponding authors.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Mohammadkhani, R.; Sharifi, K.; Fedel, M.; Ramezanzadeh, B. Fabricating epoxy composite coating having self-healing/barrier
anti-corrosion functions utilizing ion-exchange/pH-sensitive phosphate-doped ZIF8 MOF decorated Zn-Al-LDH nano-layers.
Surf. Coat. Technol. 2024, 477, 130284. [CrossRef]

2. Yu, Y.; Wang, D.; Luo, J.; Xiang, Y. First-principles study of ZIF-8 as anode for Na and K ion batteries. Colloids Surf. A 2023,
659, 130802. [CrossRef]

3. Tian, Y.; Li, J.; Li, X.; Wang, R.; Zhang, Y.; Wang, G.; Shi, G. ZIF-8/ZIF-67 solid electrolyte ozone sensor at room temperature. Sens.
Actuators A Phys. 2023, 354, 114281. [CrossRef]

4. Lai, N.; Chang, G.; Yang, Y.; He, M.; Tang, W.; Huang, Q.; Liao, J.; Yang, Y.; Wang, C.; Wang, R. CsPbX3 quantum dots@ZIF-8
composites with enhanced luminescence emission and stability. J. Luminesc. 2024, 266, 120280. [CrossRef]

5. Liu, L.; Ji, T.; Hu, W.; Sun, Y.; He, Y.; Yan, J.; He, G.; Liu, Y. Epitaxial supercritical fluid processing of ZIF-8 membranes towards
efficient C3H6/C3H8 separation. J. Membr. Sci. 2023, 669, 121300. [CrossRef]

6. Fatima, H.; Azharb, M.R.; Zhong, Y.; Arafat, Y.; Khiadani, M.; Shao, Z. Rational design of ZnO-zeolite imidazole hybrid
nanoparticles with reduced charge recombination for enhanced photocatalysis. J. Colloid Interface Sci. 2022, 614, 538–546.
[CrossRef]

7. Luo, S.; Chen, R.; Wang, J.; Xiang, L. Conductometric methane gas sensors based on ZnO/Pd@ZIF-8: Effect of dual filtering of
ZIF-8 to increase the selectivity. Sens. Actuators B Chem. 2023, 383, 133600. [CrossRef]

8. Huang, W.; Li, Y.; Chang, N.; Hong, W.; Wang, C.; Huang, C. Highly stable and selective H2 gas sensors based on light-activated
a-IGZO thin films with ZIF-8 selective membranes. Sens. Actuators B Chem. 2024, 417, 136175. [CrossRef]

9. Yang, Y.; Yue, J.; Zhang, X.; Ren, B.; Fu, S.; Sun, Y.; Luo, Z. Accordion-like ZIF-8/MoO3 composite gas sensor for highly selective
and sensitive H2S detection. Ceram. Int. 2024, 50, 38253–38262. [CrossRef]

10. Peng, C.; Wang, C.; Li, Z.; Wang, Z. A novel approach to detecting doping agents in food using electrochemical sensor based on
zinc oxide/graphene oxide nanocomposites. J. Food Meas. Charact. 2024, 18, 6770–6781. [CrossRef]

11. Nguyen, T.; Chen, J.; Pham, M.; Bui, H.; Hu, C.; You, S.; Wang, Y. A high-performance ZIF-8 membrane for gas separation
applications: Synthesis and characterization. Environ. Technol. Innov. 2023, 31, 103169. [CrossRef]

12. Shan, Y.; He, M.; Zhang, F.; Wang, Y.; Liu, Y.; Yang, Y.; Wang, Z.; Chen, X. Plasma-assisted synthesis of ZIF-8 membrane for
hydrogen separation. Sep. Purif. Technol. 2023, 317, 123871. [CrossRef]

13. Zhu, R.; Wang, L.; Zhang, H.; Liu, C.; Wang, Z. ZIF-8 membranes on ZIF-8-PVDF/PVDF dual-layer polymeric hollow fiber
supports for gas separation. Sep. Purif. Technol. 2024, 335, 126209. [CrossRef]

14. Liu, Y.; Matsuda, R.; Kusaka, S.; Hori, A.; Ma, Y.; Kitagawa, S. Insights into inorganic buffer layer-assisted in situ fabrication of
MOF films with controlled microstructures. CrystEngComm 2018, 20, 6995–7000. [CrossRef]

15. Shi, P.; Wang, C.; Wang, H.; Lei, X.; Wang, B.; Liu, X.; You, J.; Guo, R. Characteristics of zeolitic imidazolate framework-L and
application of its derivatives in oxygen evolution reaction: Recent trends. J. Alloys Compd. 2024, 1006, 176293. [CrossRef]

16. Sadughi, M.M.; Mazani, A.; Varnaseri, M. Synthesis of magnetic nanocomposites based on imidazole zeolite-8 framework doped
with silver nanoparticles for effective removal of norfloxacin from effluents. J Clust. Sci. 2024, 35, 2991–3009. [CrossRef]

17. Su, Z.; Shaw, W.L.; Miao, Y.R.; You, S.; Dlott, D.D.; Suslick, K.S. Shock wave chemistry in a metal–organic framework. J. Am.
Chem. Soc. 2017, 139, 4619. [CrossRef] [PubMed]

18. Hou, J.; Sutrisna, P.D.; Zhang, Y.; Chen, V. Formation of ultrathin, continuous metal-organic framework membranes on flexible
polymer substrates. Angew. Chem. Int. Ed. 2016, 55, 3947. [CrossRef] [PubMed]

19. Li, Q.; Li, J.; Fang, X.; Liao, Z.; Wang, D.; Sun, X.; Shen, J.; Han, W.; Wang, L. Interfacial growth of metal–organic framework
membranes on porous polymers via phase transformation. Chem. Commun. 2018, 54, 3590–3593. [CrossRef]

20. Hamid, M.R.A.; Park, S.; Kim, J.S.; Lee, Y.M.; Jeong, H.-K. In situ formation of zeolitic-imidazolate framework thin films and
composites using modified polymer substrates. J. Mater. Chem. A 2019, 7, 9680. [CrossRef]

21. Li, B.; Xu, C.; Yu, D.; Qi, Z.; Wang, Y.; Peng, Y. Enhanced phosphate remediation of contaminated natural water by magnetic
zeolitic imidazolate framework-8@engineering nanomaterials (ZIF8@ENMs). J. Colloid Interface Sci. 2022, 613, 71–83. [CrossRef]
[PubMed]

22. Papporello, R.L.; Miro, E.E.; Zamaro, J.M. Secondary growth of ZIF-8 films onto copper-based foils. Insight into surface
interactions. Microporous Mesoporous Mater. 2015, 211, 64–72. [CrossRef]

23. Bradshaw, D.; Garai, A.; Huo, J. Metal–organic framework growth at functional interfaces: Thin films and composites for diverse
applications. Chem. Soc. Rev. 2012, 41, 2344–2381. [CrossRef]

24. Li, Y.; Liang, F.; Bux, H.; Feldhoff, A.; Yang, W.; Caro, J. Molecular sieve membrane: Supported metal–organic framework with
high hydrogen selectivity. Angew. Chem. Int. Ed. 2010, 49, 548–551. [CrossRef]

105



Metals 2024, 14, 1403

25. Sun, Y.; Yang, F.; Wei, Q.; Wang, N.; Qin, X.; Zhang, S.; Wang, B.; Nie, Z.; Ji, S.; Yan, H.; et al. Oriented nano-microstructure-assisted
controllable fabrication of metal-organic framework membranes on nickel foam. Adv. Mater. 2016, 28, 2374–2381. [CrossRef]
[PubMed]

26. Okada, K.; Ricco, R.; Tokudome, Y.; Styles, M.J.; Hill, A.J.; Takahashi, M.; Falcaro, P. Copper conversion into Cu(OH)2 nanotubes
for positioning Cu3(BTC)2 MOF crystals: Controlling the growth on flat plates, 3D architectures, and as patterns. Adv. Funct.
Mater. 2014, 24, 1969–1977. [CrossRef]

27. Abuzalat, O.; Wong, D.; Elsayed, M.; Park, S.; Kim, S. Sonochemical fabrication of Cu(II) and Zn(II) metal-organic framework
films on metal substrates. Ultrason. Sonochem. 2018, 45, 180–188. [CrossRef]

28. Zhu, C.; Hou, J.; Wang, X.; Wang, S.; Xu, H.; Hu, J.; Jing, L.; Wang, S. Optimizing ligand-to-metal charge transfer in metal–organic
frameworks to enhance photocatalytic performance. Chem. Eng. J. 2024, 499, 156527. [CrossRef]

29. Chen, M.; Cheng, X.; Li, J.; Wang, N. Bifunctional polyimide/ZIF8 composite nanofibrous membranes with controllable bilayer
structure for bioprotective application and high-efficiency oil/water separation. J. Environ. Chem. Eng. 2023, 11, 110913. [CrossRef]

30. Zhang, X.; Liu, Y.; Li, S.; Kong, L.; Liu, H.; Li, Y.; Han, W.; Yeung, K.L.; Zhu, W.; Yang, W.; et al. New membrane architecture with
high performance: ZIF-8 membrane supported on vertically aligned ZnO nanorods for gas permeation and separation. Chem.
Mater. 2014, 26, 1975–1981. [CrossRef]

31. Tian, L.; Sun, Y.; Huang, H.; Guo, X.; Qiao, Z.; Meng, J.; Zhong, C. Porous ZIF-8 thin layer coating on ZnO hollow nanofibers for
enhanced acetone sensing. Chemistryselect. 2020, 5, 2401–2407. [CrossRef]

32. Dong, X.L.; Lin, Y.S. Synthesis of an organophilic ZIF-71 membrane for pervaporationsolvent separation. Chem. Commun. 2013,
49, 1196–1198. [CrossRef] [PubMed]

33. Dong, X.; Huang, K.; Liu, S.; Ren, R.; Jin, W.; Lin, Y.S. Synthesis of zeolitic imidazolate framework-78 molecular-sieve membrane:
Defect formation and elimination. J. Mater. Chem. 2012, 22, 19222–19227. [CrossRef]

34. Kasik, A.; James, J.; Lin, Y.S. Synthesis of ZIF-68 membrane on a ZnO modified α-Alumina support by a modified reactive seeding
method. Ind. Eng. Chem. Res. 2016, 55, 2831–2839. [CrossRef]

35. Wang, X.; Sun, M.; Meng, B.; Tan, X.; Liu, J.; Wang, S.; Liu, S. Formation of continuous and highly permeable ZIF-8 membranes on
porous alumina and zinc oxide hollow fibers. Chem. Commun. 2016, 52, 13448–13451. [CrossRef]

36. Meckler, S.M.; Li, C.; Queen, W.L.; Williams, T.E.; Long, J.R.; Buonsanti, R.; Milliron, D.J.; Helms, B.A. Sub-micron polymer–
zeolitic imidazolate framework layered hybrids via controlled chemical transformation of naked ZnO nanocrystal films. Chem.
Mater. 2015, 27, 7673–7679. [CrossRef]

37. Wang, R.; Chang, Y.; Li, J.; Yang, S.; Zhu, T.; Bi, Y.; Cui, J. Carbonic anhydrase-embedded ZIF-8 membrane reactor with improved
the recycling and stability for efficient CO2 capture. Int. J. Biol. Macromol. 2024, 280, 136083. [CrossRef]

38. Kong, L.; Zhang, X.; Liu, H.; Qiu, J. Synthesis of a highly stable ZIF-8 membrane on a macroporous ceramic tube by manual-
rubbing ZnO deposition as a multifunctional layer. J. Membr. Sci. 2015, 490, 354–363. [CrossRef]

39. Tian, F.; Cerro, A.M.; Mosier, A.M.; Wayment-Steele, H.K.; Shine, R.S.; Park, A.; Webster, E.R.; Johnson, L.E.; Johal, M.S.; Benz, L.
Surface and stability characterization of a nanoporous ZIF-8 thin Film. J. Phys. Chem. C 2014, 118, 14449–14456. [CrossRef]

40. Ai, S.; Guo, X.; Zhao, L.; Yang, D.; Ding, H. Zeolitic imidazolate framework-supported Prussian blue analogues as an efficient
Fenton-like catalyst for activation of peroxymonosulfate. Colloids Surf. A 2019, 581, 123796. [CrossRef]

41. Kwon, H.T.; Jeong, H.-K.; Lee, A.S.; An, H.S.; Lee, J.S. Heteroepitaxially grown zeolitic imidazolate framework membranes with
unprecedented propylene/propane separation performances. J. Am. Chem. Soc. 2015, 137, 12304–12311. [CrossRef]

42. Hillman, F.; Brito, J.; Jeong, H.-K. Rapid one-pot microwave synthesis of mixed-linker hybrid zeolitic-imidazolate framework
membranes for tunable gas separations. ACS Appl. Mater. Interfaces 2018, 10, 5586–5593. [CrossRef] [PubMed]

43. Xu, B.; Mei, Y.; Xiao, Z.; Kang, Z.; Wang, R.; Sun, D. Monitoring thermally induced structural deformation and framework
decomposition of ZIF-8 through in situ temperature dependent measurements. Phys. Chem. Chem. Phys. 2017, 19, 27178–27183.
[CrossRef] [PubMed]

44. Schejn, A.; Balan, L.; Falk, V.; Aranda, L.; Medjahdi, G.; Schneider, R. Controlling ZIF-8 nano- and microcrystal formation and
reactivity through zinc salt variations. CrystEngComm 2014, 16, 4493–4500. [CrossRef]

45. Cravillon, J.; Schröder, C.A.; Bux, H.; Rothkirch, A.; Caro, J.; Wiebcke, M. Formate modulated solvothermal synthesis of ZIF-8
investigated using time-resolved in situ X-ray diffraction and scanning electron microscopy. CrystEngComm 2012, 14, 492–498.
[CrossRef]

46. Hillman, F.; Zimmerman, J.M.; Paek, S.-M.; Hamid, M.R.A.; Lim, W.T.; Jeong, H.-K. Rapid microwave-assisted synthesis of hybrid
zeolitic–imidazolate frameworks with mixed metals and mixed linkers. J. Mater. Chem. A 2017, 5, 6090–6099. [CrossRef]

47. Lee, M.J.; Hamid, M.R.A.; Lee, J.; Kim, J.S.; Lee, Y.M.; Jeong, H.-K. Ultrathin zeolitic-imidazolate framework ZIF-8 membranes on
polymeric hollow fibers for propylene/propane separation. J. Membr. Sci. 2018, 559, 28–34. [CrossRef]

48. Enomoto, T.; Ueno, S.; Hosono, E.; Hagiwara, M.; Fujihara, S. Size-controlled synthesis of ZIF-8 particles and their pyrolytic
conversion into ZnO aggregates as photoanode materials of dye-sensitized solar cells. CrystEngComm 2017, 19, 2844–2851.
[CrossRef]

49. Zhang, C.; Wang, X.; Hou, M.; Li, X.; Wu, X.; Ge, J. Immobilization on metal–organic framework engenders high sensitivity for
enzymatic electrochemical detection. ACS Appl. Mater. Interfaces 2017, 9, 13831–13836. [CrossRef]

50. Muzart, J. N,N-Dimethylformamide: Much more than a solvent. Tetrahedron 2009, 65, 8313–8323. [CrossRef]

106



Metals 2024, 14, 1403

51. Zhu, M.; Venna, S.R.; Jasinski, J.B.; Carreon, M.A. Room-temperature synthesis of ZIF-8: The coexistence of ZnO nanoneedles.
Chem. Mater. 2011, 23, 3590–3592. [CrossRef]

52. Nian, P.; Liu, H.; Zhang, X. Bottom-up synthesis of 2D Co-based metal–organic framework nanosheets by an ammonia-assisted
strategy for tuning the crystal morphology. CrystEngComm 2019, 21, 3199–3208. [CrossRef]

53. Khan, M.A.; Magnone, E.; Kang, Y.M. Elucidation of optoelectronic properties of the sol-gel-grown Al-doped ZnO nanostructures.
J. Sol-Gel Sci. Technol. 2015, 77, 642–649. [CrossRef]

54. Gobo, F.; Goto, T.; Long, T.; Yin, S.; Sato, T. Mild solution synthesis of plate-like and rod-like ZnO crystals. Res. Chem. Intermed.
2011, 37, 211–217. [CrossRef]

55. Xu, F.; Lu, Y.; Xie, Y.; Liu, Y. Controllable morphology evolution of electrodeposited ZnO nano/micro-scale structures in aqueous
solution. Mater. Des. 2009, 30, 1704–1711. [CrossRef]

56. Ji, H.; Hwang, S.; Kim, K.; Kim, C.; Jeong, N.C. Direct in situ conversion of metals into metal–organic frameworks: A strategy for
the rapid growth of MOF films on metal substrates. ACS Appl. Mater. Interfaces 2016, 8, 32414–32420. [CrossRef]

57. Chen, H.; Wang, L.; Yang, J.; Yang, R. Investigation on hydrogenation of metal–organic frameworks HKUST-1, MIL-53, and ZIF-8
by hydrogen spillover. J. Phys. Chem. C 2013, 117, 7565–7576. [CrossRef]

58. Cravillon, J.; Nayuk, R.; Springer, S.; Feldhoff, A.; Huber, K.; Wiebcke, M. Controlling zeolitic imidazolate framework nano-and
microcrystal formation: Insight into crystal growth by time-sesolved in situ static light scattering. Chem. Mater. 2011, 23,
2130–2141. [CrossRef]

59. Hu, H.; Zhang, X.; Liu, W.; Hou, Q.; Wang, Y. Advances in bioinspired and multifunctional biomaterials made from chiral
cellulose nanocrystals. Chem. Eng. J. 2023, 474, 145980. [CrossRef]

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

107



Article

Microstructure and Properties of Mooring Chain Steel Prepared
by Selective Laser Melting

Xiaojie Cui †, Xiaoxin Li †, Changqing Hu *, Dingguo Zhao, Yan Liu and Shuhuan Wang

School of Metallurgy and Energy, Metallurgical Engineering, North China University of Science and Technology,
Tangshan 063210, China; cuixiaojie99@163.com (X.C.); li15176555391@163.com (X.L.);
zhaodingguo@ncst.edu.cn (D.Z.); liuyan1342991123@163.com (Y.L.); wshh88@ncst.edu.cn (S.W.)
* Correspondence: hiq-73@163.com
† These authors contributed equally to this work.

Abstract: 22MnCrNiMo steel, a high-strength low-alloy material, is primarily used in the
production of mooring chains for offshore oil platforms, offshore wind turbines, and ships.
The application of additive manufacturing technology allows for the direct fabrication
of seamless mooring chains. This paper investigates the selective laser melting (SLM)
process parameters for 22MnCrNiMo mooring chain steel, analyzing the effects of different
process parameters on the microstructure, phase composition, and mechanical properties
of the steel. The experimental results demonstrate that under the laser parameters of
200 W laser power, 800 mm/s scanning speed, 30 μm layer thickness, and 110 μm scanning
spacing, the SLM-formed parts exhibit the best comprehensive mechanical properties,
with a microhardness of 513.2 HV0.5, a tensile strength of 1223 MPa, a yield strength
of 1114 MPa, an elongation of 8.5%, and an impact energy of 127 J. This study reveals
the microstructure evolution and the mechanism of enhanced mechanical properties in
SLM-fabricated 22MnCrNiMo steel, providing a new approach for the preparation of
high-performance mooring chains using 22MnCrNiMo steel.

Keywords: mooring chain steel; selective laser melting; microstructure; machine property

1. Introduction

Mooring chain steel belongs to the category of high-strength low-alloy steel (HSLA)
and is traditionally produced in steelworks through melting, casting, and rolling processes,
resulting in steel billets. These billets are then heated at anchor chain processing plants,
formed into links through bending and welding, and finally assembled into high-strength,
corrosion-resistant mooring chains. Mooring chains are a critical component in the anchor-
ing systems of offshore floating structures used in oil and gas extraction and wind energy
generation [1–4].

Mooring chains have extensive application in offshore platforms, ship anchoring, and
other marine engineering projects [5–7], particularly in R3- to R5-grade chains, whose
mechanical and corrosion resistance properties have been extensively studied. R6-grade
mooring chain steel has also been developed and is now in use. Continuously improving
the mechanical properties of mooring chain steel can effectively enhance the performance
of mooring chains [8–10]. However, the conventional manufacturing process of mooring
chain steel involves bending, forming links, and welding, resulting in welds at each link,
which typically exhibit lower impact toughness and corrosion resistance.

In the field of additive manufacturing of metal materials, selective laser melting (SLM)
technology has emerged as an efficient, high-precision, and integrated method for the
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fast production of metal components. SLM can produce highly complex geometric parts
with minimal fabrication steps and shorter production cycles, without the need for specific
molds or pre-production costs [11–13]. Research by Chen et al. [14], Liverani et al. [15],
and Karlsson et al. [16] highlights that parameters such as laser power, scanning speed,
scanning strategies, and sample orientation significantly affect the microstructure, thereby
influencing the mechanical properties of the fabricated components. Zhang et al. [17],
Qiu et al. [18], and Montero-Sistiaga et al. [19] have studied the impact of laser power on
porosity and grain structure development during manufacturing, which in turn affects the
mechanical properties of the samples. Additionally, the composition of microstructures
significantly influences mechanical properties; for instance, Wan et al. [20] proposed that
both martensite and bainite structures contain high densities of dislocations, which, when
moving, interact and increase stress, thereby enhancing the hardness and strength of steel
samples. Sun et al. [21] demonstrated that the stress required for dislocation slip in crystal
structures with twinning is 1 to 1.3 times higher than that without twinning.

Inspired by additive manufacturing technologies, the application of SLM in moor-
ing chain fabrication enables the production of structurally integrated components with
optimized performance. By leveraging new design strategies to align the relationship be-
tween the structure and properties of mooring chains, this paper employs SLM to fabricate
high-performance 22MnCrNiMo mooring chain steel. The study focuses on altering the
laser energy density parameters utilized for printing the steel and investigates the resulting
phase organization and mechanical properties.

2. Experimental Materials and Methods

2.1. Mooring Chain Steel Experimental Materials

The experimental material was prepared using a vacuum induction melting gas
atomization (VIGA) method to produce 22MnCrNiMo steel powder. This powder is
produced by Foshan Chengfeng Material Technology Co., Ltd. (Foshan, China).

The primary chemical composition was analyzed using ICP-OES (Inductively Coupled
Plasma Optical Emission Spectrometry) and a carbon–sulfur analyzer, as shown in Table 1.
The steel belongs to the R4-grade mooring chain steel category.

Table 1. Chemical composition of 22MnCrNiMo steel powder (wt%).

Element C Si Mn S P Cr Mo Ni Nb Cu Al Fe

Actual com-
position 0.229 0.236 1.396 0.001 0.003 0.946 0.390 0.815 0.001 0.026 0.028 bal. *

R4 standard
ingredient 0.18~0.28 0.15~0.30 1.20~1.75 ≤0.025 ≤0.025 0.40~1.30 0.20~0.60 0.40~1.40 ≤0.06 ≤0.20 0.020~0.05 bal. *

* bal. refers to the balance amount, meaning the remaining composition is primarily Fe (iron).

The gas-atomized raw powder has a relatively fine particle size. The powder particle
size distribution was measured using a Malvern laser particle size analyzer, and the
resulting particle size distribution graph is shown in Figure 1. It can be observed that the
proportion of powder with particle sizes suitable for 3D printing (15~53 μm) is the highest.
The powder flowability was measured using a Hall flow meter, yielding a flow time of
18.6 s per 50 g. The apparent density of the powder was measured using a Topsizer particle
size analyzer, resulting in a bulk density of 4.16 g/cm3.
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Figure 1. Particle size distribution of powder. The red line represents the percentage of each size,
while the blue line shows the cumulative percentage, which totals 100%.

The microstructure of the powder is shown in Figure 2. It can be observed that the
powder exhibits a high sphericity with no significant agglomeration, making it suitable for
SLM (selective laser melting) for the production of printed parts. The atomized powder
was dried in a vacuum drying oven with drying parameters set at 80 ◦C for 6 h. After
screening the powder through a specialized sieve, powder with a particle size range of
15–53 μm and an average particle size of 30.3 μm was selected as the raw material for
additive manufacturing of mooring chain steel.

 

Figure 2. Microscopic morphology of 22MnCrNiMo steel powder prepared by aerosolization.

2.2. Method for Preparing Mooring Chain Steel by Selective Laser Melting

This study employed the EP-M150 small-scale metal laser additive manufacturing
machine by Eplus3D (Beijing, China) to fabricate mooring chain steel components, as
shown in Figure 3. The base plate of the equipment is circular with a diameter of 150 mm.
The selective laser melting (SLM) equipment was equipped with a continuous single-mode
ytterbium fiber laser (maximum power of 500 W, wavelength of 1080 ± 5 nm). The focusing
optical system utilized an F-θ lens with a focal length of 254 mm, which produces a focused
laser beam spot diameter of approximately 90 μm. The experimental equipment was also
equipped with a base plate preheating device capable of reaching a preheating temperature
of 150 ◦C. During the SLM process, argon gas was used as the protective gas to prevent
oxidation of the samples, ensuring that the oxygen volume fraction inside the printer’s
build chamber is less than 0.01%.
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Figure 3. Additive manufacturing equipment for SLM experiment.

The schematic diagram of the process for preparing mooring chain steel by SLM is
shown in Figure 4. After each layer of powder was melted, the forming cylinder descended
by one layer. Then, the powder was re-spread on the powder bed, and the selective
scanning continued for layer-by-layer printing. To minimize porosity and further melt
the unmelted powder, a cross-scanning strategy was adopted, in which the laser scanning
direction rotated periodically by 67◦ between adjacent layers.

 

Figure 4. Schematic diagram of SLM technology preparation.

In the experimental plan, the powder bed was set with a layer thickness (t) of 30 μm
and a scan spacing (h) of 110 μm. The laser processing parameters include laser power
(P) and scan speed (v). The laser power was optimized within a range of 175–325 W,
while three scan speeds—800, 1000, and 1200 mm/s—were chosen. As shown in Table 2,
the parameter combinations studied and their corresponding energy densities are listed.
Typically, in SLM, the laser energy density E (J/mm3) is used as an evaluation metric for
printing parameters, and the formula is shown in Equation (1) [22]:

E = P/(vhd) (1)
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where P is the laser power, v is the laser scanning speed, h is the thickness of the powder
layer, and d is the laser scanning spacing.

Table 2. Experimental scheme and corresponding SLM process parameters.

Serial Number Laser Power/W
Scanning

Speed/mm·s−1
Scanning

Spacing/μm
Layer

Thickness/μm
Energy

Density/J·mm−3

T1 175

800

110 30

66.3
T2 200 75.8
T3 225 85.2
T4 250 94.7
T5 275 104.2
T6 300 113.6
T7 325 123.1
T8 175

1000

53.0
T9 200 60.6
T10 225 68.2
T11 250 75.8
T12 275 83.3
T13 300 90.9
T14 325 98.5
T15 175

1200

44.2
T16 200 50.5
T17 225 56.8
T18 250 63.1
T19 275 69.4
T20 300 75.8
T21 325 82.1

A portion of the cube specimens, tensile specimens, and impact specimens obtained
from the experiments is shown in Figure 5. As can be observed, the printed components
exhibit good forming quality, with no macroscopic cracks or pores. The specimens have a
high degree of density.

 

Figure 5. Cubic samples, tensile samples, and impact samples.

2.3. Testing Methods and Equipment for Microstructure and Properties of 22MnCrNiMo Steel

This study evaluates the mechanical properties and microstructural observations of
three types of fabricated samples. These include 10 mm × 10 mm × 10 mm cubic specimens
for microstructural observation and hardness testing, 70 mm × 31 mm × 5 mm tensile
specimens, and 10 mm × 10 mm × 55 mm impact specimens, which have a 2 mm V-notch
machined into them, as shown in Figure 6a–c.
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Figure 6. Schematic diagram of SLM-formed parts: (a) schematic diagram of cubic samples
and observation direction, (b) schematic diagram of tensile samples, (c) schematic diagram of
impact samples.

Before conducting optical and scanning electron microscopy (SEM) observations, the
samples were polished using sandpaper with grits ranging from 240 to 2000, followed by
20 min of polishing with 1 μm diamond paste. The polished samples were then observed
under a LEICA DM2500M (Suzhou Nan Guang Electronics Technology Co., Ltd., Suzhou,
China) wide-field metallographic optical microscope to examine the XY and XZ planes,
with the orientation of the observation surfaces shown in Figure 6a.

The samples were analyzed using a ZEISS GEMINI300 (Guoyi Quantum Technology
Co., Ltd., Hefei, China) field emission scanning electron microscope (SEM) to observe their
metallographic and micro- structures. The SEM was equipped with an Oxford Nordlys3
fast electron backscatter diffraction (EBSD) system (Guoyi Quantum Technology Co., Ltd.,
Hefei, China). For metallographic etching, a 4% nitric acid alcohol solution was used.
The etching solution was applied to the sample surface for 5 s, followed by rinsing with
anhydrous ethanol. Prior to EBSD experiments, the samples were ion-etched for 60 min
using a PECSII 685 (Gatan Company, Pleasanton, CA, USA) device.

Tensile specimens were designed according to the ISO 6892-1 standard and tested
using an AG-X 100 kN electronic universal testing machine at room temperature (Shimadzu
Corporation, Kyoto, Japan) with a tensile speed of 0.5 mm/min. The schematic of the
tensile specimen is shown in Figure 6b. Impact specimens were tested using a PIT-450
pendulum impact testing machine at −20 ◦C, with the schematic shown in Figure 6c. The
fracture morphologies of the tensile and impact specimens were observed using an SEM.

An FE-800 microhardness tester (Suzhou Nan Guang Electronics Technology Co., Ltd.,
Suzhou, China) was used to measure the Vickers hardness (HV) of the polished samples at
room temperature. The tester is suitable for microscopic analysis, with a fixed loading force
of 1 kg and a loading time of 15 s. Five random points were selected on each sample surface,
and the average value of the measurements was taken as the hardness of the sample.

3. Experimental Results and Analysis

3.1. Parameter Optimization and Micro-Molten Pool Morphology of 22MnCrNiMo Steel Prepared
by SLM

The P–V diagram of the formed 22MnCrNiMo steel samples prepared under different
laser power and scanning speed conditions is shown in Figure 7a. Improper laser forming
process parameters can easily lead to defects in the samples, such as pores, unmelted
powder, and microcracks [23]. As can be seen in the figure, the number of defects in the
samples increased with decreasing energy density.
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Figure 7. Optimization of parameters for SLM: (a) microstructure of samples, (b) statistics of density
and energy density. The red dot represents density, and the black dot represents energy density.
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Samples with excessively low laser energy density, such as sample T15, exhibit many
defects. This is because the insufficient energy density prevented the powder from fully
melting, resulting in unmelted material defects [24]. During the SLM (selective laser
melting) process, where the laser beam cannot adequately penetrate previously deposited
powder layers, defects can form between the deposition layers, as seen in sample T11.
In samples T3 and T4, a few spherical micro-pores are present, primarily due to rapid
solidification during the preparation process, which traps gases and often serves as a source
of microcracks.

Controlling the energy density is crucial for reducing defects, and selecting an appro-
priate energy density can produce high-density components. Increasing the energy density
can mitigate material defect formation and reduce porosity in the material. However,
excessively high energy density can promote grain growth and may lead to overheating,
which in turn affects material strength [25] and results in additional energy consumption.

Testing the sample density can also reflect the internal defect situation. The sample
density ρs is calculated using Equation (2) [26]. The variation in sample density ρs is shown
in Figure 7b, revealing that as the energy density increases, the density first rises and
then decreases.

ρs =
m1

m1 − m2
× ρ0 (2)

In the formula, m1 and m2 are the mass of the sample in air and ethanol liquid
(concentration of 99.7%), g; ρ0 is the density of ethanol liquid, g/cm3.

Taking into account all factors, we conducted in-depth experiments using the prepara-
tion process parameters for samples T1 to T7.

Formed parts of 22MnCrNiMo steel with a laser power of 275W were selected for
observation using optical microscopy (OM) to analyze the morphology of the SLM (se-
lective laser melting) micro-melt pools. Figure 8a shows the XY cross-section, illustrating
the scanning traces of different orthogonal deposition layers. SLM is a layer-by-layer
construction process, and, due to the scanning strategy involving 67◦ rotation for each
layer, the micro-melt pools overlap and interconnect, resulting in a dense formation.

 
Figure 8. OM photo of 22MnCrNiMo steel sample melted by selective laser melting: (a) XY section,
(b) XZ section.

As seen in Figure 8b, the XZ plane features numerous “fish scale”-like micro-melt
pools with diameters ranging from 150 to 200 μm and depths of 80 to 120 μm. This is
typical of the lateral micro-melt pool morphology in selective laser melting.
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3.2. Microstructure of 22MnCrNiMo Steel Prepared by SLM

Figure 9 presents the XRD (X-ray Diffraction) patterns of 22MnCrNiMo steel samples
prepared under different laser powers. The results indicate that the primary phase in
the samples is α-FeM (where M represents elements such as Mo, Ni, and Cr), and the
reinforcing phase includes Fe3C, among others. Compared with the standard diffraction
peaks, the main peaks of the samples are shifted to the left by approximately 4◦. This shift
is attributed to lattice distortion caused by alloy atoms in the solid solution and thermal
stresses induced by the laser forming process.

 
Figure 9. XRD patterns of 22MnCrNiMo steel samples under different laser powers.

Since the experimental material composition was identical, the density increased from
T1 to T5. Figure 10 shows the microstructures of typical samples T2 and T5, highlighting
the microstructural characteristics of 22MnCrNiMo steel produced by SLM (selective laser
melting). The predominant microstructures include lath martensite (M) and bamboo-leaf-
shaped lower bainite (LB). The martensite exhibits a fine lath structure, while the lower
bainite appears in the form of a layered or needle-like morphology.

Figure 10a,c display the XY and XZ cross-section microstructures of sample T2, which
are predominantly composed of lath martensite and needle-like lower bainite. The average
grain size is approximately 3–4 μm. No significant precipitated phases were observed at the
grain boundaries. Due to the more pronounced grain organization in the XZ plane, ImageJ
(1.52P) software was used to calculate the area ratios of martensite and lower bainite in the
XZ plane, which are 47% and 53%, respectively, as shown in Figure 11a. In the figure, the
red areas represent lower bainite, while the gray areas represent martensite. The alternating
arrangement of martensite and lower bainite is evident.
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Figure 10. Scanning electron microscope images of 22MnCrNiMo steel; (a) T2 XY plot (b) T5 XY plot
(c) T2 XZ plot (d) T5 XZ plot.

 
Figure 11. Statistical chart of the proportion of lower bainite area: (a) T2, (b) T5.

Figure 10b,d show the XY and XZ cross-section microstructures of sample T5, which
are also primarily composed of lath martensite and needle-like lower bainite. Compared to
sample T2, the microstructural composition of T5 shows little variation. However, the area
ratios of martensite and lower bainite calculated for the XZ plane using ImageJ are 60%
and 40%, respectively, as illustrated in Figure 11b.
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Martensite enhances the strength and hardness of mooring chain steel, while the lower
bainite structure, in addition to providing high strength, reduces the notch sensitivity
of the steel, thereby enabling the mooring chain steel to better withstand impact loads.
Therefore, theoretically, the microstructure at 200 W should exhibit higher strength and
impact toughness. As observed in the XZ plane, the two types of structures are interspersed,
which is similar to the microstructural characteristics of 24CrNiMo steel fabricated using a
higher laser energy density [27].

In this study, the lower laser energy density employed resulted in shorter solidification
times, which may have contributed to the formation of lower bainite and martensite in
the samples, thereby improving the strength of the 22MnCrNiMo steel. During the SLM
process, the rapid cooling rate of the melt pools, as high as 105~106 K/s, easily lead to the
formation of martensitic structures [28].

Figure 12 shows the EBSD (Electron Backscatter Diffraction) maps of 22MnCrNiMo
steel on the XY and XZ planes at different laser powers (200 W and 275 W). The images
reveal that SLM-fabricated 22MnCrNiMo steel exhibits a microstructure of columnar and
equiaxed grains. The XY plane is dominated by lath martensite and needle-like bainite,
with an average grain size of approximately 3–4 μm. No significant precipitated phases
were observed at the grain boundaries, and no preferred orientations were present in the
crystal structure. The grain size of the XZ plane is smaller compared to the XY plane, and
the structure is predominantly single-phase BCC, with almost no FCC structure, which is a
typical characteristic of SLM-fabricated materials. For cubic crystal structures, the EBSD
results indicate the absence of significant preferred orientations.

 
Figure 12. EBSD image of 22MnCrNiMo steel.
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The grain size of the EBSD maps was specifically analyzed using the Aztec crystal
2.1 software, which yielded an average grain size of 3.2 μm for sample T2 and 3.8 μm for
sample T5.

Figure 13 illustrates the EBSD grain boundary analysis results of 22MnCrNiMo steel
under different laser powers. Grain boundaries with orientation angles between 2◦ and
15◦ are classified as small-angle grain boundaries (LAGBS), represented by black lines
in the figure. Grain boundaries with orientation angles greater than 15◦ are classified as
large-angle grain boundaries (HAGBS), represented by red lines in the figure.

Figure 13. Distribution of grain boundaries of 22MnCrNiMo steel.

The microstructures under different processing parameters exhibit varying propor-
tions of large-angle and small-angle grain boundaries. Specifically, for sample T2, the
average proportion of HAGBs on the XY and XZ planes is 56%, while the average propor-
tion of LAGBS is 44%. For sample T5, the average proportion of HAGBS on the XY and
XZ planes is 44%, while the average proportion of LAGBS is 56%. Consequently, LAGBs
dominates in sample T2, corresponding to the dark gray regions in the figure, while HAGBs
dominates in sample T5, corresponding to the red regions.

LAGBS serve as an indicator of dislocations and residual stresses, whereas the presence
of HAGBs can significantly enhance the toughness of the steel by effectively inhibiting the
propagation of linear cracks [29].

Figure 14 shows a comparison of the average grain size of the XY and XZ planes of
the samples under different laser powers. It can be seen from the figure that the average
grain size of both the XY and XZ planes in the T2 sample is smaller than T5. Therefore, it
can be concluded that the average grain size of the samples increases with the increase in
laser energy density during SLM additive manufacturing.
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Figure 14. Grain distribution of 22MnCrNiMo steel.

The variation in the grain size of the samples is closely related to the nucleation density,
m, and undercooling degree, ΔT, during the solidification process of the micro-melt pools,
as expressed by Equation (3) shown below [30]:

m(ΔT) =
∫ ΔT

0

dn
d(ΔT)

d(ΔT) =
mmax

ΔTσ

∫ ΔT

0
exp[− (ΔT − ΔTN)

2

2 (ΔTσ)
2 ]d(ΔT) (3)

where mmax is the maximum nucleation density, ΔTσ is the standard deviation, and ΔTN is
the average undercooling.

When the laser energy density is low, the temperature gradient is small, but the cooling
rate is high, leading to a greater degree of undercooling. This results in a higher nucleation
density and smaller grain size. Conversely, as the laser energy density increases, the cooling
rate decreases, and the undercooling degree reduces, leading to a lower nucleation density
and larger grain size.

Compared to low-alloy steels produced through forging or rolling, low-alloy steels
prepared using the SLM process exhibit smaller grain sizes and a higher proportion of
high-angle grain boundaries. The smaller grain size improves the strength and hardness of
the samples.

3.3. Mechanical Properties of 22MnCrNiMo Steel
3.3.1. Tensile Properties of Mooring Chain Steel

Table 3 presents the mechanical properties data of 22MnCrNiMo steel fabricated under
different laser parameters. As seen in the table, the tensile strength of 22MnCrNiMo steel
produced by selective laser melting far exceeds the standard value of 860 MPa, averaging
over 38% higher. Additionally, the variations in the strength and elongation of samples
T2 and T5 align with the influence of the proportions of high-angle and low-angle grain
boundaries on performance.
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Table 3. Mechanical properties of 22MnCrNiMo steel with different laser parameters.

Sample Laser Power/W Tensile Strength/MPa Yield Strength/MPa Elongation/%

T1 175 1281 1121 6.7
T2 200 1223 1114 8.5
T3 225 1195 1089 8.9
T4 250 1184 1035 9.2
T5 275 1175 1010 10.2
T6 300 1190 1046 7.2
T7 325 1194 1051 6.9
S1 standard >860 MPa >580 MPa >12
O1 Liang et al. [31] 1009 929.5 18
O2 Mainier et al. [32] 857 937 16.1

Experimental results also show that the elongation of SLM-formed steel is slightly
lower than the standard value. Elongation mainly affects the plasticity of formed parts
and their ductility during reprocessing. Since selective laser melting (SLM) can directly
fabricate the desired shape without requiring additional reprocessing or shaping of specific
forms, the influence of elongation in the SLM process is relatively insignificant.

As shown in Figure 15, a comparison of the schematic diagrams for the traditional
manufacturing process and the new additive manufacturing process of mooring chains
reveals that the traditional process for mooring chains involves smelting–casting–rolling–
bending–welding, while the new additive manufacturing process eliminates the rolling,
bending, and welding steps. This makes the requirement for elongation less critical.
Therefore, the elongation requirements for 22MnCrNiMo mooring chain steel prepared by
the new additive manufacturing process merit further evaluation, and the use of selective
laser melting (SLM) technology for manufacturing mooring chains has pioneering and
great significance.

Figure 15. Schematic diagrams of Traditional Manufacturing (TM) process and Additive Manufactur-
ing (AM) process for mooring chains.

Figure 16 shows the engineering stress–strain curves of 22MnCrNiMo steel specimens
prepared under three typical laser powers: low, medium, and high (200 W, 250 W, 300 W,
respectively). As can be seen in Figure 16a, the elongation of T5 is significantly higher than
that of T2 and T6, while the maximum engineering stress of T2 is significantly higher than
that of T5 and T6.
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Figure 16. Mechanical properties of 22MnCrNiMo steel under different manufacturing processes:
(a) mechanical properties of 22MnCrNiMo steel via novel additive manufacturing processes;
(b) tensile strength of mooring chain steel under different conventional manufacturing processes.

The T1 specimen with a laser power of 175W has the highest strength, with a tensile
strength of 1227 MPa, a yield strength of 1116 MPa, and an elongation of 6.7%. The T4
specimen with a laser power of 275 W has the best plasticity, with an elongation of 10.2%,
a tensile strength of 1175 MPa, and a yield strength of 1010 MPa. The elongation of the
22MnCrNiMo steel specimens first increases and then decreases with the increase in the
laser power, while the tensile strength and yield strength show an opposite trend to the
change in elongation.

The new additive manufacturing process produces mooring chain steel with superior
performance compared with traditional manufacturing processes, as illustrated in Fig-
ure 16b. Qiu et al. [31] used 22MnCrNiMo steel sourced from 130 mm diameter annealed
rolled bars for their experiments. The manufacturing process included electric furnace
smelting, LF + VD, continuous casting, red material cold drawing and annealing, material
production, pit cooling and holding, and final annealing. The final annealing temperature
was 670 ± 10 ◦C, followed by air cooling to 500 ◦C at a cooling rate less than 30 ◦C/h. The
samples were then held at 910 ◦C for 2.5 h before water quenching and tempered at 610 ◦C
for 3 h followed by another water quench. Under these conditions, the experimental steel
achieved a maximum tensile strength of 1009 MPa.

Mainier et al. [32] used 22MnCrNiMo steel for their experiments. The steel ingots were
homogenized in a heat treatment furnace at 1200 ◦C for 15 h, then hot rolled into cylinders
with a nominal diameter of 123 mm and a reduction ratio of 28:1. The samples were held at
900 ◦C for 1 h, water quenched, reheated to 650 ◦C, held for 2 h, and water quenched again.
Under these conditions, the experimental steel achieved a maximum tensile strength of
857 MPa.

In comparison to 22MnCrNiMo steel produced by traditional manufacturing processes,
the strength of steel produced by the new additive manufacturing process increased by over
18%. The SLM-fabricated 22MnCrNiMo steel samples had a high density, fewer internal
defects, closely packed martensitic structures, a higher percentage of lower bainite, good
impact toughness, and maintained high strength.

Figure 17 shows the room temperature tensile fracture morphologies of 22MnCrNiMo
steel samples formed under different laser energy densities. With increasing laser power, the
tensile specimens exhibited ductile fracture characteristics, with dimples evenly distributed
across the fracture surfaces.
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Figure 17. Tensile fracture morphology of 22MnCrNiMo steel: (a) T2, (b) T4, (c) T6.

From Figure 17a, it can be seen that the sample presents a smooth layered section
with small pores. At this time, the fracture surface has both ductile dimples and a smooth
section, belonging to a mixed ductile and brittle section. Therefore, the elongation of the T2
sample is relatively low.

From Figure 17b, when the laser power reaches 250 W, the fracture surface of the
sample shows no obvious unmelted or over-burned materials, but rather a dense and
fine pore defect structure. Additionally, there are densely distributed dimples, indicating
ductile fracture. Therefore, theoretically, the elongation of sample T4 should be higher than
that of T2 and T6, which aligns with the experimental results.

From Figure 17c, sample T6 exhibits a tensile fracture surface with numerous large
internal pore defects and some flocculent material. This is due to excessive laser power
causing over-burning, which not only induces stress concentration during the tensile
process, triggering microcracks and reducing the tensile strength of the sample, but also
diminishes the sample’s ductility, adversely affecting its overall performance.

The grain size of 22MnCrNiMo steel manufactured by the traditional process is rela-
tively large. For example, Liang Qiu et al. [31] measured that the grain size of the specimen
processed by the annealing and rolling process was approximately 9.1 μm, with a ten-
sile strength of 1006 MPa. Mainier et al. [32] measured that the grain size of the sample
processed by the hot rolling process was approximately 10.5 μm, with a tensile strength
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of 856 MPa. Compared with the grain size of 9–11 μm of the samples processed by the
traditional process, the grain size of the SLM process was 3–4 μm, a reduction of 70%.
According to the principle of fine grain strengthening, the reduction in the metal grain size
has a significant impact on the increase in strength. Compared with the traditional manu-
facturing process, the strength of the samples prepared by the new additive manufacturing
process was increased by 20–50%. Figure 18 shows the relationship between the grain size
and strength of samples under different processes.

 
Figure 18. Relationship between grain size and strength of samples under different processes [31,32].

3.3.2. Impact Toughness of Mooring Chain Steel

The impact toughness requirement for grade R4 22MnCrNiMo mooring chain steel is
greater than 50 J at −20 ◦C. The impact performance of mooring chain samples produced by
the SLM process under different laser powers, as shown in Figure 19, reveals the following:
at laser powers of 175 W and 200 W, the absorbed impact energies of the samples are 121 J
and 127 J, respectively, both exceeding the standard requirement. From 200 W to 325 W,
the absorbed impact energy decreases with increasing laser power, but even at 325 W, the
impact energy still meets the standard requirement. Notably, the impact energy at 200 W
is significantly higher than at 275 W, which aligns with the influence of the area fraction
of lower bainite and martensite. Therefore, the impact toughness of 22MnCrNiMo steel
produced by the selective laser melting (SLM) process meets the requirements for grade R4
mooring chains.

 
Figure 19. Impact absorption energy of 22MnCrNiMo mooring chain samples under different
laser powers.
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Figure 20 shows the impact fracture morphology of the 22MnCrNiMo specimen. It
can be seen from the figure that there are a large number of dimples on the impact fracture
surface. During the impact process, a specimen undergoes local plastic deformation.
Microscopically, it manifests as the continuous expansion and connection of micro-cracks
inside the material under the action of shear stress, ultimately forming small pits. The size
and depth of the dimples reflect the plastic deformation ability of the material during the
impact process.

 
Figure 20. Impact fracture morphology of 22MnCrNiMo sample: (a) T2, (b) T4, (c) T6. The red
squares indicate the position of the enlarged image.
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In the area where the dimples are deep and large, the material has experienced a large
amount of plastic deformation before fracture and has good impact toughness. As shown
in the area marked by the orange circle in Figure 20, deep and large dimples can be clearly
seen. The number and size of pores on the fracture surface of the specimen under the laser
power of 200 W were significantly smaller than those of the specimens under the laser
powers of 250 W and 300 W. Under the action of impact load, stress concentration is likely
to occur around the pore defects, leading to the initiation and propagation of micro-cracks.

3.3.3. Hardness Properties of Mooring Chain Steel

Figure 21 illustrates the distribution of microhardness across the XZ section of 22Mn-
CrNiMo steel samples prepared under different laser powers. The average hardness values
for the samples prepared at laser powers of 175 W, 200 W, 225 W, 250 W, 275 W, 300 W,
and 325 W are 514.4 HV0.5, 513.2 HV0.5, 436 HV0.5, 427 HV0.5, 416.4 HV0.5, 409.4 HV0.5,
and 400.8 HV0.5, respectively. It can be observed that as the laser power increases, the
microhardness of the samples exhibits a decreasing trend. Notably, the hardness of samples
T1 and T2 is significantly higher than that of the other samples.

 
Figure 21. Hardness properties of 22MnCrNiMo steel under different laser powers. *—Represents
the hardness values of the same item sampled at random points, with each sample taking 5 data
points, and the average value being the final result.

Usually, the grain size and density of a sample are the key factors determining its
microhardness, and the relationship between microhardness (HV) and grain size (d) can be
expressed by the Hall–Petch formula [33]:

HV = H0 + Kd−1/2 (4)

where H0 is the pure iron hardness determined by the crystal structure and dislocation
density, and K represents the slope of the curve.
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As can be seen from Equation (4), the finer the metal grains, the higher the micro-
hardness. Therefore, among the parameters in this study, the specimen with an energy
density of 66.29 J/mm3 should theoretically have the highest micro-hardness, and in fact,
it is the parameter with the highest hardness. On the other hand, internal defects of the
material, such as pores, cracks, and lack of fusion, are weak points under load. Thus,
when the energy density is 123.11 J/mm3, it should also theoretically have a relatively high
micro-hardness.

However, based on the experimental results, it is evident that grain refinement plays
the most significant role in determining the microhardness of 22MnCrNiMo steel fabricated
via SLM. Although samples prepared at higher energy densities exhibit relatively dense
microstructures, the coarsening of their grains leads to a decrease in microhardness. This
observation aligns with the findings of AlMangour et al. [34], who reported similar results
for SLM-prepared SS316.

In summary, to improve the overall performance of 22MnCrNiMo steel produced
via SLM, the optimal additive manufacturing parameters should be based on those used
for sample T2. By selecting these parameters, the desired microstructure can be achieved,
ensuring grain refinement and high densification, which are essential for the performance
of mooring chain steel.

3.4. Grain Refinement Enhancement Mechanism of SLM Forming for Mooring Chain Steel

In the SLM (selective laser melting) process for fabricating mooring chain steel, the
size of the molten pool formed is extremely small, often in the micrometer range. Due
to the limited volume of liquid metal within the micro-melt pool, the space available for
grain growth and the supply of liquid metal during the solidification process are both
constrained. Consequently, the grain sizes formed are relatively fine. In contrast, traditional
manufacturing processes involve larger melt pools, which provide sufficient space and
liquid metal for continuous grain growth, resulting in relatively coarse grains.

Within the micro-melt pool, there exists a significant temperature gradient. The
center of the melt pool is at a higher temperature, while the edges are relatively cooler.
As the energy density increases, the depth of the melt pool increases, and the range of
the temperature gradient expands. This temperature gradient causes the growth rate of
grains near the edges to be relatively slow, while the growth of grains at the center is
restricted by the edges. Under this non-uniform thermal field, grain growth occurs within a
microscopic range.

During the SLM additive manufacturing process, the cooling rate of the micro-melt
pool is extremely high, typically reaching 105 K/s or even higher. In contrast, the cool-
ing rate during traditional water quenching after heat treatment is generally around
103 K/s [35]. Figure 22 illustrates the schematic variation in grain size under different
manufacturing processes. The cooling rate in traditional manufacturing processes is much
slower than that in SLM, which provides ample space for recrystallization, leading to coarse
grains. Tan et al. [36] highlighted the unique cyclic heat treatment history of laser additive
manufacturing imposes an intrinsic heat treatment (IHT) on the material during deposition.
IHT involves a cyclic process of rapid cooling and heating, with high solidification rates.
The rapid solidification characteristic of additive manufacturing prevents the atoms in the
liquid metal from undergoing sufficient diffusion and arrangement, leaving insufficient
time for grain growth. Within an extremely short timeframe, the liquid metal transforms
into a solid state, and atoms can only form nuclei and grow within a small range, resulting
in fine grain sizes.
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Figure 22. Schematic diagram of grain size changes in different manufacturing processes [31,32]:
(a) annealing and rolling, (b) hot rolling, (c) SLM.

The rapid solidification inherent in additive manufacturing processes significantly
increases the nucleation rate of liquid metal. Under rapid solidification conditions, the
undercooling of the liquid metal increases. Greater undercooling reduces the energy barrier
for nucleation in the liquid phase, making it easier to form nuclei. The formation of a large
number of nuclei leads to an increase in the number of grains. However, with each grain
having a reduced growth space and limited supply of liquid metal, the overall grain size
becomes finer.

This phenomenon is a direct consequence of the high cooling rates associated with
additive manufacturing, which not only restrict the growth of individual grains but also
enhance the nucleation process, ultimately leading to a finer microstructure. These fine
grains contribute to improved mechanical properties, which are critical for the performance
of materials like mooring chain steel fabricated via SLM.

4. Conclusions

When manufacturing mooring chains using traditional welding processes, the tough-
ness at the weld seams is often inferior, leading to issues such as fracture or corrosion
at these locations. In contrast, the novel additive manufacturing process utilizing SLM
(selective laser melting) technology produces mooring chain steel with uniform material
properties throughout, eliminating problems associated with weld seams. Additionally, the
traditional manufacturing of complex-structure mooring chains typically requires multiple
steps and intricate molds, which are costly and challenging. SLM technology, however, can
directly manufacture mooring chains based on design models without the need for molds,
enabling seamless and integrated production. Furthermore, SLM can produce mooring
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chains with complex internal cavities and unique shapes that are difficult to achieve with
traditional processes, providing greater design flexibility for mooring chain applications.
The main conclusions of this study are as follows:

1. The microstructure of 22MnCrNiMo steel primarily consists of martensite and lower
bainite. As the laser power increases, the area of the heat-affected zone (HAZ) expands,
leading to a higher proportion of bainite structures. Optimal results are achieved at a
laser power of 200 W, where the grain size becomes fine and the grain orientation is
irregular, resulting in a uniform sample microstructure. This uniformity is beneficial
for enhancing the mechanical properties of the steel.

2. Under the laser parameters of 200 W laser power, a scanning speed of 800 mm/s, a
layer thickness of 30 μm, and a scan spacing of 110 μm, the 22MnCrNiMo steel samples
exhibit the best comprehensive mechanical properties. Specifically, the microhardness
reaches 513.2 HV0.5, the tensile strength is 1223 MPa, the yield strength is 1114 MPa,
the elongation is 8.5%, and the impact energy is 127 J.

3. The selective laser melting (SLM) process creates micro-melt pools with a high so-
lidification rate, which refines the grains of the mooring chain steel, significantly en-
hancing the sample’s strength. Compared with traditional manufacturing processes,
the strength of 22MnCrNiMo steel produced using the SLM additive manufacturing
process is increased by over 20%. This enhanced strength lays the foundation for the
production of high-strength and high-toughness mooring chains.
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Abstract: Biodegradable metallic implants represent a paradigm shift in implantology,
eliminating secondary removal surgeries through predictable controlled degradation. This
review systematizes current achievements in selective laser melting (SLM) of biodegrad-
able metals (Mg, Fe, Zn), analyzing how processing parameters influence microstructure,
mechanical properties, and degradation kinetics. Key findings demonstrate that SLM-
produced Mg alloys achieve bone-matching modulus (40–45 GPa) with moderate degrada-
tion (1–3 mm/year); Fe-based systems provide superior strength (400–600 MPa) but slower
degradation (0.1–0.5 mm/year); while Zn alloys offer intermediate properties. Design
strategies for porous/lattice structures enhancing osseointegration and enabling property
gradients are discussed. Major challenges include controlling degradation kinetics, op-
timizing SLM parameters for reactive metals, standardizing testing methodologies, and
regulatory harmonization. This comprehensive analysis provides systematic guidelines
for material selection and process optimization, establishing a foundation for developing
next-generation personalized biodegradable implants.

Keywords: biodegradable metals; selective laser melting; additive manufacturing;
magnesium alloys; iron alloys; zinc alloys; medical implants; personalized medicine

1. Introduction

Modern implantology is transitioning to biodegradable implants that are replaced
by body tissues. According to a Grand View Research report, the global biodegrad-
able implant market reached USD 5.35 billion in 2022 and is projected to grow to USD
13.1 billion by 2030 with a CAGR of 11.8% [1] This growth is driven by the advantages
of biodegradable implants, including elimination of removal surgeries, reduced risk of
long-term complications, and more physiological load distribution during healing [2].

Traditional metallic implants (titanium, stainless steel, cobalt-chromium alloys) pos-
sess high strength and biocompatibility, but their elastic modulus (100–210 GPa) signifi-
cantly exceeds that of bone (5–23 GPa) [3,4]. This mismatch causes stress shielding, bone
resorption around the implant, loosening, and the need for revisions [5]. Additionally, the
permanent presence of the implant may be accompanied by metal ion release, corrosion,
inflammatory reactions, and complications [6].
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Biodegradable metallic alloys offer an innovative solution by providing temporary
mechanical support with precisely controlled degradation kinetics that synchronizes with
tissue regeneration, ultimately eliminating the need for implant removal surgeries. Alloys
based on magnesium (Mg), iron (Fe), and zinc (Zn) are of particular interest, possessing
unique properties and potential for various clinical applications [7].

Magnesium alloys are characterized by low density, elastic modulus close to bone
tissue, and relatively rapid degradation capability (3–6 months) [8]. The main corrosion
product is magnesium hydroxide, which gradually transforms into water-soluble com-
pounds and is safely excreted from the body. Magnesium is an essential microelement
involved in more than 300 biochemical reactions in the body, ensuring a favorable biological
response [9].

Iron alloys feature high strength and toughness, making them suitable for implants
experiencing significant loads. However, their slow in vivo degradation rate (more than
1 year) limits clinical application, stimulating the development of new compositions with
accelerated corrosion [10].

Zinc alloys occupy an intermediate position in terms of mechanical properties and
degradation rate between magnesium and iron alloys, demonstrating moderate corrosion
rate (3–12 months) and satisfactory strength [11]. Zinc is an important microelement
involved in regulating immune function and wound healing, making Zn alloys promising
candidates for biodegradable implants [12].

Traditional manufacturing methods (casting, forging, machining) are limited in cre-
ating complex geometries and personalized implants. Additive manufacturing (AM),
particularly selective laser melting (SLM), opens unique possibilities for overcoming these
limitations, allowing the creation of implants with precise geometry, controlled porosity,
and individualized properties [13].

The SLM process is based on layer-by-layer deposition of metal powder using a
high-energy laser beam that selectively melts and solidifies material according to a digital
3D model [14]. This technology provides unprecedented design freedom, including the
creation of complex lattice structures that mimic trabecular bone architecture, promoting
osseointegration and controlled implant degradation.

Despite significant progress in developing biodegradable alloys and their additive
manufacturing technologies, several unresolved problems remain that require further re-
search. The main challenges include control of degradation rate [15], balance of mechanical
properties, technological aspects of working with reactive metals [16], and certification
issues for clinical application.

Figure 1 demonstrates the process of temporary functioning of a biodegradable im-
plant and the dynamic relationship between implant degradation and bone tissue regenera-
tion over time.

The purpose of this review is to provide a comprehensive and critical analysis of the
current state of research in the field of additive manufacturing of biodegradable metallic im-
plants, with a specific focus on the selective laser melting process. Unlike previous reviews
that typically address either biodegradable metals or additive manufacturing separately,
this work uniquely integrates both aspects while offering a comparative analysis of Mg,
Fe, and Zn-based systems. This review makes several novel contributions to the field by
(1) systematizing data on the influence of SLM parameters on microstructure, mechanical
properties, and degradation rate of different biodegradable metal systems; (2) critically
evaluating porous structure design strategies and their influence on biological response;
(3) providing side-by-side comparison of key properties across different biodegradable
metal families; and (4) identifying promising research directions to overcome existing limi-
tations for successful clinical translation. The insights presented here will guide researchers,
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engineers, and clinicians in developing next-generation personalized biodegradable im-
plants with optimized properties and controlled degradation behavior.

 

Figure 1. Schematic of biodegradable implant temporary functioning: (a) Initial implantation and
fracture fixation. (b) Gradual implant degradation and new bone tissue formation. (c) Complete
fracture healing and implant resorption. (d) Graph showing the relationship between implant
degradation and forming bone during rehabilitation.

2. Additive Manufacturing of Biodegradable Metals: Process Overview

2.1. Technology of the Selective Laser Melting Process

Selective laser melting (SLM) is a promising additive manufacturing (AM) technology
for biodegradable metallic implants, based on layer-by-layer melting of metal powder
by a high-energy laser. SLM belongs to Powder Bed Fusion (PBF) methods, forming
three-dimensional objects through the sequential creation of two-dimensional layers [17].

The SLM process includes the following main stages (Figure 2):

1. Deposition of a thin layer of metal powder (typically 20–100 μm) on the build platform
using a recoater blade or roller mechanism.

2. Selective melting of the powder by a laser beam according to the geometry of the
current cross-section of the model.

3. Lowering the build platform by the height of one layer.
4. Applying a new layer of powder and repeating the melting process.
5. Sequential repetition of these stages until the complete formation of the product.
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Figure 2. Schematic representation of the main components of an SLM setup and process stages:
(1) laser, (2) focusing and scanning system, (3) powder delivery device, (4) build platform, (5) powder
layer, (6) finished part, (7) elevator. The diagram also shows the sequential stages: powder layer
deposition, laser beam scanning, platform lowering, and application of a new layer.

2.2. Features of Working with Biodegradable Metals

Working with biodegradable metals in the SLM process has a number of spe-
cific features due to their physicochemical properties and requirements for final prod-
ucts. These features must be considered for the successful production of implants with
specified characteristics.

2.2.1. Reactivity and Temperature Regime

Biodegradable metals (magnesium, zinc, iron) possess high reactivity and specific
thermal properties, complicating their use in SLM processes.

Magnesium and zinc readily oxidize, forming surface oxide films that degrade melting
quality and increase product porosity. Studies show that low boiling points of magnesium
(1090 ◦C) and melting of zinc (419.5 ◦C) create a risk of material evaporation during laser
exposure, which can disrupt process stability [18]. In contrast, iron requires significant
energy input, but selective evaporation of alloying elements is possible, leading to changes
in alloy composition [19].

Thus, processing biodegradable metals by SLM requires strict control of the atmo-
sphere and precise adjustment of laser parameters.
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2.2.2. Requirements for Process Parameters and Control of Structural-Phase Composition

Selective laser melting of biodegradable metals requires precise control of parameters
that determine optimal characteristics within a narrow “process window.” For magnesium
alloys, energy density is critical, ensuring complete melting without evaporation [20] and
forming a fine-grained structure that increases strength but potentially accelerates corro-
sion [21]. For zinc alloys, cooling rate is important, affecting grain size and strength [22].
Iron alloys require high laser power while controlling scanning speed to minimize residual
stresses and cracks [23], and SLM parameters allow regulation of phase ratios (γ and
ε-martensite) to control biodegradation [24]. Rapid cooling in SLM leads to the formation
of non-equilibrium structures with high defect density. SLM of biodegradable metals
requires a comprehensive approach that considers the specifics of each alloy and the
required properties.

2.2.3. Post-Processing, Sterilization and Degradation Rate Control

SLM implants require specific post-processing to ensure properties and safety. Tra-
ditional heat treatment for Mg alloys may be ineffective due to oxidation risk. Micro-arc
and plasma electrolytic oxidation, biocompatible coatings (hydroxyapatite, polylactide) are
applied to improve corrosion resistance and biocompatibility [25].

Degradation rate management is a key task. For this purpose, alloying (to increase cor-
rosion resistance) [26], surface modification (creation of protective coatings) [27], porosity
management (regulation of surface area) [28], and microstructure regulation (phase com-
position, grain size through SLM parameters) [29] are used. Combining these approaches
allows creating implants with predetermined degradation rates.

Critically important is the choice of sterilization method, as biodegradable metals
can be sensitive to aggressive environments and high temperatures. Studies show that
gamma radiation may be the preferred sterilization method for magnesium implants, as it
minimally affects their properties [27].

2.3. Key Process Parameters and Their Influence

The quality and performance characteristics of biodegradable implants manufactured
by SLM are largely determined by process parameters. Optimization of these parameters
allows achieving the required density, microstructure, mechanical properties, and material
degradation rate.

2.3.1. Laser Power

Laser power is one of the key parameters determining the energy input in the SLM
process. The optimal power depends on the thermophysical properties of the material and
should ensure complete powder melting without excessive overheating and evaporation.

Studies show that for magnesium alloys such as AZ91D, the optimal power range
is 100–200 W [30]. Incomplete powder melting and porous structure formation occur
when laser power falls below 100 W. Conversely, powers exceeding 200 W cause intensive
magnesium evaporation, resulting in chemical composition changes and keyhole defect
formation [31].

For iron alloys, which have a higher melting temperature, increased laser power
(200–400 W) is required. Ewald et al. (2021) showed that a power of at least 200 W is
necessary to achieve optimal density and mechanical properties of the Fe-Mn-Al-Ni alloy
(SLM Solutions Group AG, Lübeck, Germany) [32].

Zinc alloys, conversely, require lower power (80–150 W) due to zinc’s low melting
temperature. Precise power control is critically important to prevent overheating and
excessive evaporation [33].
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2.3.2. Scanning Speed

The scanning speed of the laser beam affects the interaction time between the laser
and material and, consequently, the penetration depth, melt pool size, and cooling rate.

For magnesium alloys, the optimal scanning speed is in the range of 400–800 mm/s.
At lower speeds, excessive material overheating occurs, while at higher speeds, incomplete
powder melting occurs [34].

Iron alloys allow higher scanning speeds (600–1200 mm/s) due to their increased heat
resistance. Studies by Xie et al. (2024) showed that the optimal scanning speed for the
Fe–Mn–Al–C alloy is about 800 mm/s (SLM Solutions, Germany) [35].

Zinc alloys are characterized by lower scanning speeds (300–600 mm/s) due to the
need for precise control of thermal exposure [36].

2.3.3. Layer Thickness and Hatch Distance

Layer thickness and distance between scanning tracks determine the spatial distribu-
tion of laser energy and the degree of overlap between adjacent melt pools.

The optimal layer thickness for most biodegradable metals is 20–50 μm. Thinner
layers provide better accuracy and surface quality but increase build time. Thicker layers
increase productivity but can lead to incomplete penetration and reduced mechanical
properties [37].

The distance between scanning tracks should ensure sufficient overlap of adjacent
melt pools (typically 20–30%) to form a monolithic structure. Typical values are 60–120 μm
depending on the material type and laser spot diameter [38].

2.3.4. Scanning Strategy

The scanning strategy (laser beam path scheme) affects heat distribution, residual
stresses, and microstructure. Common strategies include raster scanning (in one direction
or with rotation between layers), island (chessboard) strategy, and contour scanning. For
metals prone to oxidation and evaporation (Mg, Zn), a strategy with rotation of direction
between layers is preferable, providing uniform heat distribution and reducing property
anisotropy [39].

2.3.5. Energy Density

Energy density is an integral parameter that combines the influence of laser power,
scanning speed, hatch distance, and layer thickness. It is calculated using Equation (1),

E =
P

v·h·d (1)

where E is the volumetric energy density (J/mm3), P is the laser power (W), v is the
scanning speed (mm/s), h is the hatch distance (mm), d is the layer thickness (mm).

For each type of biodegradable metal, there is an optimal energy density range that
provides a balance between complete powder melting and defect minimization. For
magnesium alloys, this range is 120–150 J/mm3, for iron alloys—150–200 J/mm3, for zinc
alloys—100–130 J/mm3 [40].

As shown in Figure 3, the quality of SLM processing of ZK60 alloy (SLM 125 H L,
SLM Solutions, Lübeck, Germany) significantly depends on laser energy density. With
excessive energy (area I), magnesium evaporation and melt splashing occur, leading to
an uneven surface. Insufficient energy (areas III–IV) causes incomplete powder melting
and defect formation. Optimal formation (area V) is achieved at 40–50 W and 500–800
mm/s, providing homogeneous samples with high dimensional accuracy. These results
demonstrate the critical influence of energy density on the morphology and quality of
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SLM products. As seen from the results, porosity shows a non-monotonic dependence on
scanning speed at fixed laser power. The lowest porosity is achieved at a medium power of
50 W, whereas extreme values (40 and 60 W) lead to a significant increase in defects. At
low power and high scanning speed, connected pores form due to capillary instability and
insufficient track overlap, causing the balling effect. Conversely, the combination of high
power and low scanning speed provokes the formation of large spherical pores due to the
keyhole effect, associated with vapor trapping in a deep melt pool. Increasing the input
energy exacerbates this effect, leading to increased porosity.

 
Figure 3. SLM processing optimization for ZK60 magnesium alloy: (a) macro-morphology in xy plane
showing different processing regions, (b) processing parameter map with laser power (40–60 W) and
scanning speed (400–900 mm/s), (c) porosity analysis and optical microscopy images corresponding
to the marked region in (b), demonstrating the relationship between energy density and part quality.
The dotted box in (b) outlines the region corresponding to the samples shown in (c), reprint with
permission from Ref. [41], 2021, Elsevier.
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2.4. Requirements for Powder Materials for Additive Manufacturing

The quality of metal powders for selective laser melting of biodegradable implants
is determined by a set of interrelated characteristics. Optimal parameters include par-
ticle size distribution in the range of 15–63 μm (narrow distribution, D10 = 20–25 μm,
D50 = 30–40 μm, D90 = 50–60 μm) for a balance between accuracy and flowability. The
morphology of particles is critically important, with preference given to spherical particles
with a roundness coefficient of at least 0.85 [42]. The chemical purity of powders must meet
the strict requirements of international standards ISO 13485 [43] and ASTM F3049 [44].

Various methods are used for powder production, each with its own advantages.
Different production methods are used: gas atomization (sphericity and purity), plasma
spheroidization (shape correction), mechanical alloying (complex alloys), and hydride–
dehydride method (high-purity powders).

For specific metals, specialized technological solutions are recommended. Magnesium
powders are optimally obtained by gas atomization in argon followed by spheroidization.
Iron powders are preferably produced by vacuum plasma atomization, while for zinc
powders, gas atomization with controlled cooling is most suitable. Compliance with these
parameters ensures reproducibility of the SLM process and controlled biodegradation
characteristics of implants.

2.5. Problems in Additive Manufacturing of Biodegradable Alloys

Despite significant progress in the field of additive manufacturing of biodegradable
metallic implants, there are a number of unresolved problems limiting their widespread
clinical application.

2.5.1. Degradation Rate Control

One of the key problems is ensuring a predictable and controlled degradation rate of
the implant, corresponding to the rate of tissue regeneration. Too rapid degradation leads
to loss of mechanical integrity and adverse reactions, while too slow degradation negates
the advantages of biodegradation. The complexity of control is exacerbated by differences
between in vivo and in vitro, influence of biological factors [45], and patient response [46].

The three main biodegradable metal systems exhibit significantly different degrada-
tion kinetics under physiological conditions. Magnesium-based implants typically degrade
at rates of 1.0–3.0 mm/year [47], with pure magnesium showing the highest degrada-
tion rate (up to 3 mm/year), while alloyed systems demonstrate more moderate rates.
Iron-based materials show considerably slower degradation, typically in the range of
0.1–0.5 mm/year [48], with pure iron exhibiting rates as low as 0.008 mm/year in certain
environments. Zinc alloys occupy an intermediate position with degradation rates between
0.2–0.5 mm/year [49].

Several key metallurgical and environmental factors influence degradation behavior.
The microstructural features of additively manufactured metals—including grain size,
phase distribution, and dislocation density—significantly impact corrosion mechanisms.
Finer grain structures with increased grain boundary area, typical of SLM-produced ma-
terials, generally accelerate degradation compared to coarse-grained counterparts. Phase
composition plays an equally critical role; for instance, in Fe-Mn alloys, ε-martensite
phases degrade faster than austenitic γ-phases, while in magnesium alloys, the presence
of secondary phases like Mg2Ca or Mg17Sr2 can create galvanic couples that accelerate
local corrosion.
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Environmental factors such as pH, ion concentration, protein adsorption, and fluid
flow dynamics profoundly affect degradation kinetics in vivo. The body’s dynamic en-
vironment, with variations in mechanical loading, cellular activity, and local chemistry,
creates significant complexity in predicting long-term degradation behavior. Static in vitro
tests frequently underestimate the degradation rates observed in vivo due to these dynamic
physiological factors.

The processing route—particularly for additively manufactured implants—introduces
additional variables affecting degradation. SLM processing parameters directly influence
microstructural features and residual stresses, which in turn affect corrosion susceptibility.
For example, higher cooling rates typically produce finer microstructures with higher
dislocation densities that can accelerate corrosion, while processing-induced porosity can
lead to localized corrosion phenomena.

2.5.2. Manufacturing Difficulties

Additive manufacturing of biodegradable metals is associated with a number of tech-
nological challenges. The high reactivity of magnesium and zinc requires special storage
conditions and modifications to SLM systems [50]. Material evaporation leads to smoke
and condensate formation, contaminating laser optics and reducing process efficiency [51].
Rapid cooling creates residual stresses, leading to deformation and reduced strength.

2.5.3. Corrosion Fatigue and Stress Corrosion Cracking

The combination of cyclic loads and corrosive environment creates a risk of corrosion
fatigue and stress corrosion cracking (SCC) in biodegradable implants [52]. This problem is
especially critical for implants working under cyclic loading conditions (e.g., bone plates,
screws, cardiovascular stents). Studies have shown that Al-free Mg alloys such as ZX50,
developed for biodegradable implants, are susceptible to stress corrosion cracking in m-SBF
at a strain rate of 10−7 s−1, resulting in significant loss of plasticity (from 21% in air to 3.8%
in m-SBF) [52].

Zinc alloys are characterized by increased sensitivity to SCC, especially in the presence
of chlorides, which requires special attention when designing implants for long-term
functioning [53].

2.6. Lattice Structures Manufactured by Additive Methods in Tissue Engineering

Additive manufacturing opens unique opportunities for creating complex three-
dimensional lattice structures that mimic the architecture of natural tissues and provide
optimal biological integration of implants.

2.6.1. Types of Lattice Structures

Depending on design and geometry, lattice structures of biodegradable implants are
divided into several types. Regular lattice structures (Figure 4a) use repeating cells (cu-
bic, tetrahedral, etc.) for predictable and customizable mechanical properties [54]. Triply
periodic minimal surfaces (TPMS) (Figure 4b), such as Schwarz and gyroid structures,
provide smooth transitions and good permeability [55]. Voronoi structures (Figure 4c)
create stochastic structures and show enhanced cell proliferation [56]. Biomimetic struc-
tures recreate the architecture of natural tissues such as bone [57]. Functionally gradient
structures (Figure 4d) change parameters (porosity, cell size) to create zones with different
properties [57].
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Figure 4. Main types of lattice structures for biodegradable implant materials: (a) cubic and circular,
reprint with permission from Ref. [58], 2024, Elsevier. (b) Triply periodic minimal surfaces—Schwarz
P, Schwarz D, gyroid, reprint with permission from Ref. [58], 2024, Elsevier, (c) Voronoi structure
reprint with permission from Ref. [58], 2024, Elsevier, (d) schematic diagram depicting natural bone
structure with gradient porous structures and gyroid CGPS structures with cell size gradient, reprint
with permission from Ref. [57], 2024, Elsevier.

2.6.2. Influence of Lattice Structure Parameters on Mechanical Properties
and Biodegradation

The mechanical properties of lattice structures made from biodegradable metals
are determined by a combination of material properties and geometric parameters of
the lattice. Key factors include porosity, as Schwarz lattices with 42% porosity demon-
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strated the highest combination of strength and plasticity [59], cell size (affects mechan-
ics/permeability/cell integration; optimally above 300 μm for osseointegration [60]), strut
thickness, and topology (determines stiffness/strength [59]). Higher porosity increases sur-
face area, accelerating degradation. For magnesium alloys, interconnected pores promote
uniform corrosion, whereas isolated pores lead to localized pitting corrosion [61]. Lattice
structures made from biodegradable metals demonstrate improved biological response
compared to monolithic implants [62].

Having established the fundamental principles and technical aspects of additive man-
ufacturing for biodegradable metals, we now turn our attention to specific material systems.
The following sections examine three primary biodegradable metal families—magnesium,
iron, and zinc alloys—in detail. Each section analyzes the unique characteristics, challenges,
and opportunities presented by these materials when processed through selective laser
melting. We begin with magnesium alloys, which offer the closest mechanical match to bone
tissue and have seen the most extensive clinical adoption among biodegradable metals.

3. Magnesium Alloys in Selective Laser Melting

3.1. Historical Overview and Basic Properties

The history of magnesium applications in medicine began in 1878 when Edward C.
Huse first used magnesium wire to stop bleeding [63], and in 1900, Payr proposed magne-
sium plates for joint restoration [64]. Widespread clinical application began later, with CE
marking obtained for the DREAMS magnesium stent (Biotronik, Bülach, Switzerland) and
MAGNEZIX® screw (Syntellix AG, Hannover, Germany) [65,66]. Modern developments
focus on creating new alloys with improved properties and implementing technologies
such as selective laser melting, due to the unique characteristics of magnesium that make it
promising for biodegradable implants:

1. Mechanical properties—magnesium’s elastic modulus (41–45 GPa) is significantly
closer to cortical bone (5–23 GPa) than traditional implant materials (titanium alloys—
110–120 GPa, stainless steel—200–210 GPa), reducing the risk of stress shielding
effects [67].

2. Biocompatibility—magnesium is an essential element for the human body, partic-
ipating in more than 300 biochemical reactions, including protein synthesis and
energy metabolism regulation. The daily requirement of an adult for magnesium is
300–400 mg [68].

3. Osteogenic properties—magnesium ions released during implant degradation
stimulate the proliferation and differentiation of osteoblasts, promoting bone
tissue formation [69].

4. Degradation in physiological conditions—magnesium undergoes electrochemical
corrosion in biological environments with the formation of magnesium hydroxide
and hydrogen: Mg + 2H2O → Mg(OH)2 + H2. Magnesium corrosion products are
non-toxic and gradually dissolve or are excreted from the body [70].

The use of magnesium alloys as biodegradable implants is associated with several lim-
itations. First, pure magnesium is characterized by a high corrosion rate (up to 3 mm/year),
which can lead to premature loss of mechanical integrity of the implant and the formation
of gas cavities [71]. Second, magnesium alloys possess relatively low strength, specifically,
their yield strength is lower than that of titanium alloys and stainless steel, which lim-
its their application under high load conditions [72]. Third, technological difficulties in
processing and additive manufacturing are related to the high reactivity and low boiling
point of magnesium [73]. To overcome these limitations, special magnesium alloys with
improved properties are being developed, and their additive manufacturing processes are
being optimized.
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3.2. Influence of Alloying Elements

Magnesium alloying plays a key role in modifying its properties for biomedical ap-
plications, allowing control of degradation rate, mechanical characteristics, and biological
response. The choice of alloying elements for biodegradable magnesium alloys is deter-
mined not only by their influence on material properties but also by biocompatibility,
absence of toxicity, and potential therapeutic effect [74]. Table 1 summarizes the influence
of alloying elements on the properties of magnesium alloys obtained by SLM.

Table 1. Influence of alloying elements on the properties of magnesium alloys obtained by SLM.

Alloying
Element

Optimal
Content

Effect on Mechanical Properties Effect on Degradation Rate Biological Effects

Calcium
(Ca) 0.3–1.0% Increased yield strength, grain

refinement [75]

Improved corrosion resistance at
content up to 0.5%, decreased at

higher content [76]

Stimulation of bone tissue formation,
activation of osteoblasts [77]

Zinc (Zn) 1.0–5.0% Increases tensile strength by 30–40%,
decreases plasticity [78]

Improved corrosion resistance at
content up to 3–4%, deterioration at

higher content

Stimulation of osteoblast
proliferation, antibacterial action

Strontium
(Sr) 0.5–2.0% Moderate strength increase,

improved plasticity [79]
Decreased corrosion resistance with

increasing content [80]
Stimulation of osteogenesis,

inhibition of osteoclast activity [80]

Rare Earth
Elements

(Gd, Y, Nd)
2.0–4.0% Significant strength increase,

improved fatigue characteristics [81]
Substantial improvement in

corrosion resistance [82]

Depend on the specific element, Gd
and Y show osteoinductive

properties [83]

Manganese
(Mn) 0.2–0.8% Moderate effect on strength, reduced

property anisotropy [84]
Improved corrosion resistance due to

binding Fe impurities [84]
Participation in connective tissue

formation, enzymatic processes [85]

Zirconium
(Zr) 0.3–0.6%

Grain refinement, improved
microstructure homogeneity,

reduced anisotropy [51]

Moderate improvement in corrosion
resistance [86]

Low cytotoxicity, neutral biological
action [86]

3.2.1. Calcium (Ca)

Calcium is one of the most important minerals in human bone tissue, playing a key
role in its strength and ability to recover after damage. In magnesium alloys, calcium
forms the intermetallic compound Mg2Ca, which is distributed predominantly along grain
boundaries and affects mechanical properties [87]. The addition of calcium promotes grain
refinement, leading to increased strength and plasticity [88,89]. However, calcium content
should be controlled, usually less than 1% [80], as exceeding this value can deteriorate
the material’s corrosion resistance. Studies show that the Mg-2Zn-0.2Mn alloy with the
addition of 0.36 wt.% Ca has optimal corrosion resistance due to the formation of a dense
protective film and limited amount of secondary phase. At higher Ca content (0.76% and
1.10%), significant formation of secondary phase is observed, causing intensive galvanic
corrosion [90]. In the SLM process, calcium affects the microstructure and properties of
magnesium alloys. Modern studies of SLM Mg-Ca alloys demonstrate the possibility of
achieving relative density above 99% with optimized process parameters (laser power
150–200 W, scanning speed 400 mm/s) [91].

3.2.2. Zinc (Zn)

Zinc, an important microelement for the human body [92–94], participates in solid
solution and dispersion strengthening in magnesium alloys, refines grain, and forms the
MgZn phase, improving mechanical properties and corrosion resistance at contents up
to 5% [95]. However, when exceeding 5–7% Zn, corrosion resistance decreases due to
galvanic corrosion, and the microstructure consists of α-Mg and MgZn distributed along
grain boundaries. In the SLM process, Mg-Zn alloys demonstrate a fine-grained structure,
and the addition of Ca increases strength to 182 MPa and elongation to 9.1% [96].
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3.2.3. Strontium (Sr)

Strontium is an important element for bone tissue growth and strengthening. It stimu-
lates osteoblast differentiation while slowing osteoclast activity, also improving calcium
absorption by bone tissue [97]. In magnesium alloys, strontium forms secondary phases
that improve mechanical properties and corrosion resistance [98]. Binary Mg-Sr alloys
predominantly consist of α-Mg and Mg17Sr2 phases [98]. Increasing strontium content
(0.5–2.5%) enhances tensile and compressive strength. However, the corrosion resistance
of extruded Mg-Sr alloys decreases with increasing strontium content due to galvanic
corrosion [3]. In SLM, strontium is of interest for biodegradable implants with osteogenic
properties. Adding 0.5–1.0% Sr to magnesium alloys processed by SLM improves the
biological response without significantly deteriorating technological properties [99].

3.2.4. Rare Earth Elements (REE)

Rare earth elements (REE) such as gadolinium (Gd), yttrium (Y), neodymium (Nd),
and cerium (Ce) improve the mechanical properties and corrosion resistance of magnesium
alloys. For biomedical purposes, Gd and Y are of greatest interest [100]. The commer-
cial alloy WE43 (Mg-4Y-3RE-0.5Zr), originally developed for the aerospace industry, has
found application in biomedicine due to its optimal properties. This alloy is character-
ized by enhanced corrosion resistance and mechanical strength, as well as relatively good
processability in additive manufacturing [101].

3.2.5. Manganese (Mn) and Zirconium (Zr)

Manganese and zirconium modify the microstructure and neutralize impurities in
magnesium alloys. Manganese improves corrosion resistance by binding iron and forming
Al-Mn compounds [102]. Zirconium is a powerful grain modifier, promoting the formation
of fine-grained structure [102]. In the context of SLM, adding 0.4–0.8% Mn to magnesium
alloys helps improve surface quality and reduce porosity of the resulting products [85].
Zirconium, despite its advantages as a structure modifier, can create problems in laser
melting due to its high melting temperature (1855 ◦C) and tendency to oxidize [103]. Recent
research shows the promise of the Mg-10Zn-0.8Ca-0.5Zr alloy for the SLM process [104].
The powder of this alloy, obtained by mechanical alloying, is characterized by a homoge-
neous structure and relatively spherical particle shape. Optimization of SLM parameters
allows obtaining samples with high strength, integrity, and minimal porosity (0.64%) at
low laser energy density (138 J/mm3) [104].

3.3. Features of the SLM Process for Magnesium Alloys

Selective laser melting of magnesium alloys is associated with a number of specific
problems due to the physicochemical properties of magnesium. Understanding these
features and developing approaches to overcome them are key to successful additive
manufacturing of biodegradable implants from magnesium alloys.

3.3.1. Reactivity and Thermal Properties

Magnesium has high chemical activity, leading to intensive oxidation when heated
during the SLM process with the formation of MgO, increasing the risk of igni-
tion [105]. To prevent oxidation, sealed chambers with inert atmosphere (argon/nitrogen,
O2 < 10 ppm), evacuation (10−3–10−5 mbar), and oxygen content control (<500 ppm for
AZ91D alloy) [106] are used. The low boiling point of magnesium (1090 ◦C) causes evapo-
ration, pore formation, and changes in alloy composition, while high thermal conductivity
(156 W/(m·K)) promotes rapid cooling, leading to fusion defects [107]. These problems are
solved by optimizing laser parameters (low power, high scanning speed), powder preheat-
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ing, and vapor filtration. MgO oxide films (tplan = 2852 ◦C) on powder particles deteriorate
fusion, promoting inclusion formation [108]. To minimize them, powder pre-treatment,
increased laser energy, introduction of modifying additives (e.g., Ca), and optimization of
scanning modes are applied.

3.3.2. Optimization of SLM Parameters for Magnesium Alloys

For successful additive manufacturing of magnesium alloys, it is necessary to optimize
SLM parameters: laser power (100–200 W, for AZ91D optimally about 150 W) (see Figure 5);
scanning speed (high, 400–800 mm/s, for AZ91D optimally about 600–650 mm/s); layer
thickness (30 μm); scanning strategy (rotation of direction between layers); energy density
(70–120 J/mm3) [106].

Figure 5. Typical optical micrographs of vertical planes of AZ91D manufactured at various processing
parameters, values marked in the lower left corner represent the corresponding densification (a),
SEM micrograph of lack of fusion pores (b), gas pores, keyhole-type pores and corresponding local
magnifications (c), Reprint from [106].

Nopová et al. (2023) investigated the influence of SLM parameters on the quality
and properties of AZ91D alloy [109]. It was established that optimal process parameters
(laser power = 180 W, scanning speed = 612.5 mm/s, hatch distance = 0.133 mm, and layer
thickness = 0.05 mm) provide relative density over 99%, low porosity, and homogeneous
microstructure. Mechanical tests showed high values of yield strength (181 MPa) and
tensile strength (305 MPa), with elongation to failure of 5.2%, which is more than twice the
literature data for cast material [109].

Analysis of the microstructure of SLM-manufactured AZ91D showed the depen-
dence of pore morphology on processing parameters (see Figure 3). Lack of fusion areas,
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keyhole areas, and transition areas were identified, which is consistent with previous
studies [18,32,41]. Defects were classified as lack of fusion pores (low energy density),
gas pores, and keyhole-type pores (high energy density). Optimal parameters provide
densification >99.77%, with predominance of small gas pores associated with Mg and Zn
evaporation [110] and argon entrapment.

For SLM WE43 yields two primary defect types: lack-of-fusion (LOF) at low
power/high speed, and porosity at high power/low speed. LOF is attributed to insuf-
ficient energy density for complete powder melting, while porosity results from metal
vapor entrapment at higher energy densities, exacerbated by the high vapor pressure of
magnesium. A scan speed of 1000 mm/s and a laser power of 100 W resulted in optimal
density (99.88%) [111].

3.4. Microstructure and Mechanical Properties

Additive manufacturing of magnesium alloys ensures the formation of a microstruc-
ture significantly different from that obtained by traditional methods (casting, extrusion).
These differences are due to the unique crystallization conditions in SLM, characterized by
extremely high cooling rates and directional heat removal [93].

3.4.1. Features of SLM-Magnesium Alloys Microstructure

The microstructure of SLM-magnesium alloys is characterized by a fine-grained struc-
ture of 5–20 μm, which is significantly smaller than in cast alloys (50–150 μm). The
fine-grained structure provides enhanced mechanical properties. It also has a layered
morphology (“fish-scale”), growth texture (preferential orientation of crystallographic
directions parallel to the build direction), non-equilibrium phase distribution, microsegre-
gation, and high density of crystal lattice defects. Studies have shown that SLM material
is characterized by smaller and more uniformly distributed grains, with less anisotropy
compared to traditional production methods [51].

3.4.2. Mechanical Properties of SLM-Magnesium Alloys

The mechanical properties of magnesium alloys obtained by SLM usually exceed those
of similar materials manufactured by traditional methods, especially in terms of strength.
This improvement is due to the fine-grained structure, solid solution strengthening, and
high dislocation density.

Table 2 presents the mechanical properties of various magnesium alloys obtained by
SLM compared to traditional production methods.

Table 2. Mechanical properties of magnesium alloys obtained by various methods.

Alloy
Production

Method
Yield Strength

(MPa)
Tensile Strength

(MPa)
Elongation

(%)
Source

WE43 SLM 296.3 ± 2.5 308.0 ± 1.0 12.2 ± 1.4 [112]

WE43 Extrusion 284.4 ± 0.9 306.6 ± 0.5 22.4 ± 3.6 [112]

WE43 Casting 145.4 ± 6.6 189.2 ± 9.2 4.4 ± 0.6 [112]

WE43 Rolling + aging 310 ± 3 357 ± 4 2.9 ± 0.1 [113]

AZ91D SLM 181 305 5.2 [109]

AZ91D Casting 160 220 5.8 [106]

GZ112K SLM 252 275 4.3 [33]
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As seen from the table, SLM materials demonstrate increased values of yield strength
and tensile strength compared to cast analogues. Particularly impressive improvement
is observed for the WE43 alloy, where the yield strength of SLM material (296.3 MPa) is
more than twice the value for cast material (145.4 MPa). This is explained by a combination
of fine-grained structure, solid solution strengthening, and dispersion strengthening by
secondary phases [112].

Of particular interest are the fatigue properties of magnesium alloys obtained by
SLM, as they are critically important for implants working under cyclic loading conditions.
Studies show that the fatigue limit of SLM materials is 40–45% of the tensile strength,
which is comparable to extruded materials and exceeds the values for cast analogues
(30–35%) [114].

3.4.3. Effect of Heat Treatment

Heat treatment effectively modifies the microstructure and properties of SLM-
magnesium alloys. Applied treatments include: stress relief annealing, homogenization
annealing, T4 treatment (solid solution strengthening), and T6 treatment (combination of
solid solution strengthening and artificial aging). For example, T4 treatment of WE43 alloy
increases plasticity with a moderate decrease in yield strength [115]. Heat treatment of
magnesium alloys requires precautions due to their tendency to oxidize, such as protective
atmospheres or coatings.

3.5. Biodegradation and Biocompatibility

The rate and mechanism of biodegradation of magnesium alloys obtained by SLM
play a key role in their functionality as temporary implants. The unique microstruc-
ture and properties of SLM materials significantly affect the corrosion process in the
physiological environment.

3.5.1. Mechanism of Biodegradation of Magnesium Alloys

Biodegradation of magnesium alloys in physiological conditions is based on electro-
chemical corrosion, which can be described by the following reactions:

Anodic reaction: Mg → Mg2+ + 2e−

Cathodic reaction: 2H2O + 2e− → H2 + 2OH−

Hydroxide formation: Mg2+ + 2OH− → Mg(OH)2

Overall reaction: Mg + 2H2O → Mg(OH)2 + H2

In a physiological environment containing chloride ions, the formation of a protective
Mg(OH)2 layer can be disrupted due to the formation of soluble MgCl2:

Mg(OH)2 + 2Cl− → MgCl2 + 2OH−

Biodegradation of magnesium alloys in a living organism represents a more complex
process, including interaction with proteins, cells, and enzymes. Protein adsorption on the
implant surface can either accelerate or slow down corrosion depending on the type of
proteins and environmental conditions [116].
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3.5.2. Influence of Microstructure on Biodegradation

The microstructure of SLM-magnesium alloys significantly affects the rate and na-
ture of their biodegradation. Fine-grained structure (5–20 μm) increases the area of grain
boundaries, which can accelerate corrosion [117]. Non-equilibrium phase distribution and
extended solubility limits of alloying elements in SLM materials change their electrochem-
ical behavior—for example, in WE43 alloy, uniform distribution of rare earth elements
contributes to the formation of a more stable protective film [118]. High residual stresses
characteristic of the SLM process accelerate corrosion due to the mechano-chemical effect,
but heat treatment can reduce their negative impact. Present microporosity creates con-
ditions for localized corrosion due to limited mass transfer and local pH changes [119],
and the crystallographic texture forming during SLM leads to anisotropy of corrosion
behavior, as different crystallographic planes of magnesium have different electrochemical
activity [120].

3.5.3. Comparison of Biodegradation Rate of SLM and Traditional Materials

Studies show that the biodegradation rate of SLM-magnesium alloys is higher than
that of analogues obtained by traditional methods. For example, for SLM-WE43 alloy,
the in vitro corrosion rate is 2.6 ± 1.9 versus 1.0 ± 0.5 mm/year for cast material [121].
This is associated with fine-grained structure, microporosity, and residual stresses, but
the corrosion rate can be regulated by optimizing SLM parameters, post-processing, and
surface modification.

As evident from the comparative data in Table 3, SLM-produced magnesium alloys
consistently demonstrate higher corrosion rates compared to their traditionally manufac-
tured counterparts, with increases ranging from 60% to 160% depending on the specific
alloy composition and testing environment. This accelerated degradation can be attributed
to several microstructural features unique to the SLM process: (1) the significantly finer
grain size (5–20 μm compared to 50–150 μm in cast alloys) increases the total grain boundary
area, creating more sites for preferential corrosion; (2) the presence of processing-induced
microporosity creates localized areas for corrosion initiation; and (3) high residual stresses
from rapid solidification promote stress-assisted corrosion mechanisms.

Table 3. Comparison of biodegradation rates of magnesium alloys produced by different methods.

Alloy
Manufacturing

Method
Testing Environment

Corrosion Rate
(mm/Year)

Reference

WE43 SLM SBF, in vitro 2.6 ± 1.9 [121]

WE43 Casting SBF, in vitro 1.0 ± 0.5 [121]

AZ91D SLM 3.5% NaCl 1.68 [106]

AZ91D Casting 3.5% NaCl 0.89 [106]

Mg-Ca SLM HBSS 1.35–1.81 [91]

Mg-Ca Casting HBSS 0.72–0.96 [91]

Pure
Mg SLM PBS 2.28 [115]

Pure
Mg Casting PBS 1.02 [115]

WE43 SLM, T4
treated SBF, in vitro 1.8 ± 0.7 [41,122]

ZK60 SLM HBSS 1.47 [41]

ZK60 Extrusion HBSS 0.83 [41]
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The data also reveals that post-processing treatments, particularly heat treatment,
can substantially reduce this accelerated degradation. For instance, T4 heat treatment of
SLM-WE43 reduced its corrosion rate from 2.6 to 1.8 mm/year by relieving residual stresses
and homogenizing the microstructure. This modulation capability highlights the potential
to tailor degradation rates to specific clinical requirements through controlled processing
and post-processing strategies.

Testing environments significantly impact measured degradation rates, with more
complex physiological solutions (containing proteins and various ions) generally resulting
in different corrosion behavior compared to simple saline solutions. This underscores the
importance of standardized testing protocols when comparing degradation performance
across different studies and manufacturing methods.

3.5.4. Methods of Controlling Biodegradation Rate

A complex of methods is applied to regulate the biodegradation rate of SLM-
magnesium implants. Alloy composition optimization (addition of RE, Ca, Zn) improves
corrosion properties. Heat treatment (e.g., T4 regime for WE43) reduces the corrosion
rate by relieving stresses [122]. Surface coatings are effective: MAO (reduces corrosion by
5–10 times) [123], PEO (creates regulated porous layers) [124], and biopolymer coatings.
Additionally, porosity is controlled by adjusting SLM parameters, and gradient structures
are created for zonal degradation [125]. These approaches allow precise tuning of implant
dissolution rate.

3.5.5. Biocompatibility of SLM-Magnesium Implants

The biocompatibility of magnesium alloys obtained by SLM is determined by their
chemical composition, microstructure, and surface topography. In vitro studies confirm
their good cytocompatibility: they support adhesion, proliferation, and differentiation of
osteoblasts, stem cells, and endothelial cells [126].

Porous lattice structures (60–70% porosity, 600–800 μm) provide optimal conditions
for cell migration and bone tissue formation [57]. Figure 6 shows the Characterization
of degradation products on the periphery of scaffolds. In vivo studies on animal models
demonstrate active osseointegration and gradual replacement of the implant with bone
tissue [127]. First clinical trials of individualized implants made of WE43 show their
successful integration and controlled degradation [128].

Thus, SLM-magnesium alloys have high potential for clinical application due to the
combination of biocompatibility, osteoinductive properties, and regulated degradation
rate.

3.6. Clinical Applications and Prospects

SLM–magnesium implants represent a promising direction in orthopedics, craniomax-
illofacial and cardiovascular surgery due to the unique possibilities of additive manufac-
turing and personalization. In orthopedics, they can be used for fracture fixation (screws,
plates, rods), providing gradual load transfer and stimulation of osteogenesis [129], as
well as bone scaffolds with optimized geometry and osteochondral implants with varying
porosity. Clinical studies of MAGNEZIX® screws demonstrate effectiveness comparable to
titanium analogues [130]. In craniomaxillofacial surgery, SLM–magnesium finds applica-
tion in skull reconstruction (personalized implants), maxillofacial reconstruction (implants
for defect restoration with improved osseointegration), and as experimental dental im-
plants with controlled degradation rate [131]. In cardiovascular surgery, biodegradable
stents (providing temporary support for vessels) and occluders for closing defects are
being investigated [131]. Further research is directed towards developing new alloys with
optimized properties, surface functionalization [131], creating bioactive implants [28], hy-
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brid structures, improving SLM technology, and integration into personalized medicine
platforms. In conclusion, SLM–magnesium alloys present significant potential in the field
of biodegradable implants, opening new possibilities through additive manufacturing and
magnesium biocompatibility.

 
Figure 6. Characterization of degradation products on the periphery of scaffolds: (a) SEM images
and EDS mapping, (b) EDS analysis, and (c) Fourier Transform Infrared Spectroscopy analysis,
reproduced from [28], with permission from Elsevier, 2018.

While magnesium alloys offer excellent biocompatibility and mechanical similarity
to bone, their relatively rapid degradation may be unsuitable for applications requiring
prolonged structural support. Iron-based alloys present an alternative with superior
strength and slower degradation kinetics, making them potentially valuable for load-
bearing applications where longer-term support is necessary. The following section explores
how selective laser melting can be applied to iron-based biodegradable systems, addressing
both the opportunities and challenges presented by these high-strength alloys.
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4. Iron-Based Alloys in Selective Laser Melting

4.1. Historical Overview and Basic Properties

Iron represents a promising material for biodegradable implants due to its combination
of high strength, plasticity, excellent biocompatibility, and the possibility of manufacturing
complex structures (stents, foils, metal foams) [38]. However, its clinical application is
limited by an extremely slow degradation rate: experimental studies in pigs showed that
iron stents in the descending aorta maintained structural integrity for 12 months without
significant signs of corrosion [10]. Although the natural metabolism of iron in the body
ensures good biocompatibility, its excessively low degradation rate makes a pure iron
implant unsuitable for temporary clinical application, stimulating the development of
methods to accelerate its corrosion.

Iron and its alloys are promising for creating biodegradable implants due to their
combination of mechanical and biological properties. Their high strength and stiffness
provide the necessary load-bearing capacity in orthopedic applications, while adjustable
porosity allows approximating mechanical characteristics to those of natural bone [132,133].
An important advantage is the biocompatibility of iron, which is naturally metabolized in
the body, minimizing the risk of undesirable immune reactions [131].

However, the use of iron as a biodegradable material is associated with several problems:

1. Low degradation rate—the corrosion rate of pure iron in physiological conditions is
0.1–0.5 mm/year, which is significantly lower than clinically acceptable values for
temporary implants (0.5–2.0 mm/year) [134].

2. Formation of insoluble corrosion products—iron corrosion products (predominantly
oxides and hydroxides) have low solubility and can accumulate around the implant,
creating a diffusion barrier that further slows down corrosion [135].

3. Potential toxicity—Iron ions, especially when exceeding certain concentrations, can
have a cytotoxic effect. Studies have shown that high levels of iron ions can reduce
cell proliferation rate and affect metabolic activity [132].

To overcome these limitations, especially the low degradation rate, intensive research
is being conducted on the development of new iron-based alloys and optimization of their
production technologies, including selective laser melting.

4.2. Influence of Alloying Elements

Alloying of iron plays a key role in modifying its properties for biomedical applications,
allowing control of degradation rate, mechanical characteristics, and biological response
(Table 4). The choice of alloying elements for biodegradable iron alloys is determined
not only by their influence on material properties but also by biocompatibility, absence of
toxicity, and potential therapeutic effect.

Table 4. Influence of alloying elements on the properties of iron alloys obtained by SLM.

Alloying
Element

Optimal
Content

Effect on Mechanical
Properties

Effect on Degradation
Rate

Biological Effects

Manganese
(Mn) 20–35%

Increased strength and
plasticity, change in phase

composition (γ, γ + ε),
reduced magnetic
properties [136]

Acceleration of corrosion
compared to pure Fe [137]

Essential microelement,
participates in metabolism

[138]
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Table 4. Cont.

Alloying
Element

Optimal
Content

Effect on Mechanical
Properties

Effect on Degradation Rate Biological Effects

Carbon (C) 0.5–1.2%
Significant strength increase

[139], austenitic phase
stabilization, TRIP effect [140]

Can accelerate or slow down
corrosion depending on

microstructure [141]
-

Silicon (Si) 3–6% Increased yield strength, shape
memory effect [142]

Significant acceleration of
corrosion (by 2–3 times) [143]

Biocompatible with various
cell types [144]

Calcium (Ca) 0.5–2.0% - Substantial acceleration of
corrosion [145]

Stimulation of osteogenesis
[146], important element for

bone tissue

Magnesium
(Mg) 0.5–2.0% Increased hardness [147] Significant acceleration of

corrosion [145] -

Palladium
(Pd) 0.5–1.0% Increased strength and

corrosion rate [148]

Acceleration of corrosion by
3–4 times through

microgalvanic effect [149]
Acceptable cytotoxicity [148]

Copper (Cu) 1.0–4.0% Moderate reduction in
mechanical properties [150]

Acceleration of corrosion
[150] Antimicrobial action [151]

4.2.1. Manganese (Mn)

Manganese (Mn) is a promising alloying element for biodegradable iron alloys, af-
fecting phase composition, mechanical properties, and degradation rate. At 20–30% Mn,
austenitic (γ, FCC) or austenitic-martensitic (γ + ε, FCC + HCP) structures form, and at
>30%—fully austenitic structures [139]. Mn improves strength and enhances plasticity; for
example, Fe-30Mn alloys demonstrate yield strength of 200–250 MPa and tensile strength of
430–550 MPa with elongation of 30–40%. Fabricated porous biodegradable SLM Fe-30Mn
scaffolds showed mechanical adaptability, biocompatibility, and osseointegration in vivo
(48 weeks) [28]. However, in the context of SLM, high reactivity and low evaporation
temperature of Mn create technological challenges, such as selective evaporation of Mn
and deviation of product composition.

4.2.2. Carbon (C)

Carbon (C) is an important alloying element for iron alloys, affecting mechanical
properties and microstructure. It strengthens iron (0.5–1.2% C increases yield strength
and strength) [139], stabilizes the austenitic phase, and affects corrosion resistance [141].
Fe-Mn-C possesses high strength and plasticity due to austenitic structure and TRIP effect,
as well as accelerated degradation in vitro [140]. In SLM, it is necessary to control the
formation of carbides that affect product properties.

4.2.3. Silicon (Si)

Silicon (Si) is an effective alloying element that accelerates the degradation of iron
alloys: it increases corrosion rate [141], promotes the formation of duplex ε and γ phases
(Fe-28Mn-6Si demonstrates 80% higher degradation rate) [143], improves strength by
70% compared to the base alloy (Fe-30Mn) and improves strain hardening capacity while
maintaining good plasticity [144], and at certain compositions induces shape memory
effect [142]. Optimal Si content (3–5%) for balance of properties and degradation; Fe-30Mn-
5Si showed a degradation rate of 0.80 mm/year [152].
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4.2.4. Calcium (Ca) and Magnesium (Mg)

Calcium (Ca) and magnesium (Mg) are biologically active elements that, while ac-
celerating the degradation of iron alloys, can positively affect bone tissue regeneration.
They significantly increase corrosion rate [145], and the released Ca2+ and Mg2+ ions can
stimulate osteogenesis and angiogenesis [146]. Ca and Mg also affect microstructure and,
consequently, alloy properties. Hong et al. (2016) showed that Fe-Mn-Ca/Mg alloys
obtained by jet 3D printing accelerate degradation and promote osteoinduction and osteo-
conduction [153]. In SLM, it is necessary to consider the high reactivity of Ca and Mg and
optimize process parameters.

4.2.5. Palladium (Pd) and Copper (Cu)

Palladium (Pd) and copper (Cu) accelerate the degradation of iron alloys and impart
additional properties. Minor addition of Pd (0.5–1.0%) to Fe-10Mn increases degradation
rate fourfold [149]. Cu-containing alloys possess antimicrobial properties [151], while Pd
and Cu can improve mechanical characteristics. Schinhammer et al. (2013) showed that
the combination of Mn, C, Pd optimizes degradation rate and mechanical properties [154].
In SLM, differences in melting temperatures and thermophysical properties of Pd and Cu
should be considered.

4.3. Features of the SLM Process for Iron Alloys

Selective laser melting of iron alloys for biodegradable implants has a number of
features related to both the physicochemical properties of the material and the requirements
for final products.

4.3.1. Technological Features of SLM for Iron Alloys

Iron alloys, particularly Fe-Mn systems, possess a number of specific properties
affecting the SLM process:

1. High melting temperature requires higher laser power and energy density for com-
plete powder melting [155].

2. Selective evaporation of alloying elements—In the Fe-Mn SLM process, evaporation
of large amounts of Mn will lead to Mn mass loss, defect formation, and chemical
composition changes in the final product [156].

3. High coefficient of thermal expansion—austenitic Fe-Mn alloys have a relatively high
coefficient of thermal expansion [157], which can lead to significant thermal stresses
and deformations during SLM.

4. Oxidation—although iron alloys are less reactive than magnesium or zinc alloys, they
are still subject to oxidation at high temperatures, especially alloys containing Mn,
which requires working in a protective atmosphere [158].

4.3.2. Optimization of SLM Parameters for Iron Alloys

Key SLM parameters requiring optimization for iron alloys are:

1. Laser power—higher power (200–400 W) is usually required for effective melting of
iron alloys compared to magnesium and zinc alloys. Donik et al. (2021) showed that
for the Fe-Mn alloy, the optimal power is 250–300 W [159].

2. Scanning speed—relatively high scanning speeds (600–1200 mm/s) are applied for
iron alloys, allowing reduction in laser interaction time and minimization of selective
evaporation of alloying elements. The optimal speed for Fe-Mn alloys is about
800 mm/s [159].
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3. Hatch distance—for iron alloys, a distance of 70–100 μm is usually used, providing
sufficient overlap of tracks for forming a monolithic structure. Donik et al. (2021)
used 80 μm [159].

4. Layer thickness—typical values for Fe-alloys are 20–40 μm, providing a balance
between productivity and quality of the resulting products.

5. Scanning strategy—to minimize thermal stresses and property anisotropy, a strategy
with rotation of scanning direction between layers (usually by 67◦ or 90◦) is commonly
applied [160].

6. Energy density—for iron alloys, the optimal energy density is usually 60–150 J/mm3 [161,162].
7. Platform preheating temperature—preheating the platform to 500 ◦C allows reducing

thermal gradients and residual stresses, as well as improving product quality [163].

4.3.3. Influence of SLM Parameters on Phase Composition and Microstructure of
Fe-Mn Alloys

SLM parameters significantly affect phase formation and microstructure of Fe-Mn
alloys, determining their mechanical properties and degradation rate. Energy density
influences the formation of austenitic (γ) and ε-martensitic phases, with lower densities
potentially reducing Mn losses [24]. The formation of γ and ε phases is directly related
to Mn content [159]. Thermal effect determines the formation of columnar or equiaxed
grains [24]. Rapid cooling leads to non-equilibrium structures with Mn segregation at melt
pool boundaries. Donik et al. (2021) established the dependence of ε-phase content on
laser energy density, allowing optimization of phase ratio and microstructure for controlled
degradation [159].

4.3.4. Post-Processing of SLM Products from Iron Alloys

Post-processing is an important stage in the production of biodegradable implants
from iron alloys, allowing modification of microstructure, improvement in mechanical
properties, and control of degradation rate:

1. Heat treatment—various heat treatment regimes can be applied to reduce resid-
ual stresses, homogenize microstructure, and modify phase composition. For Fe-
Mn alloys, Mn oxides have several transformations in the temperature range from
700 to 1000 ◦C, from which heat treatment regimes are often selected [24,164].

2. Hot isostatic pressing (HIP)—this method allows eliminating residual porosity and
improving mechanical properties of SLM products.

3. Surface modification controls degradation and improves biocompatibility: electro-
chemical polishing, passivation, coating application [165,166]

4. Mechanical processing—to achieve the necessary dimensional accuracy and sur-
face quality, finish mechanical processing can be applied. However, for complex
porous structures, traditional mechanical processing methods are often inapplicable,
requiring the use of specialized approaches such as electric discharge machining or
chemical etching.

Figure 7 shows EBSD ε-phase content from 81% (20.5% Mn) to 71% (24.8% Mn). Mn
content affects the ε − γ phase transformation, with carbon also playing an important role
(Mesquita et al., our previous studies). Despite increasing Mn content in the raw material
to 53%, only 32% Mn was achieved in the SLM sample, a dual-phase structure (ε + γ)
remained due to manufacturing issues [159].
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Figure 7. Phase maps of ε phase—yellow, and γ phase—red for SLM samples produced at different
process parameters, reprint from [159].

4.4. Microstructure and Mechanical Properties

The microstructure of iron alloys obtained by SLM differs significantly from that
formed by traditional production methods, due to the unique crystallization conditions
during laser melting.

4.4.1. Features of SLM-Iron Alloys Microstructure

The microstructure of Fe-Mn alloys obtained by SLM is characterized by a number
of features. Phase composition depends on Mn content and SLM parameters: γ-phase
(austenite) forms at high Mn content, ε-phase (martensite) at medium content, and α’-phase
(martensite) at low Mn content or deformation [159,167]. SLM typically leads to the forma-
tion of a fine-grained structure (10–50 μm) with preferential grain orientation, the shape of
which depends on process parameters. Microporosity, hot cracks, and residual stresses may
be present in SLM materials. The composition of the iron alloy 1.2% C, 32% Mn provides
an austenitic structure regardless of method, but SLM parameters affect microstructure,
element distribution, grain boundaries, mechanical properties, and corrosion [168].

4.4.2. Mechanical Properties of SLM-Iron Alloys

The mechanical properties of iron alloys obtained by SLM are determined by a com-
bination of chemical composition, phase composition, microstructure, and presence of
defects. Table 5 presents the mechanical properties of various Fe alloys obtained by SLM
compared to traditional production methods.

Table 5. Mechanical properties of iron alloys obtained by various methods as well as 316L.

Alloy Production Method
Yield Strength

(MPa)
Tensile Strength

(MPa)
Elongation (%) Source

Fe-30Mn-1.2C-1Si SLM 599 ± 27 843 ± 23 24 ± 4 [169]

Fe-30Mn-1.2C-1Si Casting 341 ± 6 767 ± 51 30 ± 1 [169,170]

Fe-30Mn PM 134 ± 5 216 ± 12 11 ± 1 [171]

Fe–30Mn Casting 124 366 55 [172]

Fe–Mn–Si SLM 325.8 ± 20.3 863.2 ± 10.7 11.0 ± 4.6 [164]

FeMn SLM 331 ± 8 553 ± 10 3.8 ± 1 [24]

316L SLM 638 ± 22 674 ± 9 30 ± 3 [173]
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These results highlight the potential of Fe-based biodegradable alloys, particularly
those produced via SLM, for applications requiring high strength, though improvements
in elongation are needed for broader use in biomedical applications.

4.4.3. Special Mechanical Effects in Fe-Mn Alloys

Fe-Mn alloys, especially with the addition of C and Si, can demonstrate a number of
unique mechanical effects that may be useful for biomedical applications:

1. TRIP effect (Transformation-Induced Plasticity)—plasticity induced by phase trans-
formation. In Fe-Mn-C alloys with predominantly austenitic structure, mechanical
deformation can cause martensite formation, leading to enhanced plasticity and
strengthening [174].

2. TWIP effect (Twinning-Induced Plasticity)—plasticity induced by twinning. In high-
manganese alloys (Fe-Mn with Mn content 25–35%), deformation occurs predominantly
through the twinning mechanism, providing high plasticity and strengthening [174].

3. Shape memory effect—some Fe-Mn-Si alloys demonstrate shape memory effect asso-
ciated with reversible martensitic transformation γ ↔ ε. This effect can be used to
create implants with functional properties, for example, self-expanding stents [175].

4. Superelasticity—Fe-Mn-Si-Al alloys can demonstrate superelastic behavior similar to
NiTi alloys, but with better biocompatibility and biodegradability [176].

These effects can be enhanced or modified by optimizing SLM parameters and subse-
quent heat treatment. For example, by controlling cooling rate and thermal cycles during
the SLM process, the ratio of γ and ε phases can be regulated and, consequently, the
expression of TRIP/TWIP effects and shape memory effect.

4.4.4. Fatigue Characteristics and Durability

For temporary implants, especially those working under cyclic loading conditions
(such as orthopedic fixators or cardiovascular stents), fatigue characteristics and durability
are critically important:

1. Fatigue limit—for Fe-Mn alloys obtained by SLM, the fatigue limit is usually 40–45%
of the tensile strength, which corresponds to 330 MPa for alloys with tensile strength
of 839 MPa [177].

2. Corrosion fatigue—high fatigue strength (70% of yield strength in air, 65% in r-SBF)
due to the plasticity of iron and slow degradation is shown. Cyclic loading accelerated
iron degradation, but iron remains a promising bioactive bone implant [178].

3. Microstructure influence—fatigue characteristics strongly depend on microstructure
and presence of defects. Fine-grained structure with uniform phase distribution
usually provides better fatigue strength [179].

4. Residual stresses—characteristic for SLM, residual stresses can significantly reduce
fatigue strength. Heat treatment for stress relief (heat treatment at 600–700 ◦C [180]).

4.5. Biodegradation and Biocompatibility

The rate and mechanism of biodegradation of iron alloys obtained by SLM play a key
role in their functionality as temporary implants. The unique microstructure and properties
of SLM materials significantly affect the corrosion process in the physiological environment.

4.5.1. Mechanism of Biodegradation of Iron Alloys

Biodegradation of iron alloys in physiological conditions is based on electrochemical
corrosion, which can be described by the following reactions:
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Anodic reaction: Fe → Fe2+ + 2e−

Cathodic reaction: O2 + 2H2O + 4e− → 4OH−

Hydroxide formation: Fe2+ + 2OH− → Fe(OH)2

Further oxidation: 4Fe(OH)2 + O2 + 2H2O → 4Fe(OH)3

Fe(OH)3 can then dehydrate to form various forms of iron oxides (Fe2O3, Fe3O4).
Unlike magnesium alloys, during corrosion of iron alloys, a significant amount of gaseous

hydrogen is usually not formed, since the main cathodic reaction is oxygen reduction [181].
An important feature of iron alloy corrosion is the formation of insoluble corrosion

products (iron oxides and hydroxides), which form a diffusion barrier slowing down
further corrosion. This explains the relatively low degradation rate of pure iron in vivo and
the need for alloying to accelerate corrosion [182].

In a physiological environment, the corrosion process is further complicated by interac-
tion with proteins, cells, and enzymes. Protein adsorption on the implant surface can either
accelerate or slow down corrosion depending on the type of proteins and environmental
conditions [183].

4.5.2. Influence of Microstructure on Biodegradation

The microstructure of SLM-iron alloys affects biodegradation, determined by grain
size (fine-grainedness increases the area of electrochemically active boundaries, phase
composition (different electrochemical activity of γ, ε, α’ phases, where ε is more active
than γ) [184], distribution of alloying elements, residual stresses (accelerate corrosion
mechano-chemically). SLM-Fe-Mn alloys corrode faster than traditional ones, which is
related to process parameters and microstructure [185].

4.5.3. Comparison of Biodegradation Rate of SLM and Traditional Materials

The biodegradation rate of SLM-iron alloys is usually higher than that of analogues
manufactured traditionally. They compared the corrosion rate of pure iron obtained by
laser melting, which was 13 times higher than that of cast iron [186]. For example, the
corrosion rate of the Fe-Mn alloy (SLM) was 0.22 mm/year versus 0.008 mm/year for pure
iron (cast) [187]. This is explained by fine-grained structure, non-uniform distribution of
alloying elements, microporosity, and residual stresses.

4.5.4. Methods of Controlling Biodegradation Rate

To optimize the biodegradation rate of SLM-iron implants, the following are used:
alloying; phase composition control (regulation of γ and ε phase ratio [159]); creation of
galvanic pairs (introduction of Pd, Cu, Ag [188,189]); surface modification [165,166]; porous
structure design.

4.5.5. Biocompatibility of SLM-Iron Implants

The biocompatibility of iron alloys obtained by SLM is determined by a combina-
tion of factors, including chemical composition, microstructure, surface topography, and
degradation products. In vitro studies show that SLM materials based on Fe-Mn usually
demonstrate good cytocompatibility, supporting adhesion, proliferation, and differentia-
tion of various cell types, including osteoblasts, mesenchymal stem cells, and endothelial
cells [190].

The influence of iron ions released during implant degradation on cell metabolism
depends on their concentration. At low and moderate concentrations, Fe2+ ions can
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stimulate proliferation and differentiation of osteoblasts, whereas high concentrations can
cause oxidative stress and cytotoxicity [191].

Of particular interest is the influence of alloying elements on biological response.
Manganese at low concentrations is necessary for normal cell functioning, however, its
excess can cause neurotoxic effects. Calcium and magnesium, on the contrary, have a
positive effect on osteogenesis and angiogenesis, stimulating bone tissue formation [192].

In vivo studies on animal models (rats, rabbits, pigs) confirm the biocompatibility of
SLM-iron implants. Good integration with surrounding tissues, minimal inflammatory
reaction, and gradual degradation with replacement by new tissue are observed [193].

An important aspect of biocompatibility is control of local concentration of degradation
products. The porous structure of SLM implants promotes uniform distribution of ions and
prevents their local accumulation in toxic concentrations [125].

In Figure 8, the SEM showed degradation of struts with the formation of white prod-
ucts. By day 28, the surface is covered with loose products. Degradation is non-uniform:
products in the center are thinner and denser than on the periphery. The composition of
products (C, O, P, Ca, Fe) differs: more P and Ca on the periphery. By day 28, crystalline
structures (spherical and feather-like) form in the center, without P. On the periphery, the
composition is similar to day 7, but with increased O and decreased Fe [125].

 

Figure 8. SEM and EDS analyses of degradation products from the scaffold periphery to the center:
(a) degradation products on the periphery at different immersion time points, (b) cross section of
the scaffolds after 7-day immersion, (c) degradation products in the center and (d) on the periphery
after 7-day immersion, (e) degradation products in the center and (f) on the periphery after 28-day
immersion. The numbers 1 and 2 indicates the spot where EDS analysis was performed [125].
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4.6. Clinical Applications and Prospects

SLM-iron implants are promising in cardiovascular, orthopedic, and reconstructive
surgery due to their mechanical properties and controlled degradation rate. In cardiovas-
cular surgery, they are used for biodegradable stents (coronary, peripheral), the design of
which is optimized using SLM [194]. Clinical studies demonstrate good biocompatibility,
and the Fe-35Mn stent showed minimal inflammatory reaction and gradual degrada-
tion [195]. In orthopedics, SLM-iron is applied for fracture fixation (screws, plates, rods),
optimizing design with SLM, for bone scaffolds, providing osseointegration and controlled
degradation, and for intervertebral implants. Further research is directed toward develop-
ing new alloys, functionally gradient materials, bioactive implants, composite materials,
and improving SLM technology. In conclusion, SLM–iron alloys are a promising direc-
tion in developing biodegradable implants, combining strength, biocompatibility, and
controlled degradation. SLM opens possibilities for creating personalized structures with
optimized properties.

Having examined both magnesium alloys with their rapid degradation profiles and
iron alloys with their high strength but slow corrosion rates, we now focus on zinc-based
systems. Zinc alloys occupy an intermediate position between magnesium and iron in
terms of both mechanical properties and degradation behavior, potentially offering a
balanced solution for certain biomedical applications. The following section investigates
how selective laser melting can be applied to zinc alloys to create biodegradable implants
with tailored properties.

5. Zinc Alloys in Selective Laser Melting

5.1. Historical Overview and Basic Properties

Zinc occupies a unique position among biodegradable metals, demonstrating in-
termediate properties between magnesium and iron, possessing a degradation rate of
0.2 mm/year [196] and good biocompatibility of corrosion products [197]. However, the
application of zinc is limited by low mechanical strength [198], brittleness, technological
complexities, and creep at body temperature [199], which requires the development of
special zinc alloys and optimization of their production technologies, including selective
laser melting.

5.2. Influence of Alloying Elements

Alloying of zinc plays a key role in improving its properties for biomedical applica-
tions, allowing enhanced mechanical strength, improved plasticity, and controlled degra-
dation rate. The choice of alloying elements for biodegradable zinc alloys is determined
not only by their influence on material properties but also by biocompatibility, absence of
toxicity, and potential therapeutic effect.

5.2.1. Magnesium (Mg)

Magnesium is a promising alloying element for zinc alloys, affecting: mechanical
properties (significantly increases strength) [200], microstructure [201], degradation rate
(depends on concentration) [201], and biocompatibility. Studies have shown that the
optimal magnesium content is 1–2%, providing a balance between improved mechanical
properties, controlled degradation rate, and good processability in SLM [202]. Corrosion
rates of Zn alloys are approximately 14–30 μm/year [203], these values are comparable
to bone regeneration rate. The results of the study suggest that magnesium addition
contributes to enhanced cytocompatibility of the Zn-3Cu alloy [204].
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5.2.2. Calcium (Ca)

Calcium, being a biocompatible element, plays an important role in bone tissue for-
mation and regeneration [205]. In zinc alloys, calcium moderately increases strength, con-
tributes to grain refinement, and formation of a more homogeneous microstructure [206],
and typically accelerates zinc corrosion. Calcium ions released during alloy degradation
stimulate proliferation and differentiation of osteoblasts, promoting bone tissue forma-
tion [207]. Due to these properties, Zn-Ca alloys exhibit pronounced osteogenic properties
and are considered promising for creating temporary implants used in orthopedics and
maxillofacial surgery.

5.2.3. Strontium (Sr)

Strontium, structurally and chemically similar to calcium, has a positive effect on bone
tissue formation [208]. Strontium moderately increases the strength of zinc (yield strength
130–230 MPa, tensile strength 220–360 MPa for Zn-(0.5–2%)Sr alloys [209]) through solid
solution strengthening, promotes grain refinement and formation of intermetallic phases
affecting mechanical properties and corrosion behavior. Strontium typically accelerates zinc
corrosion due to the formation of microgalvanic pairs [210]. It stimulates osteoblasts and
inhibits osteoclasts, and strontium ranelate is used for osteoporosis treatment [211]. Studies
of Zn-Sr alloys for additive manufacturing are promising for orthopedic applications.

5.2.4. Copper (Cu)

Copper, an essential microelement with antibacterial properties, significantly increases
zinc’s strength and plasticity (yield strength 225 ± 9 MPa, tensile strength 330 ± 12 MPa,
Zn3Cu [212]). Degradation rates of Zn-xCu alloys in c-SBF solution are at a relatively
low level, ranging from 22.1 ± 4.7 to 33.0 ± 1.0 μm/year [213], with a trend towards a
slight increase in corrosion rate with increasing copper content compared to pure zinc. The
study [213] found that the best antibacterial properties are exhibited by alloys with copper
content above 2%.

5.2.5. Silver (Ag)

Silver, due to its pronounced antibacterial properties, is of interest as an alloying
element for biodegradable implants. Silver moderately increases zinc strength by forming
solid solutions and intermetallic compounds [214]. Zn-Ag alloys corrode faster than pure
Zn; silver typically accelerates zinc corrosion through the galvanic effect [215]. The bone
marrow cavities of rat femur models were implanted and inoculated with S. aureus and E.
coli; results showed that the Zn-Ag alloy exhibited optimal antibacterial properties [216].

5.2.6. Multi-Component Alloys

To optimize properties, multi-component zinc alloys are being developed: Zn-Cu-
Ag (improved mechanical and antibacterial properties [217]); Zn-Mg-Sr (strengthening
and hemocompatibility [218]); Zn-Li-Mg (improved plasticity, strength, and degradation
rate [219]). Multi-component alloys expand optimization possibilities but require strict
control of composition and microstructure to ensure reproducibility and biocompatibility.

5.3. Features of the SLM Process for Zinc Alloys

Selective laser melting of zinc alloys is associated with a number of specific problems
and requires careful optimization of process parameters to ensure high quality of the
resulting products.
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5.3.1. Technological Features and Optimization of SLM Parameters for Zinc Alloys

Zinc and its alloys possess specific properties affecting SLM: low melting temperature
(419.5 ◦C) requires control of energy parameters; high vapor pressure creates a risk of
evaporation and defects [220]; high thermal conductivity (116 W/(m·K)) promotes rapid
heat removal; high reflectivity reduces laser energy absorption efficiency; easy oxidation
leads to oxide film formation [221].

5.3.2. Optimization of SLM Parameters for Zinc and Zinc Alloys

For SLM of zinc and zinc alloys, the following are optimized: laser power (pure
Zn 50 W, for Zn-10Mg optimally 70 W [222]); scanning speed (pure Zn 700 mm/s, for
Zn-10Mg optimally 600 mm/s [222]); hatch distance (600–800 μm [222]); layer thickness
(30 μm [222]); scanning strategy (with 67◦ rotation between layers [223]); platform preheat-
ing temperature (120 ◦C [223]). Optimization of these parameters allows obtaining zinc
and zinc alloy products with desired mechanical properties, density, and microstructure
necessary for specific biomedical applications.

5.3.3. Influence of SLM Parameters on Microstructure of Zinc Alloys

SLM parameters affect the microstructure of zinc alloys and, consequently, their me-
chanical properties and degradation rate: high cooling rates lead to fine-grained structure
(5–30 μm, with average grain size of 27.1 μm) [223]; metastable phases may form (e.g.,
Mg2Zn11 in Zn-Mg alloys) [223]; porosity control is critical (high density >99% or controlled
porosity is achieved) [224].

5.3.4. Post-Processing of SLM Products from Zinc Alloys

Post-processing is important for biodegradable implants from zinc alloys, as it allows
modifying microstructure, improving mechanical properties, and controlling degradation
rate. Heat treatment is applied to relieve internal stresses, improve microstructure, and me-
chanical properties. Heat treatment helps stabilize the material and reduce porosity [225].
Despite growing interest in additive manufacturing of biodegradable zinc implants by selec-
tive laser melting (SLM), issues related to post-processing of such products to improve their
mechanical properties, biocompatibility, and degradation kinetics remain understudied,
highlighting the need for further systematic research in this area.

5.4. Microstructure and Mechanical Properties

The microstructure and, consequently, mechanical properties of zinc alloys obtained
by SLM significantly differ from those of similar materials manufactured by traditional
methods, due to the unique crystallization conditions during laser melting.

5.4.1. Features of SLM Zinc and Zinc Alloys Microstructure

The microstructure of SLM-obtained pure zinc is characterized by equiaxed grains
and lamellar structure with grain size of 8–10 μm, as well as the presence of oxides at grain
boundaries, which is explained by the low temperature gradient and inhibiting effect of
oxides on grain growth [226].

Figure 9 shows the microstructure of SLM Zn-xMg alloy samples, where Zn-xMg
consists mainly of HCP phases (fewer slip systems), with Mg2Zn11 precipitates being
BCC, which reduces plasticity. Zn-1Mg shows fine α-Zn with Mg precipitates/oxides
at boundaries (grain size ~2 μm). With increasing Mg, Mg2Zn11 increases. In pure Zn,
only α-Zn is present (size ~6 μm). In Zn-2Mg, even finer α-Zn grains are observed. Zn-
5Mg consists of MgZn2(~1 μm) and α-Zn + Mg2Zn11 [227]. Zn-xMg consists mainly of
HCP phases (fewer slip systems), with Mg2Zn11 precipitates being BCC, which reduces
plasticity [227].
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Figure 9. Microstructure of SLM Zn-xMg alloy samples, reprint from [227].

5.4.2. Mechanical Properties of SLM–Zinc Alloys

The mechanical properties of zinc alloys obtained by SLM usually significantly exceed
those of similar materials manufactured by traditional methods, especially in terms of
strength indicators. Table 6 presents the mechanical properties of various zinc alloys
obtained by SLM compared to traditional production methods.

Table 6. Mechanical properties of zinc alloys obtained by various methods.

Alloy
Production

Method
Yield Strength

(MPa)
Tensile Strength

(MPa)
Elongation

(%)
Source

Pure Zn SLM 84 95 11.7 [226]

Pure Zn Casting 17 20 0.2 [46]

Zn-2Mg SLM 117 162 4.1 [228]

Zn-2Mg Casting - 154 2 [229]

Zn-3Cu SLM 152 222 7.2 [228]

Zn-3Cu Casting 64 84 1.3 [230]

Zn-1Mg-0.5Sr Casting 130 209 2 [231]

Table 6 reveals that zinc-based biodegradable alloys demonstrate significantly en-
hanced mechanical properties when processed via SLM compared to traditional casting
methods. Pure zinc processed by SLM exhibits remarkable improvements, with yield
strength increasing from 17 MPa (casting) to 84 MPa (SLM)—nearly a five-fold enhance-
ment. Similarly, tensile strength improves from 20 MPa to 95 MPa, while elongation
increases dramatically from 0.2% to 11.7%, indicating substantially improved ductility.

Alloying zinc with magnesium and copper further enhances mechanical performance.
Zn-3Cu (SLM) demonstrates the highest strength among the zinc alloys tested, achieving
152 MPa yield strength and 222 MPa tensile strength—representing 137% and 165% im-
provements over cast Zn-3Cu, respectively. The Zn-2Mg system shows more moderate but
still significant improvements when processed by SLM. These results highlight the effective-
ness of SLM processing in refining microstructure and enhancing the mechanical properties
of zinc alloys, making them more viable candidates for load-bearing biodegradable im-
plant applications. However, elongation values remain relatively low compared to other
biodegradable metal systems, indicating that further alloy development and processing
optimization are needed to improve ductility for broader biomedical applications.

5.4.3. Fatigue Characteristics and Creep

For temporary implants, fatigue characteristics and creep resistance are important.
The fatigue strength of porous zinc in air is 70% of yield strength, and in simulated
physiological environment (r-SBF)—80% [232]. This is associated with the formation of
corrosion products that strengthen the connections of the structure struts. To minimize
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creep, it is recommended to use multi-component alloys with thermally stable phases [219],
optimized heat treatment, and to consider the creep factor in design.

5.5. Biodegradation and Biocompatibility

The rate and mechanism of biodegradation of zinc alloys obtained by SLM play a key
role in their functionality as temporary implants. The unique microstructure and properties
of SLM materials significantly affect the corrosion process in the physiological environment.

5.5.1. Mechanism of Biodegradation of Zinc Alloys

Biodegradation of zinc alloys in physiological conditions is based on electrochemical
corrosion, which can be described by the following reactions:

Anodic reaction: Zn → Zn2+ + 2e−

Cathodic reaction: O2 + 2H2O + 4e− → 4OH−

Hydroxide formation: Zn2+ + 2OH− → Zn(OH)2

Further reactions: Zn(OH)2 → ZnO + H2O

An important feature of zinc corrosion is the formation of relatively dense and stable
corrosion products (oxides, hydroxides, carbonates, phosphates), which can form a protec-
tive layer slowing down further corrosion. However, in a physiological environment, this
protective layer is usually less stable than in atmospheric conditions, due to the presence of
chloride ions, which can cause pitting corrosion [232].

In a living organism, the corrosion process is further complicated by interaction
with proteins, cells, and enzymes. Protein adsorption on the implant surface can either
accelerate or slow down corrosion depending on the type of proteins and environmental
conditions [233].

5.5.2. Influence of Microstructure on Biodegradation

The microstructure of SLM–zinc alloys significantly affects biodegradation: fine-
grainedness increases the area of grain boundaries, accelerating corrosion, but uniform
distribution of alloying elements can compensate for this effect [230]; different phases
have different electrochemical activity (intermetallics, such as MgZn2, CaZn13, accelerate
corrosion [234]); non-uniform distribution of alloying elements creates microgalvanic pairs;
porosity promotes localized corrosion; grain orientation affects corrosion anisotropy [235].

5.5.3. Comparison of Biodegradation Rate of SLM and Traditional Materials

SLM technology allows significantly reducing the corrosion rate of zinc when al-
loyed with magnesium (up to 0.09 mm/year for the Zn-3Mg alloy [236]), demonstrating
a clear advantage of additive manufacturing over traditional casting, which is charac-
terized by a higher corrosion rate for the same alloy (0.21 mm/year [237]). This is ex-
plained by fine-grained structure, larger area of grain boundaries, microgalvanic pairs, and
residual stresses.

5.5.4. Methods of Controlling Biodegradation Rate

To optimize the biodegradation rate of SLM-zinc implants, the following are used:
alloy composition optimization (alloying with Mg, Ca, Cu, Ag) [238]; heat treatment
(reduces corrosion rate due to homogenization and stress reduction) [239]; surface modifi-
cation (anodizing, micro-arc oxidation, application of biopolymer coatings) [240]; porous
structure design.
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5.5.5. Biocompatibility of SLM-Zinc Implants

The biocompatibility of SLM-zinc alloys is determined by chemical composition,
microstructure, surface topography, and degradation products. Low and moderate con-
centrations of Zn2+ ions (10–50 μM) stimulate osteoblast proliferation and mineralization,
while high concentrations (>100 μM) can be cytotoxic [241]. Alloying elements also affect
biocompatibility: magnesium and calcium stimulate osteogenesis, copper possesses antibac-
terial and angiogenic properties, and silver enhances antibacterial effects. However, in vivo
studies on animals are needed to confirm biocompatibility (good integration, minimal
inflammation, controlled degradation with tissue replacement). Zn-based alloys (AMed
Zn-Li, Zn-Se) effectively suppress osteosarcoma and promote bone regeneration [238].

5.6. Clinical Applications and Prospects

SLM–zinc implants are promising in cardiovascular surgery; the antibacterial prop-
erties of Zn-Ag alloys help prevent infection, a serious problem in implants made from
degradable metal, making Zn-Ag alloys promising candidates for vascular stents [215].
Zn-Mg and Zn-Li alloys in vitro and in vivo stimulate bone cell proliferation and new bone
formation, making them promising for bone implants, fracture fixation, and dentistry [215].
Future research is directed towards applying new materials (coating application [242], use
of nanoparticles [243], etc.), improving SLM process parameters, and studying in vivo
degradation. SLM-zinc alloys represent a promising but still at early stages of clinical
application direction in creating biodegradable implants.

6. Comparative Analysis of Biodegradable Metallic Systems

The preceding sections have individually examined magnesium, iron, and zinc-based
biodegradable metals processed through selective laser melting. Each system presents
distinct advantages and limitations regarding mechanical properties, degradation behavior,
biocompatibility, and processing challenges. To facilitate material selection for specific
biomedical applications, it is essential to directly compare these three metal systems across
key parameters. The following comparative analysis synthesizes the findings from pre-
vious sections to provide a comprehensive overview of the relative performance of these
biodegradable metallic systems, highlighting their respective strengths and weaknesses
for various implant applications. Table 7 shows the comparison of key characteristics of
biodegradable metallic alloys.

Table 7. Comparison of key characteristics of biodegradable metallic alloys for SLM.

Characteristic Magnesium Alloys Iron Alloys Zinc Alloys

Density (g/cm3) 1.7–2 7.8–8.1 7.0–7.2

Elastic modulus (GPa) 40–45 190–210 80–110

Yield strength of SLM material (MPa) 180–300 400–600 80–200

Tensile strength of SLM material (MPa) 250–350 250–850 100–350

Typical degradation rate (mm/year) 1.0–3.0 0.1–0.5 0.2–0.5

Main alloying elements Ca, Zn, REE Mn, C, Si Mg, Ca, Cu

Magnesium alloys demonstrate the most balanced properties for biomedical implants.
Their elastic modulus (40–45 GPa) is close to bone tissue, minimizing the stress shielding
effect. Degradation rate (1–3 mm/year) corresponds to healing times, and alloying (Ca, Zn,
REE) allows controlling corrosion and mechanical properties. However, the high reactivity
of magnesium and risk of excessive gas formation require careful optimization of SLM
parameters, including protective atmosphere and platform preheating.
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Iron alloys possess outstanding strength (yield strength 400–600 MPa) and plasticity,
but their extremely slow degradation (0.1–0.5 mm/year) limits application. Alloying with
Mn, C, and Si accelerates corrosion, and SLM provides a fine-grained structure, improving
mechanical characteristics. However, the necessity of post-processing (e.g., HIP) and risk
of oxide accumulation complicate their use.

Zinc alloys occupy an intermediate position: their degradation rate (0.2–0.5 mm/year)
is closer to magnesium, and strength (180–280 MPa)—to iron. Alloying with Mg and
Cu improves mechanical properties and antibacterial activity. SLM allows achieving
high density (>99%), but the low melting temperature of zinc requires precise control of
parameters (laser power 50–70 W, platform preheating to 120 ◦C) to minimize evaporation
and porosity.

Table 8 presents the main SLM process parameters for various biodegradable materials.

Table 8. Comparison of key SLM process parameters for various biodegradable metals.

Parameter Magnesium Alloys Iron Alloys Zinc Alloys

Optimal laser power 100–200 W 200–400 W 80–150 W

Scanning speed 400–800 mm/s 600–1200 mm/s 300–700 mm/s

Layer thickness 30–50 μm 20–40 μm 20–40 μm

Hatch distance 80–120 μm 70–100 μm 60–100 μm

Energy density 120–150 J/mm3 60–150 J/mm3 100–130 J/mm3

Protective atmosphere
requirements High purity argon (<10 ppm O2) Argon (<100 ppm O2) High purity argon (<50 ppm O2)

Main technological problems Evaporation, oxidation, high
reactivity

High melting temperature,
selective evaporation of Mn

Low melting temperature,
evaporation, smoke formation

Literature references [30] [153,154] [216,217]

The comparative analysis of magnesium, iron, and zinc-based biodegradable systems
highlights the significant progress made in additive manufacturing of metallic implants.
However, numerous challenges still impede the widespread clinical application of these
promising materials. The following section identifies key technological, biological, reg-
ulatory, and economic barriers that must be overcome, while also exploring emerging
research directions that may address these limitations. Understanding these challenges
and opportunities is crucial for advancing the field toward successful clinical translation of
additively manufactured biodegradable implants.

7. Current Problems and Prospects

7.1. Current Development Problems

Despite progress, additive manufacturing of biodegradable metallic implants faces
technological, biological, regulatory, and economic challenges. Key technological chal-
lenges include control of degradation rate (differing in vitro and in vivo) [7,244], achieving
balance between mechanical strength and degradation [245,246], protection of powders
from oxidation [16,247], as well as optimization of SLM parameters to minimize defects,
residual stresses, and selective evaporation of alloying elements [248–252]. An impor-
tant task remains the development of accurate models for predicting degradation in vivo,
considering the interaction of various factors [253,254].

A serious problem is the insufficient understanding of long-term effects of biodegrad-
able metal degradation products, especially for new alloys, exacerbated by the variability
of biological response [89,90], potential toxicity of alloying elements [100], and immune
response [101,102]. Degradation in vivo includes complex interaction of corrosion, mechan-
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ical stresses, and biological processes [7,103], as well as mechano-corrosion effects [104].
The key task is optimizing implant-tissue interaction [105–107].

Regulatory challenges include compliance with clinical trial requirements, obtaining
manufacturing certification, and standardization, which is particularly problematic for
additively manufactured implants due to the lack of specialized standards [7], complicating
obtaining approvals [255]. Economic challenges are due to high equipment and material
costs, scaling problems, and competition with traditional implants. Proposed solutions
include interdisciplinary collaboration and development of new biocompatible materials.
Successful transition to clinical application requires a comprehensive solution to these
problems. Quality control of small-batch production also presents a challenge [256].

Figure 10 shows the relationship between the different categories of challenges in
additive manufacturing of biodegradable implants.

 

Figure 10. Comprehensive diagram illustrating the interrelationship between different categories of
problems (technological, biological, regulatory, and economic) in the field of additive manufacturing
of biodegradable implants. Includes examples of key challenges in each category and their mutual
influence, as well as potential solutions.

7.2. Promising Research Directions

Additive manufacturing of biodegradable metallic implants is a rapidly developing
field with the potential to overcome limitations and expand clinical applications. Main
directions include: development of multi-component, composite, and functionally gradient
materials with optimized properties [257–259]. An important direction is improvement
of technological processes: use of hybrid additive manufacturing [260], improvement
of SLM processes, and development of post-processing for controlling degradation and
improving biological response [261,262]. Also considered are development of integrated
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models linking microstructure, properties, and degradation [263], application of AI for
optimization and prediction [264], creation of digital twins for modeling implant behav-
ior [265]. Development of methodology for fully personalized implants: development
of personalized implants considering individual characteristics [266], minimally invasive
solutions [267,268], and development of multifunctional implants combining mechanical
support with controlled drug release and integrated sensors for monitoring the healing
process [269].

8. Conclusions

Additive manufacturing of biodegradable metallic implants has emerged as a rapidly
evolving, interdisciplinary field that leverages selective laser melting (SLM) technology
to create personalized biomedical devices from magnesium, iron, and zinc alloys. This
systematic review has demonstrated both the substantial progress achieved and the critical
challenges that remain for successful clinical implementation.

Material science has advanced biodegradable alloys. Magnesium alloys (WE43,
AZ91D, ZK60) are biocompatible, bone-like, but exhibit low degradation/strength bal-
ance. SLM boosts magnesium alloy degradation (by 60–160%) and strength (by up to
250%). Iron-based alloys (Fe-Mn, etc.) are strong, ductile, but degrade too slowly, which is
why they require alloying. Zinc exhibits ideal degradation kinetics, improving mechanics
via alloying.

SLM excels at complex geometries and controlled porosity, surpassing traditional
methods. SLM’s fine microstructure enhances mechanics but also speeds degradation.
Topology optimization and biomimicry (TPMS) enable personalized implants with tailored
property gradients.

However, additive manufacturing faces substantial limitations that impede widespread
adoption. High equipment and material costs, strict powder quality requirements, and
process complexity requiring extensive parameter optimization create significant barriers.
Additionally, mandatory post-processing, batch-to-batch variability in small-scale produc-
tion, and limited standardized testing protocols complicate quality control and certification
for medical applications.

Despite clinical promise (e.g., MAGNEZIX® screws), widespread use remains limited
due to some key challenges. Optimizing the materials’ composition/microstructure for
mechanics/degradation, as well as managing reactivity and controlling evaporation/stress
during SLM is difficult. Additionally, long-term degradation effects and tissue responses
are unclear, while regulatory criteria lack standardization. Finally, the high material costs
currently lead to limited production.

Future AM biodegradable implants require the following: (1) multi-material and
graded designs; (2) AI/ML-driven optimization; (3) interdisciplinary collaboration; (4) in-
ternational regulatory harmonization; and (5) smart functionalities (drug delivery, sensors).

Prioritizing research and setting timelines is key. Short term (1–3 years): standardize
tests, model degradation, optimize SLM process. Medium term (3–5 years): multi-material
implants, real-time SLM monitoring, producing new alloys. Long term (5–10 years):
automated manufacturing, “smart” implants, regulatory harmonization. This approach
streamlines resource allocation.

AM biodegradable implants are transformative for personalized treatment. Under-
standing composition-structure-property-biology, standardizing evaluation, and interdisci-
plinary collaboration are key to overcoming limitations and achieving clinical adoption.
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AI Artificial Intelligence
AM Additive Manufacturing
ASTM American Society for Testing and Materials
BCC Body-Centered Cubic
CAGR Compound Annual Growth Rate
CE Conformité Européenne
EBSD Electron Backscatter Diffraction
FCC Face-Centered Cubic
HBSS Hank’s Balanced Salt Solution
HCP Hexagonal Close-Packed
HIP Hot Isostatic Pressing
ISO International Organization for Standardization
MAO Micro-Arc Oxidation
ML Machine Learning
OM Optical Microscopy
PBF Powder Bed Fusion
PBS Phosphate Buffered Saline
PEO Plasma Electrolytic Oxidation
PM Powder Metallurgy
REE Rare Earth Elements
SBF Simulated Body Fluid
SCC Stress Corrosion Cracking
SEM Scanning Electron Microscopy
SLM Selective Laser Melting
TPMS Triply Periodic Minimal Surfaces
TRIP Transformation-Induced Plasticity
TWIP Twinning-Induced Plasticity

References

1. Grand View Research. Orthopedic Implants Market Size, Share & Trends Analysis Report By Product (Lower Extremity Implants,
Spinal Implants, Dental Implants, Upper Extremity Implants), By End Use (Hospitals, Outpatient Specialties), By Region, And
Segment Forecasts, 2025–2030. Available online: https://www.researchandmarkets.com/reports/5899491/orthopedic-implants-
market-size-share-and-trends?srsltid=AfmBOoohp1h9BX4o9SoqB78gB-6JwVdlyL84saMdYnVP8u5KmxCDEnF1 (accessed on
22 April 2025).

2. Li, J.; Liu, Y.; Hermansson, L.; Soremark, R. Evaluation o biocompatibility of various ceramic powders with human fibroblasts
in vitro. Clin. Mater. 1993, 12, 197–201. [CrossRef] [PubMed]

3. Li, H.; Wen, J.; Liu, Y.; He, J.; Shi, H.; Tian, P. Progress in Research on Biodegradable Magnesium Alloys: A Review. Adv. Eng.
Mater. 2020, 22, 2000213. [CrossRef]

4. Li, J.; Qin, L.; Yang, K.; Ma, Z.; Wang, Y.; Cheng, L.; Zhao, D. Materials evolution of bone plates for internal fixation of bone
fractures: A review. J. Mater. Sci. Technol. 2020, 36, 190–208. [CrossRef]

168



Metals 2025, 15, 754

5. Joshi, M.G.; Advani, S.G.; Miller, F.; Santare, M.H. Analysis of a femoral hip prosthesis designed to reduce stress shielding. J.
Biomech. 2000, 33, 1655–1662. [CrossRef] [PubMed]

6. Chen, J.; Tan, L.; Yu, X.; Etim, I.P.; Ibrahim, M.; Yang, K. Mechanical properties of magnesium alloys for medical application: A
review. J. Mech. Behav. Biomed. Mater. 2018, 87, 68–79. [CrossRef]

7. Zheng, Y.F.; Gu, X.N.; Witte, F. Biodegradable metals. Mater. Sci. Eng. R Rep. 2014, 77, 1–34. [CrossRef]
8. Witte, F.; Fischer, J.; Nellesen, J.; Crostack, H.-A.; Kaese, V.; Pisch, A.; Beckmann, F.; Windhagen, H. In vitro and in vivo corrosion

measurements of magnesium alloys. Biomaterials 2006, 27, 1013–1018. [CrossRef]
9. de Baaij, J.H.F.; Hoenderop, J.G.J.; Bindels, R.J.M. Magnesium in Man: Implications for Health and Disease. Physiol. Rev. 2015,

95, 1–46. [CrossRef]
10. Peuster, M.; Hesse, C.; Schloo, T.; Fink, C.; Beerbaum, P. Long-term biocompatibility of a corrodible peripheral iron stent in the

porcine descending aorta. Biomaterials 2006, 27, 4955–4962. [CrossRef]
11. Kádár, C.; Gorejová, R.; Kubelka, P.; Oriňaková, R.; Orbulov, I.N. Mechanical and Degradation Behavior of Zinc-Based Biodegrad-

able Metal Foams. Adv Eng Mater 2024, 26, 2301496. [CrossRef]
12. John, E.; Laskow, T.C.; Buchser, W.J.; Pitt, B.R.; Basse, P.H.; Butterfield, L.H.; Kalinski, P.; Lotze, M.T. Zinc in innate and adaptive

tumor immunity. J. Transl. Med. 2010, 8, 118. [CrossRef] [PubMed]
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Abstract: Materials for lightweight vehicle structures play an increasingly important role in both
economic and environmental terms; high-strength steels and aluminum alloys are suitable for this
role. Resistance spot welding (RSW) and conventional clinching (CCL) methods can be used for
joining vehicle bodies and can also be applied for aluminum/steel hybrid joints. Whereas vehicle
structures are subjected to cyclic loading, damages can occur due to high-cycle fatigue (HCF) during
long-term operation. Systematic HCF test results are rarely found in the literature, while HCF loading
basically determines the lifetime of the hybrid joints. The base materials 5754-H22, 6082-T6, and
DP600 were used for similar and hybrid RSW and CCL joints, and HCF tests were performed. The
number of cycles-to-failure values and failure modes were studied and analyzed. Based on the
experimental results, HCF design curves belonging to a 50% failure probability were calculated for
all cases, and the curves were compared. Clear relationships were found between the failure modes
and fatigue cycle numbers for both joining methods. Considering the steel/steel joints as a base, the
load-bearing capacity of the hybrid joints is lower (48.7% and 73.0% for RSW, 35.0% and 38.7% for
CCL) and it is even lower for the aluminum/aluminum joints (39.9% and 50.4% for RSW, 31.7% and
35.0% for CCL). With one exception, the load-bearing capacity of the CCL joints is higher than that of
the RSW joints (156.1–108.3%).

Keywords: hybrid joining; aluminum/steel joining; resistance spot welding (RSW); conventional
clinching (CCL); high-cycle fatigue (HCF); failure mode

1. Introduction

Different structures and equipment are made up of several different elements, the fea-
tures (e.g., material quality, characteristic geometric dimensions, and surface area) of which
may differ significantly. The construction of structures or equipment is inconceivable with-
out the interconnection (joining) of the individual elements, and the correlation of joining
technologies is achieved within the structure–material–manufacturing technology triangle.
The diversity of structures, together with the economic and environmental demands and
constraints, require continuous innovation in joining technologies [1–3], regardless of the
size of the structures, but at different scales and/or levels [4].

Joining technologies play an exceptionally important role in all phases of a product’s
life—these phases include the design, development, fabrication, utilization, maintenance,
and repair of a product as well as its recycling and disposal [5]. As a direct consequence,
joining technologies and joining processes can be classified in several ways. They can
be classified according to the size scale (e.g., micro/macro [4,5]), the combined materials
(e.g., similar/dissimilar [6]), the main effect that creates the joint (e.g., heat/force and
associated (plastic) deformation [2,7]), the variations within a process (e.g., clinching sheet
materials [8]), and the geometry of the joint (continuous/spot), and the list is continuous.
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Among the various structures, particular attention should be paid to vehicular/
automotive structures, where a distinction can be made between those made of thicker
plates (e.g., the chassis) and those made of thinner plates (e.g., the car body). Although not
exclusively, plate thickness influences the joining technologies that can be used. Focusing
on welding, fusion welding technologies may be preferred for thicker plates (e.g., trucks,
heavy machinery), while solid-state welding may be preferred for thinner plates (e.g., cars).
However, there are certainly processes (e.g., laser welding) that can be used regardless of
the plate or sheet thicknesses. For thinner plates, there is a wide range of combined pro-
cesses, where the combined formulation can have multiple meanings. It can be interpreted
as a combination of several technologies (e.g., forming and welding), as a combination of
different processes from one technology (e.g., root welding by the tungsten inert gas (TIG)
welding method, the welding of additional layers by the metal inert gas (MIG) welding
method, or laser MIG (or TIG) hybrid joining), or there are many variations of joints made
with auxiliary or additional elements (e.g., rivets, screws) [9,10].

Joining technologies involving significant plastic deformation are typical for thinner
plates or sheets; one of the characteristic technologies for car bodies is clinching. It is
possible to clinch steel elements [11], steel and non-steel elements, or metallic elements [12],
and both metallic and non-metallic elements [10]. As can be seen from the list, clinching
technology can be used to join materials with significantly different physical properties
(e.g., metal and fiber-reinforced plastic, or steel and aluminum alloy). In addition to the
more typical two-plate joints, three-plate joints are also used [13].

One of the most typical material combinations for dissimilar material connections is
the joining of steel to aluminum. The welding technologies used are summarized in [9,14],
friction-based technologies are reviewed in [15], and details of bump or projection welding
and ultrasonic welding processes are summarized in [16,17].

In the case of spot-like welding technologies, essentially resistance spot welding (RSW)
and ultrasonic welding (UW) can be applied for hybrid joints [18–20]. In recent years,
special process variants have emerged to improve the joint properties, such as resistance
element or resistance rivet welding (REW or RRW) [21,22], metallic bump-assisted RSW
(MBaRSW) [23], (high power) ultrasonic welding ((HP)USW) [24], and a combination of
ultrasonic and resistance spot welding [25]. Micro RSW (MRSW) [26] and vaporizing foil
actuators welding (VFAW) [27] have also been investigated as prospective technologies for
aluminum/steel joining. These advanced joining methods frequently require additional
materials or/and process steps; or rather, the process cycle is longer in comparison with
the basic RSW cycle. Different spot welding process variants used for aluminum/steel
joining, including their main characteristics, are summarized in Table 1. An overview of
clinching technologies suitable for making aluminum/steel hybrid joints can be found in
Table 2, where conventional clinching (CLL) [28] was selected as a basic technology. The
material grades in both tables have retained the designations used in the original sources
and, within each technology, the applied order corresponds to the order of the aluminum
groups. It is worth noting that the differences between the (clinching) technologies listed
in Table 2 are more significant than in the case of the (spot welding) technologies found
in Table 1.

After comparing the data found in Tables 1 and 2, also with regard to the specific
examples presented, two features should be highlighted. Firstly, for both technologies, the
application of coatings on steel plates and auxiliary elements is common, which is clearly
unrelated to the joining technologies, and secondly, the use of intermediate (third material)
layers is less common in clinching technologies.

It is a well-known fact that car bodies are subjected to cyclic loads that fall within
the range of high-cycle fatigue (HCF) or ultra-high-cycle fatigue (UHCF). Obviously, both
the applied materials and the joints made with different technologies must withstand
these loads.
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Table 1. Spot welding-based joining technologies for aluminum/steel hybrid joints, including their
main characteristics.

Joining
Process

Aluminum Part Steel Part

Additional Information Source
Material

Thickness
(mm)

Material
Thickness

(mm)

RSW

A5052 1.0 A366/A366M-97 1.0 commercial steel cover plate
(1.0 mm) on aluminum side [29]

A5052 1.0 SUS304 1.0 commercial steel cover plate
(1.0 mm) on aluminum side [29]

A5052 1.5 DP600 1.2 pure Zn interlayer [30]

AW5754-
H22 1.0 DP500 1.5 DP500 uncoated [31]

5182-O 2.0 SAE 1008 1.4 1050 clad SAE 1006 transition
material [32]

6008-T6 1.5 H220YD 1.0 H220YD galvanised [33]

6008-T6 1.5 H220YD 1.0 H220YD galvanised; 4047 AlSi12
interlayer [34]

AA6016-T4 1.0 Interstitial-free
steel (IFS) 0.7

IFS bare, galvanized
(60 g/mm2), galvannealed

(40 g/mm2, 60 g/mm2)
[35]

AA6022-T4 1.2
Rolled

interstitial-free steel
(IFS)

2.0 IFS hot-dipped galvanized [36,37]

AA6022-T4 1.2 Low-carbon steel
(LCS) 2.0 LCS hot-dipped galvanized [38]

AA6022-T4 1.2 mild steel (MS) 2.0 MS hot-dipped galvanized [39]

X626 0.8 Low-carbon steel
(LCS) 0.9; 2.0 LCS uncoated [40]

AA6022 1.2 Low-carbon steel
(LCS) 0.9; 2.0 LCS uncoated [40]

AA6022 1.2 HSLA steel 1.2; 2.0 HSLA steel uncoated [40]

AA6062 1.2 HSLA steel 2.0 N/A [41]

AA6022 1.2 HSLA steel and
CR780T * 0.65 and 1.4 N/A [41]

A6061 1.5 AISI-SAE 1005 1.5 pure Cu insert [42]

A6061 1.5 AISI-SAE 1005 1.5 pure Zn insert [42]

AA6061-T6 1.0 DP590 1.6 DP590 bare [23]

6063-T6 1.5 16Mn 1.0 16Mn uncoated [43]

Al6K32 1.0; 1.6 SGARC440 1.0; 1.4

SGARC uncoated; PT3000
(CrNi) process tape on

aluminum side and PT1407
(steel) process tape on steel side

[44]

Al6K32 1.0; 1.6 SGARC440 1.0; 1.4

SGARC Zn-coated; PT3000
(CrNi) process tape on

aluminum side and PT1407
(steel) process tape on steel side

[44]

MBaRSW AA6061-T6 1.0 DP590 1.6 DP590 bare; ER4043 printed
bump [23]
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Table 1. Cont.

Joining
Process

Aluminum Part Steel Part

Additional Information Source
Material

Thickness
(mm)

Material
Thickness

(mm)

MRSW
AA1100 0.4 SS301 0.2 circular low-carbon steel (LCS)

interlayer (0.2 mm) [26]

AA1100 0.2 SS301 0.4 N/A [45]

REW/RRW

Al5052-H32 1.0; 2.0; 3.0 DP780 1.2 DP780 Zn-coated; 20MnB4 solid
steel element [46]

Al5182-O 1.0 22MnB5 1.2 22MnB5 Al-Si-coated; 20MnB4
solid steel element [46]

AW5754-
H22 1.0 DP500 1.5 Q235 solid steel rivet on

aluminum side [31]

EN
AW-6016 1.2 22MnB5 1.5

20MnB4 solid steel rivet with
numerically optimized

geometry
[47]

EN
AW-6016 1.2 22MnB5 1.5

22MnB5 Al-Si-coated (AS150);
20MnB4 solid steel rivet with

numerically optimized geometry
and Zn-Ni-coated

[47]

EN
AW-6016-T4 1.2 22MnB5 and

22MnB5 * 1.5 and 1.0

both 22MnB5 Al-Si-coated
(AS150); 20MnB4 solid steel rivet

with numerically optimized
geometry and Zn-Ni-coated

[47]

EN AW-
6016-T66 1.2 22MnB5 and

22MnB5 * 1.5 and 1.0

both 22MnB5 Al-Si-coated
(AS150); 20MnB4 solid steel rivet

with numerically optimized
geometry and Zn-Ni-coated

[47]

AA6061-T6 1.0 HS1300T 1.55
HS1300T Al-Si-coated;

SWRCH16A solid steel rivet on
aluminum side

[21]

AA6061-T6 1.0
DP780 and

press-hardened
steel (PHS) *

1.2 and 1.55

DP780 Zn-coated and PHS
Al-Si-coated; 35CrMo

semi-tubular steel rivet on
aluminum side

[22]

(HP)USW

6061-T6 1.5 AISI 304 1.5 AISI 304 uncoated [48]

6061-T6 1.5 ASTM A36 1.5 ASTM A36 uncoated [48]

Al-6011 0.93 DC04 0.97 DC04 uncoated [24]

Al-6011 0.93 DX53-ZF 0.97 DX53-ZF hard galvannealed Zn
coating [24]

Al-6011 0.93 DX56-Z 0.75 DX56-Z soft hot-dipped Zn
coating [24]

AA7075-T6 2.0 HSLA steel 1.2 AA7075-T6 clad with AA7072;
HSLA steel hot-dip galvanized [49]

USW +
RSW A6061-T6 1.0 AISI 1008 0.9 A6061-T6 insert (0.4 mm) [25]

VFAW
5A06 1.8 SS321 4.0 3003 interlayer (1.02 mm) [27]

AA6111 2.5 HSLA 340 2.5 HSLA steel bare [50]

* Three-sheet aluminum/steel dissimilar joint. N/A: not applicable.
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Table 2. Clinching-based joining technologies for aluminum/steel hybrid joints, including their
main characteristics.

Joining Process

Aluminum Part Steel Part

Additional Information Source
Material

Thickness
(mm)

Material
Thickness

(mm)

Conventional clinching
(CCL)

1420 1.5 Q215 1.5 galvanized steel [51]

AA3004 N/A SAE 1006 N/A N/A [52]

AA3004 N/A AISI 304 N/A N/A [52]

AA5052 1.0 ASTM A36 1.0 N/A [53]

Al5052 2.0 DP780 1.6 N/A [54]

AL5052 1.5 ARC05
(EN 10130) 1.5 N/A [55]

AA5182-O 0.85 DX51D+Z 1.2 N/A [56]

AA6011-T4 1.0 SAE1004 0.7 pre-strained aluminum,
galvanized steel [57]

EN AW 6014 1.0 HCT-590X+Z 1.5 N/A [58]

EN AW 6014 1.0 HCT-590X+Z 1.5 galvanized steel [59]

6061 2.0 304 1.5 N/A [60]

aluminum 1.5 mild steel 1.5 N/A [61]

Single-stage
shear-clinching AA6016-T4 2.0 22MnB5 1.5

aluminum-silicon-
coated
steel

[62]

Multi-stage clinching
with pre-hole AA6016-T4 2.0 22MnB5 1.5

aluminum-silicon-
coated
steel

[62]

Conventional clinching
with auxiliary layer

AL5052 2.0 HC340LA 2.0 AL1060 auxiliary layer
(1.5 mm) [63]

AL6061 2.0 HC340LA 2.0 AL1060 auxiliary layer
(1.5 mm) [63]

Mechanical clinching
and adhesive bonding A5052-H34 1.5 JSC780 1.2 CEMEDINE EP138

adhesive [64]

Hybrid
clinching–welding AA5754 1.5 DQSK 0.8 zinc-coated steel [65]

Friction stir hole
clinching (FSHC) Al6061 N/A DP980 N/A N/A [66]

Electric-assisted
mechanical clinching

(EAMC)
AA6061-T6 1.0 DP590 1.5 galvanized steel [67]

N/A: not applicable.

On the basis of the above, the general objective of our research is the continuation
of previous work [64], involving the comparison of aluminum/steel joining technologies
and optimizing the technological parameters of joining with respect to different criteria
(medium term). The direct aim of the research work and this paper provide newer infor-
mation about the behavior of aluminum/steel RSW and CCL joints under HCF loading
conditions (short term). The novelty content of the manuscript is twofold: On the one hand,
a relationship was searched for and found between the magnitude of the high-cycle fatigue
loading of joints and the failure modes. On the other hand, the load-bearing capacity of the
two joining technologies under HCF loading was compared. The comparison provides a
practical opportunity to select the joining technology based on the cyclic load range.
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2. Materials and Methods

2.1. Investigated Materials

DP600 (SSAB EMEA AB, Borlange, Sweden) steel was chosen as the steel part, and
6082-T6 and 5754-H22 alloys (both from Comhan Aluminium GMBH, Hagen, (NRW),
Germany) were chosen as the aluminum part; these materials are frequently used for
automotive applications. The DP600 steel has relatively low strength compared to other
dual phase (DP) steels and contains hard martensite islands embedded in a ferrite matrix
with a dispersed distribution. The 6082-T6 aluminum alloy is heat-treatable and has a
higher strength and lower formability. The material contains mainly Si and Mg alloying
elements, causing ageing. Furthermore, it is more sensitive for welding, especially for
softening in the heat affected zone (HAZ), and hot cracking can easily occur too. The 5754-
H22 aluminum alloy has good formability and appropriate associated strength properties.
Its main alloying element is Mg, and its strength can be increased by forming, and then
softened to a quarter of the hardness. The weldability of the alloy is favorable compared to
other aluminum alloys.

For the investigations, both similar (namely, steel/steel and aluminum alloy/aluminum
alloy) and hybrid (such as aluminum alloy/steel) RSW and CCL joints were produced. For
a better comparison, the base materials have a 1 mm thickness. Tables 3 and 4 show the
chemical composition of the steel and aluminum base materials, respectively, and Table 5
summarizes their essential mechanical properties (yield strength (Rp0.2), tensile strength
(Rm), and elongation (A50)). The data in all three tables are taken from quality certificates
from the base material manufacturers.

Table 3. Chemical composition of the investigated steel, according to the quality certificate of the
manufacturer, weight %.

Material Grade C Si Mn P S Nb V B

DP600 0.098 0.2 0.81 0.015 0.002 0.014 0.01 0.0002

Table 4. Chemical composition of the investigated aluminum alloys, according to the quality certifi-
cates of the manufacturers, weight %.

Material Grade Cu Fe Mn Cr Mg Ti Si Zn

6082-T6 0.09 0.46 0.46 0.02 0.7 0.03 0.9 0.08
5754-H22 0.055 0.294 0.358 0.009 2.796 0.016 0.193 0.034

Table 5. Base mechanical properties of the investigated materials, according to the quality certificates
of the manufacturers.

Material Grade Rp0.2 (MPa) Rm (MPa) Rp0.2/Rm (–) A50 (%)

DP600 448 669 0.670 18.7
6082-T6 303 348 0.871 15.0

5754-H22 137 220 0.623 22.0

2.2. Resistance Spot Welding (RSW)

A TECNA 8007-type resistance spot welding machine (TECNA S. p. A., Bologna, Italy)
was used with a TE550 control module to form the RSW joints. The machine operates
with AC, and the frequency of the transformer was 50 Hz. A pneumatic system was
used to ensure the welding force. The process was controlled for a constant current,
meaning that the welding current remained the same throughout the process, while the
voltage varied. The same welding electrode was applied for all material combinations;
the electrode material was CuCrZr (AVIVA Metals, La Seyne sur Mer, France) (RWMA
(Resistance Welding Manufacturing Alliance), class 2, where Cr = 0.5–1.5%, Zr = 0.02–0.2%,
Cu = balance), and furthermore, Figure 1 shows the electrode geometry (adapted from [68]).
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Figure 1. The geometry of the resistance spot welding (RSW) electrode.

The electrode pin diameter was 5 mm (which is recommended for 1 mm thick base
materials), but it was not flat, a radius of R = 50 mm was applied. There was no difference
between the upper and lower electrodes. Different welding parameters were used for the
different base material combinations; the parameter optimization was based on previous
experiments [69–71] and possible practice (e.g., [72]). The optimization was aimed at
achieving the maximum tensile-shear force by varying the welding current and the welding
time. Table 6 shows the selected welding parameters for all material combinations.

Table 6. Welding parameters for the resistance spot welding (RSW) experiments.

Material
Combination

Welding Current (kA) Welding Time (ms)
Welding Force

(kN)

DP600/DP600 8.5 320 4.0
6082-T6/6082-T6 23.0 100 2.5

5754-H22/5754-H22 24.0 100 2.5
DP600/6082-T6 15.0 220 2.5

DP600/5754-H22 16.5 220 2.5

The DP600/DP600 base material combination was welded with the lowest welding cur-
rent and the longest welding time (compared with the others). The aluminum/aluminum
RSW joints required the highest welding current and the shortest welding time. In the case
of the aluminum/steel RSW joints, almost twice the welding current was applied compared
with the steel/steel combination, but the welding time was shorter, because these parame-
ters resulted in a thin intermetallic compound (IMC) layer with good tensile-shear strength.
The reason for the large difference in parameters comes from the significant differences
in the electrical resistance and thermal conductivity of the steel and the aluminum alloy.
Based on our own investigations, Figure 2 shows the differences in the IMC layers in the
case of the aluminum/steel RSW joints, illustrated by an optical microscope.

The shape and the geometrical dimensions of the RSW specimens can be seen in
Figure 3 (adapted from [68]).
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Figure 2. The result of welding parameter optimization in the case of the aluminum/steel joints:
(a) the thinnest IMC layer (1.1 μm average) with 16.5 kA, 220 ms, and 2.5 kN; (b) the thickest IMC
layer (2.5 μm average) with 16 kA, 400 ms, and 2.5 kN.

 
Figure 3. The shape and the geometry of the resistance-spot-welded (RSW) specimens.

2.3. Conventional Clinching (CCL)

The clinching method is one of the most versatile mechanical joining methods, connect-
ing two or more sheets through a one-step process of local plastic deformation. The main
elements of the technology are the die (body and insert), the punch, and the blank holder,
as shown in Figure 4a. During the conventional clinching process, the sheets are placed on
the die and the blank holder moves down, pushing them. After that, the punch is moved
downwards to stamp the sheets. The materials can flow in a downward direction, fill the
gaps on the die, and form a mechanical interlock between the sheets. The geometrical
parameters, such as the neck thickness (tN), the bottom thickness (tB), and the undercut
(tC), are the most significant parameters affecting the strength of the clinched joints (see
Figure 4b).

The clinched joints were made on an MTS electrohydraulic, computer-controlled,
universal materials testing system (MTS Systems, Eden Prairie, MN, USA) with a 250 kN
maximum compressive loading capacity. The equipment, together with a TOX tool (TOX®

PRESSOTECHNIK GmbH & Co.KG, Weingarten, Germany) mounted on the load frame, is
shown in Figure 5.

The shapes of the specimens and the tool, along with the geometrical dimensions, can
be seen in Figure 6. The bottom thickness (see Figure 4b) of the investigated clinched joints
was tB = 0.5 mm. The aim of the selection of the (optimal) bottom thickness was to achieve
the maximum tensile-shear force, taking into account the favorable clinching force [73,74].
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(a) (b) 

Figure 4. Characteristics of the conventional clinching technology (adapted from [73]): (a) the main
elements of conventional clinching technology, and (b) the structure of a clinched joint.

 

Figure 5. MTS electrohydraulic materials testing system with the clinching tool and the main elements
of the tool.

Figure 6. The shape of the specimens and the clinching tool and their geometrical dimensions.
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2.4. High-Cycle Fatigue (HCF) Tests

The shape and the geometry as well as the major dimensions of the test specimens
of all the base material combinations for the RSW and CCL joints can be seen in Figures 3
and 6, respectively. The two parts of the specimens were cut from 1000 mm × 2000 mm
sheets into 100 mm × 30 mm strips with laser cutting. For the RSW specimens an overlap of
30 mm was used and for the CCL specimens an overlap of 35 mm. The investigated joints of
both technologies can be found at the geometrical center of the overlapped area. Figures 7
and 8 show the RSW and CCL joints, respectively, for all of the material combinations.

 
Figure 7. An example of the RSW joints/investigated high-cycle fatigue specimens for all material
combinations.

The HCF tests were executed based on the instructions of the relevant standard [75].
The tests were performed using MTS electrohydraulic, universal materials testing equip-
ment with an MTS FlexTest 40 controller (MTS Systems, Eden Prairie, MN, USA). The
5 mm overlapping difference has no effect on the feasibility of the investigations and the
comparability of the test results.

A sinusoidal loading wave form was applied, and during the entire test phase the
load ratio (in our case Fmin/Fmax) was R = 0.1, with a frequency of f = 30 Hz. Several load
levels were selected and used during testing of the RSW and CCL joints. Considering
that the investigations were evaluated according to [76,77], the load range levels were
chosen as described in these sources. All tests were performed at room temperature and
in a laboratory environment (controlled air and humidity). Compliance with the testing
conditions detailed above ensured that they did not significantly affect the reliability of
the results.
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Figure 8. An example of the CCL joints/investigated high-cycle fatigue specimens for all the material
combinations.

3. Results and Discussion

3.1. Failure Modes

After performing the high-cycle fatigue tests, the mode of failure was determined by
visual inspection (VT) of each specimen, for both technologies, one by one.

For the RSW technology, among the variations presented for static and cyclic failures
([46,78,79] and [79–81], respectively), the following were relevant in our case: pull-out
failure; crack initiation in the HAZ and crack growth in the base material; crack initiation
in the HAZ and interfacial failure; and interfacial failure. Figure 9 shows an example for
each case, for all of the material combinations.

   
DP600/6082-T6—DP600 side DP600/6082-T6—6082-T6 side DP600/5754-H22—5754-H22 side 

(a) 

Figure 9. Cont.
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DP600/DP600 6082-T6/6082-T6 5754-H22/5754-H22 

  

 

DP600/6082-T6 DP600/5754-H22  
(b) 

  

 

DP600/6082-T6—DP600 side DP600/6082-T6—6082-T6 side  
(c) 

  

 

DP600/5754-H22—DP600 side DP600/5754-H22—5754-H22 side  
(d) 

Figure 9. Failure modes during high-cycle fatigue testing of the RSW specimens: (a) pull-out failure,
(b) crack initiation in the HAZ and crack growth in the base material, (c) crack initiation in the HAZ
and interfacial failure, (d) interfacial failure.

For the CCL technology, among the variations presented for static and cyclic fail-
ures [82–85] and [86], respectively), the following were relevant in our case: button neck
fracture; base material fracture; base material fracture and button neck fracture; and crack
initiation in the joint as well as crack growth in the aluminum alloy. Figure 10 shows an
example for each case, for all of the material combinations.
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DP600/DP600  6082-T4/6082-T4  

(a) 
    

   

 

DP600/DP600 6082-T4/6082-T4 5754-H22/5754-H22  
(b) 

    

   

 

DP600/DP600 6082-T4/6082-T4 5754-H22/5754-H22  
(c) 

    

  

  

DP600/6082-T4 DP600/5754-H22   
(d) 

Figure 10. Failure modes during high-cycle fatigue testing of the CCL specimens: (a) button neck
fracture, (b) button neck fracture, (c) base material fracture and button neck fracture, (d) crack
initiation in the joint and crack growth in the aluminum alloy.

3.2. Results of the High-Cycle Fatigue (HCF) Tests

The number-of-cycles-to-failure values were registered at the end of the high-cycle
fatigue tests. The results were illustrated by the diagrams plotting load range (ΔL) against
the number of cycles to failure (N), applying a logarithmic scale for the number of cycles in
the ΔL-N curves.

Straight lines are fitted to the measured ΔL-N points. The straight lines were deter-
mined by applying the least squares method (in the lifetime stage) and calculating the
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mean values (in the endurance limit stage, ΔLel); therefore, these lines are associated with a
50% probability of failure.

Figure 11 shows the ΔL-N curves for the similar and hybrid RSW joints, including the
failure modes. The figure clearly demonstrates that the most common failure modes across
the entire range were “crack initiation in the HAZ and crack growth in the base material”
and “crack initiation in the HAZ and interfacial failure” (Figure 9b,c); the mode “pull-out
failure” (Figure 9a) occurred at higher loads and lower cycles, and the mode “interfacial
failure” (Figure 9d) occurred at lower loads and higher cycles.

Figure 11. ΔL-N curves for the investigated similar and dissimilar RSW joints including the fail-
ure modes.

Figure 12 presents the HCF test results of all the RSW joint combinations, com-
pared with data from the literature from two sources [36,87]. The HCF resistance of
the DP600/5754-H22 hybrid joints is significantly better than that of the DP600/6082-T6
hybrid joints, and, furthermore, they are competitive with the results found in the litera-
ture. According to data found in the literature [36], the endurance limit is close to that of
IF/6022-T4 hybrid and 6022-T4/6022-T4 similar joints, and demonstrates a slight difference
compared to our result (DP600/6082-T6, 5754-H22/5754-H22). It should be noted that in
source [36] the fatigue limit values were not determined; furthermore, wider and thicker
specimens were used. For the DP590/DP590 material combination [36], there were few
measuring points, no fatigue limit value was specified, and the tests were carried out on
wider and thicker specimens. From this point of view, the difference between the data
measured on the DP600 and DP590 materials can be evaluated as large.

Figure 13 shows the ΔL-N curves of similar and hybrid CCL joint combinations,
including the failure modes. The figure clearly illustrates that different failure modes
occurred for the similar DP600/DP600 and the dissimilar joints, with the typical modes
“base material fracture” (Figure 10b) and “button neck fracture” (Figure 10a) occurring
for higher loads and lower cycles, and the mode “base material fracture and button neck
fracture” (Figure 10c) occurring at lower loads and higher cycles. For the dissimilar joints,
all specimens failed in the mode “initiation in the joint and crack growth in the aluminum
alloy” (Figure 10d).
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Figure 12. Comparing our results on RSW joints with relevant results that can be found in the literature.

Figure 13. ΔL-N curves for the investigated similar and dissimilar CCL joints including the failure modes.

Figures 14 and 15 show the ΔL-N curves associated with a 50% probability of failure
for the similar and dissimilar material combinations. The trend from the figures is that
the load-carrying capacity of the conventionally clinched (CCL) joints exceeds that of the
resistance-spot-welded (RSW) joints.
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Figure 14. Comparison of the RSW and CCL results on similar joints.

Figure 15. Comparison of the RSW and CCL results on dissimilar joints.

Table 7 summarizes the characteristics of the ΔL-N curves for 50% probability for both
joint methods and all material combinations, using the Basquin-type [88] equation in the
lifetime section, as follows:

ΔL = A × ln(N) + B (1)

Among the RSW and the CCL similar joints, the DP600/DP600 combination had the
best result, with endurance limit values of 1282.5 N and 2007 N, respectively. Furthermore,
the 6082-T6/6082-T6 and the 6082-T4/6082-T4 combinations resulted in the worst values,
of 513 N and 636.75 N, respectively. In all cases, results for the dissimilar joints were
better than the corresponding results for the similar aluminum joints. The data found
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in the literature are in accordance with our test results, with the DP600/5754-H22 joints
showing a better high-cycle fatigue limit than the DP500/5754-H22 joints [31], where the
DP500/5754-H22 joints were performed using an REW process on thicker steel plates with
the application of a steel rivet on the aluminum side.

Table 7. Characteristics of the ΔL-N curves for 50% probability based on the Basquin-type equation.

Material Combination A B Correlation Coefficient ΔLel (N) Source

Resistance-spot-welded joints

DP600/DP600 −552.9 8699 0.985 1285.5 Our previous study [68]
6082-T6/6082-T6 −133.0 2313 0.963 513 Our previous study [68]

5754-H22/5754-H22 −66.4 1668 0.668 648 Our previous study [68]
DP600/6082-T6 −167.9 3083 0.929 625.5 Our previous study [68]

DP600/5754-H22 −125.1 2795 0.770 939 Our previous study [68]
DP590/DP590 −320.4 5160 0.984 N/A [87]

6022-T4/6022-T4 −274.2 4498 0.981 N/A [63]
IF/6022-T4 −449.2 7966 0.952 N/A [63]

DP500/5754-H22 −19.26 2167 N/A 882 [59]

Conventionally clinched joints

DP600/DP600 −196.7 5060 0.954 2007 This study
6082-T4/6082-T4 −109.8 2392 0.928 636.75 This study

5754-H22/5754-H22 −113.4 2399 0.974 702 This study
DP600/6082-T4 −322.0 5746 0.945 702 This study

DP600/5754-H22 −240.0 4516 0.975 776.25 This study

N/A: not available.

Two ratios have been defined for the numerical comparison of the endurance limit
values of joints, one within and one between the joining technologies, as follows:

ΔLel ratio(1) = (ΔLel,i/ΔLel,DP600/DP600) × 100 (2)

and
ΔLel ratio(2) = (ΔLel CCL,i/ΔLel RSW,i) × 100 (3)

where “i” represents the material combinations. The calculated values of the two ratios are
given in Table 8.

Table 8. Numerical comparison of the endurance limit values for the RSW and CCL joints.

Material Combination ΔLel (N) ΔLel ratio(1) (%) ΔLel ratio(2) (%)

Resistance-spot-welded joints

DP600/DP600 1285.5 100 N/A
6082-T6/6082-T6 513 39.9 N/A

5754-H22/5754-H22 648 50.4 N/A
DP600/6082-T6 625.5 48.7 N/A

DP600/5754-H22 939 73.0 N/A
DP500/5754-H22 [59] 882 68.6 N/A

Conventionally clinched joints

DP600/DP600 2007 100 156.1
6082-T4/6082-T4 636.75 31.7 124.1

5754-H22/5754-H22 702 35.0 108.3
DP600/6082-T4 702 35.0 112.2

DP600/5754-H22 776.25 38.7 82.7
N/A: not applicable.
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Considering the steel/steel joints as a base, the load-bearing capacity of the hybrid
joints is lower (48.7% and 73.0% for RSW, 35.0% and 38.7% for CCL) and even lower for
aluminum/aluminum joints (39.9% and 50.4% for RSW, 31.7% and 35.0% for CCL). The
results of our tests are in harmony with the literature data (DP500/5754-H22). With one
exception (DP600/5754-H22), the load-bearing capacity of the CCL joints is higher than
that of the RSW joints (156.1–108.3%).

3.3. Cost Comparison

Besides the HCF resistance, an overview of the aspects affecting costs can help find
the applicable process for joining. Table 9 shows a comparison based on different aspects
of the RSW and CCL technologies. The comparisons presented in the table are qualitative
and relate only to the two technologies; the qualifying indicators need to be interpreted in
relation to the two technologies. Quantitative comparisons require knowledge of global
and local data (e.g., product characteristics, energy, wages, and overheads) that are beyond
the scope and purpose of this article.

Table 9. Comparison of the RSW and CCL technologies based on different aspects.

Aspects RSW CCL

Workpiece preparation More sensitivity, more
expensive Less sensitivity, cheaper

Electrical network Serious, more expensive Regular, cheaper

Manufacturing equipment Complex machine, more
expensive Simple machine, cheaper

Manpower
Well-educated operator and
technologist required, more

expensive

Basic qualifications for
operator and technologist

acceptable, cheaper

Tool refurbishment possibility Possible several times,
characteristically cheaper

Not possible, replacement
necessary, characteristically

more expensive

Tool lifetime

Electrode tip can degrade,
especially in the case of

aluminum welding [89,90],
more expensive

Higher than an RSW
electrode [91], especially in

the case of aluminum, cheaper

Maintenance demand of the
manufacturing process

Complex machine, several
parts can fail, frequent

maintenance required, more
expensive

Simple machine, less parts can
fail, higher reliability of

equipment, cheaper

Energy consumption Higher, more expensive Lower, cheaper

In addition to the aspects presented in Table 9, other criteria may also be important.
The loading of joints and the quality requirements basically determine the applicable
process. If the joint properties of clinched joints meet the quality requirements, CCL can be
cheaper than RSW.

4. Conclusions

Based on the investigations performed and evaluated, and with further regard to their
results, the following conclusions can be drawn:

• The investigated joining technologies issued comparable high-cycle fatigue (HCF) test
results for the similar and hybrid resistance-spot-welded (RSW) and conventionally
clinched (CCL) joints made from DP600, 5754-H22, and 6082-T6 base materials, both
within and between the two technologies.

• For both the joining technologies used, the typical failure modes could be identified
in the high-cycle fatigue investigations. In the case of RSW, the most common failure
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modes across the entire range were “crack initiation in the HAZ and crack growth in
the base material” and “crack initiation in the HAZ and interfacial failure”; further-
more, the mode “pull-out failure” occurred at higher loads and lower cycles, and the
mode “interfacial failure” occurred at lower loads and higher cycles. In the case of
CCL, different failure modes occurred for the similar DP600/DP600 and the dissimilar
joints, with the typical modes “base material fracture” and “button neck fracture”
occurring at higher loads and lower cycles, and the mode “base material fracture and
button neck fracture” occurring at lower loads and higher cycles. For the dissimilar
joints, all specimens failed in the mode “initiation in the joint and crack growth in the
aluminum alloy”.

• Based on a Basquin-type equation, applying the least squares method in the lifetime
stage and further calculating the mean values in the endurance limit stage, high-cycle
fatigue limit curves (ΔL-N) can be determined corresponding to a 50% probability of
failure. In the case of both the similar and the hybrid joints, the fatigue limit curves
demonstrated that the load-bearing capacity of the CCL joints exceeds that of the RSW
joints. Compared to the steel/steel joints, the load-bearing capacity of the hybrid joints
is lower (48.7% and 73.0% for RSW, 35.0% and 38.7% for CCL), and it is even lower
for the aluminum/aluminum joints (39.9% and 50.4% for RSW, 31.7% and 35.0% for
CCL). The load-bearing capacity of the CCL joints is higher than that of the RSW joints
(DP600/DP600: 156.1%, 6082-T4/6082-T4: 124.1%, 5754-H22/5754-H22: 108.3%, and
DP600/6082-T4: 112.2%) except for in the case of one joint (DP600/5754-H22: 82.7%).

• Since there is a difference between the two technologies in terms of the load-bearing
capacity of the joints under high-cycle fatigue loading conditions, their application
can be chosen depending on the real loading of a specified structural element.

• The investigations that have been started should be systematically continued. In
order to compare the behavior of hybrid joints, further investigations are needed:
joints made with other technologies (e.g., friction stir welding) should be performed;
a fatigue crack growth (FCG) test should be prepared, executed, and evaluated on
similar and hybrid joints made using different joining technologies; and the two
different technologies, as well as the HCF and FCG behaviors, should be compared to
specify the optimal conditions and areas for application. Where it is possible, fracture
mechanical tests and assessment methods should be prioritized.
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Abstract: Mechanical joints, regardless of materials, are useful when joining multiple com-
ponents, though there are certain limits when applying them in engineering applications
such as fatigue loading. The purpose of this research is to provide a comprehensive review
of the trend of fatigue properties of common non-thermal mechanical connections such
as adhesive, bolted, clinched and riveted joints. Towards that, a narrative approach was
taken. In modern engineering applications, most of the joints contain both metallic and
non-metallic components. The relevant experimental studies have proven many factors
that can affect each type of joint and how they can be implemented in real-time appli-
ances. For instance, the fatigue behaviour of adhesive joints is affected by the bond length,
thickness and the use of different materials. Increasing the bond length can enhance its
fatigue resistance up to a certain length, whilst increasing the thickness of laminate or
adhesive decreases the fatigue life unless the surface roughness increases. On the other
hand, different laminate materials can affect the fatigue performance depending on their
mechanical properties. These findings will allow readers to have an overall concept of the
fatigue behaviour of mechanical joints and the influence of various internal and external
parameters on that.

Keywords: fatigue; mechanical joints; loading; failure; endurance limit

1. Introduction

Mechanical joints have always been a vital aspect of the construction industry. Mechan-
ical joints are defined as using two or more components such as mechanical fasteners [1].
They are used to transfer load, which involves compression between connected objects
whilst relative motion occurs simultaneously. Mechanical joints depend on compressive
stresses between compartments while reallocating the tensile stress away from the sys-
tem [1]. The most common mechanical joints are adhesive joints, bolted joints, riveted
joints and clinching joints. Some of these joints have similar joining methods such as bolted
and adhesive joints, where two components are joined together using bolts or adhesives
and heat is not applied. In many cases, some of these methods are combined to generate
hybrid joints [2–4]. Mechanical joints are used in various industries such as automotive,
aerospace, fabrication processes and other construction appliances [5]. The most common
materials used in mechanical joints are metals, ceramics, plastics (thermoplastics) and
adhesives [6,7]. Research shows that mechanical joints with fasteners through the use of
drilled holes are more inexpensive compared to welding and other joining methods [8,9].
Mechanical joints are also critical due to their ease of assembly and disassembly, which
is one of the reasons why bolted joints are being used in aerospace industries, whether
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constructed as a single- or double-lap joint. Moreover, some mechanical joints do not
require sufficient surface preparation such as fasteners used in bolted joints, which allows
quick assembly and disassembly without harming objects [8,10]. This also ensures easy
inspection of mechanical joints as it helps to detect any signs of wear, corrosion [11] or
degradation of the joints [12].

Mechanical joints are usually used in many industries despite the constraints involved
within different joints. The restrictions of these joints are not the main concern when imple-
menting mechanical joints in engineering appliances but rather the way they behave under
fatigue. By understanding the concepts of fatigue parameters and underlying mechanisms,
solutions can be formed that will mitigate fatigue failures experienced within mechanical
joints. The purpose of this review is to provide a comprehensive understanding of the
fatigue behaviour of mechanical joints based on the latest publications that conducted ex-
perimental analysis. The fatigue characteristics of four common mechanical joints, namely
adhesive, bolted, clinched and riveted joints, were investigated since they are used in
most engineering applications. Various input parameters such as cyclic loading condi-
tions, materials used, geometric parameters, and environmental conditions were taken into
consideration, along with their interplay. The fatigue life [13] S-N curves and the fatigue
crack nucleation and propagation of the joints were analysed to understand the fatigue
behaviour of the joints.

Fatigue behaviour is an important aspect in many industries, particularly aerospace
and automotive, where parts and components are subjected to repetitive and fluctuating
loads. This causes premature failure of components that leads to catastrophic failure [14–16].
Though there are extensive reports that are available in the literature, there are inconsisten-
cies regarding the performance of the mechanical joints under fatigue, which give rise to
this review. This present review will inform the reader regarding the influence of various
internal and external parameters that affect the fatigue of mechanical joints, starting with
the basic concept of fatigue. Moreover, this review will identify the current trends and
suggest future research directions. Towards that, a narrative approach was taken where
the research outcomes of the last 15 years were analysed and ‘Preferred Reporting Items
for Systematic reviews and Meta-Analyses (PRISMA)’ [17,18] were also considered. How-
ever, instead of meta-analysis, the ‘narrative approach’ was considered based on keyword
(fatigue; mechanical joints; loading; failure; endurance limit) search of the major scientific
databases such as Web of Science, ScienceDirect, Google Scholar and so on.

Analysing these fatigue parameters would help engineers/researchers to understand
how different joints behave under such conditions and how some changes in parameters
would affect the overall fatigue behaviour of the joint. Moreover, this work will provide an
overview of experimental studies conducted over the past 15 years which will highlight the
latest research and advancements in this field, together with highlighting the inconsistencies
and gaps for further research directions.

2. Fatigue of Mechanical Joints

Understanding the fatigue mechanisms is important to evaluate the fatigue perfor-
mance of these joints when they undergo cyclic loading. Cyclic loading occurs when there
is a change in the range of stress, which causes damage to the component usually below its
prescribed strength values [19]. The main aspects that describe the fatigue are fatigue life,
crack propagation/nucleation, endurance limit and fatigue strength. The repeated cyclic
loading and unloading of a component is known as the cyclic stress, which initiates crack
development and propagation [20]. This may be influenced by the existing residual stresses
in the components that resulted during manufacturing processes [21,22]. The crystalline
structure and the grain size of the materials also affect the fatigue life and dictate fatigue
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crack development [23,24]. According to Wang et al. [23], minimising the grain size of
involved materials can enhance the fatigue strength, which reduces the rate of the crack
nucleation process

The fatigue life in mechanical joints is usually influenced by the number of cycles
experienced within the joint over time and high magnitudes of stress were needed for
crack initiation compared to crack propagation [25]. However, for joints that experienced
low load/high cycle fatigue, the crack initiation period dictates the fatigue life of the joint,
which means that the majority of cyclic loads influence crack initiation [26]. This may not
always be the case as some joints acquire defects during fabrication, which causes the crack
initiation that is influenced by the surface imperfections such as the fillet, edge, weld toe or
other geometric discontinuities [27]. Ideally, joints that consist of higher fatigue life can
resist failure while experiencing longer cyclic loads.

When a mechanical joint undergoes cyclic loading, fracture can result in the joint,
which is caused by crack propagation and nucleation and is known as fatigue fracture.
Microscopic cracks will occur in such areas on the joint where stress concentration is
the highest [28]. The fracture will be further intensified, which causes the fracture to
happen instantly. Some mechanical joints that can resist such loads being applied despite
considerable crack sizes are said to be damage tolerant. The fatigue crack behaviour of
mechanical joints can be calculated using the fatigue crack law and is used to determine
the fatigue crack process of different mechanical joints [28]:

da
dN

= f (σ, a ) (1)

where σ—applied stress or stress amplitude, a—crack length, N—lifetime cycles. The
lifetime cycles of the joint can be determined through the integration of the initial to the
final crack length, as follows [28]:

Nf =
∫ a f

ai

da
f (σ, a)

(2)

The number of cycles is recorded and plotted in an S-N curve, which is used to
compare and predict the joint’s fatigue life. This allows us to determine the time it takes
for a joint to experience failure. According to Zerbst et al. [29], the average initial and final
crack lengths are usually 1 mm and 10 mm, respectively, for materials under fatigue as
shown in Figure 1. However, this would vary depending on the joint material chosen, the
size of joints, adhesive type etc.

There are usually two different approaches to describing fatigue, namely, the S-N curve
method and the fatigue crack growth approach [30,31]. In the S-N curve method [32], crack
nucleation typically occurs during 80 to 90% of the loading cycles, with crack propagation
governed by Equation (1). However, this takes place only afterwards. On the other hand,
the fatigue crack growth approach helps to understand the growth mechanism and nature
of the crack from the beginning and how it propagates [33].

The endurance limit, S′e, is known for a material that can withstand loads below the
stress level for an infinite number of loading cycles without failure [34]. Some materials do
not have an endurance limit. In that case, it is vital to design a mechanical joint that has
high resistance to fatigue for materials to prevent failure [35]. In terms of calculating the
crack nucleation/propagation, the stress and strain factors need to be considered [36]. The
endurance limit is usually 106 cycles for most materials. However, this is not always the
case as there are factors that affect the endurance limit such as the geometrical structure,
notch sensitivity, surface finish, loading type, etc., as mentioned earlier [36]. The true
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endurance limit can only be attained when there are no microstructural anomalies that
involve second-phase particles, inclusions or the existence of a number of phases [37].

Figure 1. Average crack lengths of components under frequent cyclic loading. Reprinted with
permission from Ref. [29]. Copyright 2024 Elsevier.

An S-N curve plots the fatigue-life data for different cyclic loading, which usually
ranges the fatigue life, N, between 103 and 106 [36]. The curve shows a log-log plot
which plots the stress amplitude against the number of cycles to failure [37]. The curve
is determined through experimental data when the component undergoes uniaxial, fully
reversed cyclic loading where the loading can either be bending or tension. S-N curves can
be useful to identify the number of load cycles to failure and not the amount of damage a
material experiences from fatigue before failure. The curves can also be used to determine
which part of the material experienced fatigue crack initiation, growth and failure at a
specific number of cycles.

As mentioned earlier, fatigue strength is important to determine during fatigue testing
as this would estimate how well a component can withstand repeated high-cyclic loading
without failure. In real-life applications using mechanical joints, they undergo high fluc-
tuation in loads, which is why mechanical joints must have reasonable fatigue strength
which ensures buildings can endure for longer periods. Fatigue strength is known as the
stress value where failure in fatigue could occur due to an infinite number of cyclic loading
cycles [26]. In terms of mechanical joints, it depicts how well it can tolerate high stresses
over its service life. Out of all the factors that affect the fatigue strength of components,
material selection is crucial before making a joint since some have different fatigue strength
values. For example, ferrous and titanium alloys have lower fatigue strength than the
fatigue life that these materials can obtain without experiencing failure [26]. The usual
number of cycles that are tested for fatigue strength is between 107 and 109 [38]. It is found
that at least 90% of failures are due to fatigue failures in components that contain metallic
materials. To prevent this, it is recommended to carry out fatigue testing to ensure that the
component is still in a good condition to resist fatigue.

2.1. Adhesive Joints

Adhesive joints are created by joining two or more components together using adhe-
sive material [39,40]. The strength of the bond between the surfaces is dependent upon the
adhesive material. There are several types of adhesive joints which are single/double-lap
joints, scarf joints and stepped-lap joints, as shown in Figure 2.
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Figure 2. Common types of adhesive joints. Reprinted with permission from Ref. [41]. Copyright
2024 Elsevier.

The typical materials used in adhesive joints include magnesium and titanium alloys,
as well as other common materials such as metals, plastics, ceramics, etc. [42]. Surface
preparation is vital as contaminants such as dust and oil must be cleared to ensure strong
adhesion is achieved between the adherents joined together. There have also been instances
where dissimilar materials have joined together in adhesive joints such as carbon fibre-
reinforced polymers (CFRPs) [43] and fibre metal laminates (FMLs) [42], which can be used
in applications such as aircraft, automotive and wind turbines industry.

It is also vital to select the right materials for the adhesives that give an extra edge to
resist the fatigue and blows the joint may encounter. Epoxy is one of the most common
materials used in adhesive joints, mainly in plastics and ceramics. It has high strength,
durability, and excellent heat resistance, as well as chemical and environmental aspects [44].
Another type of adhesive used is called cyanoacrylate, which also forms a strong bond
between similar adherend materials used for epoxy adhesives. They have fast curing
times and a fast solidifying process and are commonly used with rubber, metals, ceramics
and other applications [44]. Acrylics are another adhesive material that can be used in
replacement of the other two and have similar benefits to epoxy adhesives, which are
mainly used in automotive vehicles and buildings [44]. Despite having excellent mechanical
properties, adhesive joints are prone to failure through fatigue since other factors affect the
fatigue characteristics of adhesive joints, which will be discussed in the following sections.

2.1.1. Bond Length

Studies have shown that altering the bond length of the joint allows the joint to either
be more resistant to fatigue or susceptible, which can potentially lead to failure. Altering
the bond length can affect the peel stresses of the joint, as well as the bending moments,
which can disrupt the start of the damage and impact the fatigue life of the joint [45]. A
typical evolution of fatigue life concerning different bond lengths (20 and 40 mm) between
two carbon-fibre fabric polymer (CFRP) adherents joined together using epoxy adhesive
is shown in Figure 3. As can be seen, the increase in bond length enhances the fatigue
strength. The fatigue life increased by a factor of 3 for the 40 mm bond length compared to
the 20 mm, where the thickness of adhesive was 0.15 mm. It can be said that altering the
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bond length significantly influences the fatigue strength compared to modifying the ply
orientation or changing the fillet geometry of the joint.

 

(a) 

(b) 

Figure 3. The tensile fatigue life of CFRP adhesive (epoxy adhesive 9323 B/A) joint with different
bond lengths: (a) 20 mm and (b) 40 mm. Reprinted with permission from Ref. [45]. Copyright
2024 Elsevier.

Increasing the bond length also increased the propagation phase and fatigue life to
crack initiation. This was because shorter bond lengths consist of higher stress intensity
values resulting in shorter fatigue life. This indicates that the area of the adhesive layer
at the interface reduces, though the applied load remains constant. The same load on the
reduced area causes higher stress. Similar results were also found in another investigation
conducted by Mora et al. [46], where they analysed 6061-T6 aluminium alloy bonded to
a dual-phase steel adherend using three different types of epoxy adhesive with different
mechanical properties.
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An investigation conducted by Moreira et al. [47] studied the effects of single-strap
adhesive joints using araldite epoxy adhesive bonded with CFRP through high-cycle fatigue
loading. The effect of bond length on fatigue life is shown in Figure 4. The fatigue life
increases when the bond length alters from 5 mm to 15 mm. However, when the bond
length increased from 15 mm to 20 mm, there was slight to no change in the fatigue life.
Similar results were also found in another investigation conducted by Moura et al. [48].
Hence, Moreira et al. [47] concluded that increasing the bond length did not necessarily
improve the fatigue life of the joints. However, altering the bond thickness and the adherend
thickness may show different effects on the fatigue strength and life if the bond length was
kept the same. The fracture mode was mainly cohesive failure [49] with the presence of
micro-defects [47].

 

Figure 4. Effects of bond length on fatigue life. Reprinted with permission from Ref. [47]. Copyright
2024 Elsevier.

2.1.2. Bond Line and Laminate Thickness

A study conducted by Tang et al. [50] investigated the effects of the bond-line thickness
on single-lap adhesive joints. They also proposed appropriate stress intensity factors to
give an accurate fatigue life prediction and estimate the fatigue crack propagation using the
Paris law [51]. The evolution of fatigue life on 2.5 mm and 5.5 mm bond-line thicknesses
is shown in Figure 5 on glass fibre-reinforced polymer (GFRP) with epoxy adhesive. It is
evident that the 5.5 mm bond-line thickness depicts a lower fatigue life than the 2.5 mm.

The failure of the above-mentioned joint is shown in Figure 6, where a mixed failure
fracture is evident. Each of the joints experienced fracture nucleation between the adhesive
and the adherend, especially in the corner between the two sides (Figure 6c). As the number
of cycles increased, an interlayer failure caused an initiation of crack propagation on the
side of the joint. The crack continues to propagate between the adhesive and the bond
before the separation occurs, which results in final fracture failure. The last stage was
where the joint split into two components due to interfacial and interlayer propagation [50].
This was confirmed by an investigation conducted by Banea et al. [52] on single-lap joints
with silicone adhesives with bond-line thicknesses of 0.5 mm and 1 mm.
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Figure 5. Tensile fatigue life for the bond-line thicknesses of 2.5 mm and 5.5 mm between CFRP and
aluminium. Reprinted with permission from Ref. [50]. Copyright 2024 Elsevier.

 
Figure 6. Different fracture surfaces during fatigue testing: (a,b) disassembled joint and (c) assembled
joint with fracture. Reprinted with permission from Ref. [50]. Copyright 2024 Elsevier.
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The higher the thickness of the adhesive, the more out-of-plane deflection and bend-
ing stress in the joint increase, which contributes to lower strength at higher adhesive
thicknesses. It is also reported that the singularity and stress concentration at the adherend–
adhesive interface intensify as bond-line thickness increases [53]. The variation in bond-line
thickness significantly affects joint strength as the inclination of the thinner bonded area
induces stress concentration. It was reported that a ±0.254 mm variation in the 0.254 mm
thick bond line is far worse than that of a 2.5 mm thick bond line [54].

The effects of surface roughness on the fatigue life of adhesive joints were studied
by Boutar et al. [55], as shown in Figure 7. Effects of four different surface roughness
levels, from 0.6 μm to 1.5 μm with different bond-line thicknesses between 0.3 mm and
2 mm on aluminium–copper alloy adherents were investigated. It should be noted that in
cohesive failure, a layer of adhesive remains on both surfaces, which means that the crack
propagates through the adhesive layer. In case of interfacial failure, cracks occur at the
interface between adhesive and joint parts. Practical joint failures have both cohesive and
interfacial failure, which are known as mixed failure [56,57].

 

Figure 7. Effects of surface roughness and adhesive thicknesses on fatigue life. Reprinted with
permission from Ref. [55]. Copyright 2024 Elsevier.

For a surface roughness of 0.6 μm, the maximum fatigue life was recorded when the
bond-line thickness was at 1 mm but decreased later between 1 and 2 mm. The fatigue
lifetime increased from 0.3 mm to 0.5 mm bond-line thicknesses for the surface roughness
of 1 μm and decreased towards the end for the bond-line thickness of 0.5 mm to 2 mm.
Furthermore, when tested against the 1.2 μm surface roughness, the fatigue life increased
drastically at a bond-line thickness of 0.5 mm, and when the surface roughness was tested
at 1.5 μm, the highest fatigue lifetime was recorded at a bond-line thickness of 0.3 mm
and decreased at 0.5 mm. It can also be stated that different surface roughness values
experienced either a cohesive or mixed failure mode within the adhesive joint. A scanning
electron microscopy (SEM) analysis of the failed surface revealed the presence of ‘air
bubbles’, which were responsible for crack initiation as shown in Figure 8. It can be stated
that for 1 mm or higher adhesive thickness, the crack propagates depending on the size
of the air bubbles in the adhesive and cracks within the joint. Figure 8 also indicates that
the size of the bubbles and the number of bubbles are reduced with the increase in surface
roughness due to the variation in wettability of the surface.
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Figure 8. The fracture surface of 0.3 mm bond-line thickness for different surface roughness values:
(a) 0.6 μm, (b) 1 μm, (c) 1.2 μm and (d) 1.5 μm. Reprinted with permission from Ref. [55]. Copyright
2024 Elsevier.

Here, it was found that the bond-line thickness had a very low porosity concentration,
which prevented the cracks to be controlled along the paths. The surface roughness
influences the stress concentration in the interface, which contributes to the fatigue crack
growth. It was concluded that when the surface roughness decreased despite the bond
line thickness, the wettability on the surface increased, which leads to a decrease in the
fatigue strength of the joint, which can be seen when the surface roughness was 0.6 μm
at a bond-line thickness of 0.5 mm. On the other hand, higher surface roughness showed
reduced wettability, which led to an increase in fatigue lifetime.

Akpinar et al. [58] examined how altering the adherend thickness can enhance the
fatigue performance of some joints. The adherence of Araldite-2015 adhesives of 2 to
6 mm thickness to aluminium alloy AA2024-T3 on single-lap joints was investigated for
that. Surface treatment was implemented before fatigue testing of the adherents due to
the prevention of external factors that may potentially affect the failure modes of the
joints. The S-N curves produced were based on the eight loading levels as shown in
Figure 9. It was reported that there was the presence of an adhesive layer between the
upper and bottom adherend materials during the fatigue loading. It was said to have
cohesion failure mode since there was an equal amount of the adhesive layer on both
surfaces of the laminate [59,60]. After the fatigue testing, they also discovered the absence
of any plastic deformation for all the thicknesses except the single-lap joint with the 2 mm
adherend thickness during maximum fatigue loading. Overall, by examining the fracture
characteristics of these joints, it can be stated that the fatigue and fracture strength do not
correlate with each other well due to some deformation occurring in the laminate and being
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affected by the geometrical parameters. A similar observation was also reported by other
researchers [61–63] on single-lap adhesive joints with aluminium 2024-T3 laminates. When
the joints were tested until 106 lifecycles, they also found the fatigue strength increased as
the adherend thickness was increased.

 

Figure 9. The fatigue life of different adherend thicknesses, where SLJ indicates single lap joint, EY
indicates fatigue loading and the numerical values 2, 3, 4, 5 and 6 indicate adherend thicknesses in
mm. Reprinted with permission from Ref. [58]. Copyright 2024 Elsevier.

2.1.3. Dissimilar Adherent Materials

While the thickness of adherends is useful to enhance fatigue performance, the type
of materials used in the adhesive joints must also be taken into consideration. This is
because some materials have different mechanical properties (such as stiffness, surface
energy or thermal expansion) that can sustain such high fatigue loadings and prevent early
failure modes. Zhang et al. [64] studied the adhesive single-lap joints between CFRP and
aluminium alloy bonded with Araldite adhesives. They reported that (Figure 10), similar
joints (CFRP-CFRP, denoted as J-CC) can withstand high fatigue loads with a lower fatigue
life without failure compared to dissimilar joints. This suggests that while similar joints
were suitable for high loads, they cannot sustain repeated cycles as they will fail quicker
due to low fatigue life compared with CFRP–aluminium and aluminium–aluminium joints.
Thus, CFRP–aluminium and aluminium–aluminium joints are suitable for long-lasting
fatigue performance under cyclic loads as they both endure similar fatigue lives [65–67].

Machado et al. [68] concluded that joints between similar materials (CFRP–CFRP)
failed through substrate delamination while dissimilar joints (CFRP–aluminium) gave
lower fatigue strength and failed at the aluminium substrate. Mariam [69] noted that
dissimilar adhesive joints performed superiorly to the similar joints of two materials.
Similar joints having flexible substrates worsen the fatigue performance. Fatigue strength
of dissimilar joints is related to adhesive ductility [70,71].

Stiffness degradation is an important factor for the fatigue performance of these joints
and had three stages [64]. The first stage is the initiation of the fatigue process and usually
has minimal to zero damage to the joint. The second stage is when the stiffness decreases
as the number of cycles increases and the third stage is towards the end of the fatigue
process where the stiffness decreases drastically until failure is present [64]. Single-lap
joints with similar adherents have better stiffness degradation since the degradation occurs
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more gradually. Similar findings were also reported by other researchers such as Mariam
et al. [72] on dissimilar adherents of single-lap adhesive joints using aluminium alloy
(AA7075) and GFRP bonded with Araldite adhesives.

 

Figure 10. The fatigue life of three different types of single-lap joints: (a) CFRP-CFRP, (b) CFRP–
aluminium, and (c) aluminium–aluminium. Reprinted with permission from Ref. [64]. Copyright
2024 Elsevier.

2.2. Bolted Joints

Bolted joints have a similar technique when joining two components together; however,
they use bolts and screws instead of adhesives [73]. Nuts are also implemented in the
joint to ensure tightness of the component. The bolts are inserted through a hole which is
tightened, causing tension forces between the adherents, which locks both the laminates
together. Examples of bolted joints include single- and double-lap bolted joints as shown
in Figure 11.

Bolted joints are mainly used in common applications such as automobiles, machinery,
building construction (mainly in beams), aerospace, nuclear and many more [74]. Most
engineers and scientists use bolted joints due to their inexpensiveness and capability to
easily assemble and disassemble parts for inspection. However, these joints also have some
constraints since they can develop high stress concentrations due to the location of the
holes which can potentially lead to failure especially when the joint undergoes repeated
cycles of stress [75]. There are many factors that affect the fatigue behaviour of bolted joints
and the most common ones are discussed below.
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Figure 11. (a) Single- and (b) double-lap bolted joints. Reprinted with permission from Ref. [73].
Copyright 2024 Elsevier.

2.2.1. Cold Extrusion/Expansion of Bolted Joints

Cold extrusion is a method to enhance the fatigue life of bolted joints and prevent
fatigue failures at an early stage and has been used in many engineering applications,
especially in ships and aerospace. It is placed in a die which forms the structure of a desired
shape and in terms of bolted joints; the die is fitted in the hole to restructure the hole so
it can counteract and increase the overall property of the hole to prevent fatigue cracks
in the joint [76]. During cold expansion, a mandrel is forced through a hole to expand
it, which increases the compressive residual stress (CRS) around the hole and prevents
crack initiation of the joint as it undergoes high-cyclic loads [77,78]. A study conducted by
Wan et al. [79] explored the fatigue characteristics of single-lap bolted joints using 6.2 mm
thick 42CrMo4 high-strength steel while two M12 flat-head bolts made out of Ti-6Al-4V
titanium alloy were clamped to the steel laminates. Their main observation on that was
the change in the preload of bolts affected the fatigue life. It was also stated that increased
extrusion amounts led to higher fatigue life. They also noticed that during fatigue testing,
the specimen had fatigue cracks near the threaded hole and propagated more towards that
region, whereas specimens that experienced the cold-extrusion process had their crack
propagating towards the edge of the threaded hole. The cold-extrusion process caused
an alteration in the stress distribution of the plate, which prevents the threaded hole from
cracking. The investigation of the failed specimens showed that there were three different
sections of crack propagation with multiple slippages in the surface fracture as shown in
Figure 12. These findings indicate how different amounts of cold-extrusion or varying
preloads can influence the fatigue life and crack propagation of the joints; however, the
cold-expansion process may slightly defer these processes.

Chakherlou et al. [80] investigated the cold expanded holes of aluminium alloy (2024-
T3) double-shear bolted joints using M6 bolts. Two 4.5 mm thick aluminium alloy (7075-T6)
laminates were joined together, while the 2024-T3 component was the middle laminate
as part of the whole bolted joint. They investigated five specimens where two had holes
created by cold expansion (CE), another two specimens had interference fit (IF) and the
last one had a normal hole drilled in the laminates. An interference fit was another
method to reduce fatigue and increase its resistance in bolted joints. The S-N curves of
their investigation were shown in Figure 13. Similar to the findings of Wan et al. [79],
Chakherlou et al. also reported that the cold-expansion specimens had a more effective
fatigue life compared to the plain hole, but the interference fit had a slightly higher fatigue
life compared to the CE joints. It can be stated that the IF and CE specimens had minimal
to no difference in terms of fatigue life resistance.
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Figure 12. Fatigue crack zones for cold extrusion/expansion specimens: (a) overall view and
(b) zoomed view of the crack (at a typical location). Reprinted with permission from Ref. [79].
Copyright 2024 Elsevier.

 

Figure 13. The fatigue life of interference fit (IF), cold-expansion (CE) and plain hole (PH) double-lap
bolted joints with 1.5% and 4.7% preload, respectively. Reprinted with permission from Ref. [80].
Copyright 2024 Elsevier.

In the above discussion, interference fit (IF) in joints indicates when the minimum
diameter of the bolts was bigger than the maximum diameter of the hole. In this case, the
mating surfaces are embedded with compressive residual stress and experience deforma-
tion after assembly. In cold expansion (CE), a tapered mandrel having a diameter bigger
than that of the hole is pulled through to induce compressive hoop stress in the internal
surface of the hole. The compressive stress in the internal surfaces of the holes deter crack
initiation and propagation in the bolted joint. No stress is introduced in the plain holes
(PHs) except those generated from drilling or other fabrication processes.

Regarding the crack morphology, it was found that the holes experienced crack ini-
tiation at the entrance of the plate in mid-plane. As the load levels gradually increased,
the cracks propagated from the edge of the plate to the hole’s edge, which was due to the
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increase in the longitudinal distribution [80]. The increase in expansion and interference
levels did not make a difference in the fatigue life since at higher cyclic loads, the level of
stress distribution around the hole was kept constant. Thus, the improved fatigue life for
cold expansion was due to the geometrical parameters that affected the CRS and pre-stress
of the components. The plastic deformation of the components was enhanced where the
grains had become more isotropic, which delayed the fatigue crack growth, hence leading
to higher fatigue lives than those of plain holes [81].

2.2.2. Bolted Spherical Joints

Bolted spherical joints (BSJs) have recently been studied to investigate their fatigue
properties. BSJs consist of multiple components such as seals, cone heads, screws and
other connections that are joined to a spherical shape bolt as shown in Figure 14. These
joints have started to be used in many industries due to their compatibility in many
engineering applications and their beneficial mechanical properties [82]. However, they are
susceptible to high fatigue loading and experience fatigue failures due to the high-strength
bolts used in the BSJs, which increases the stress concentration leading to onset fatigue
crack propagation.

Figure 14. Spherical bolted joint: (a) real-life example and (b) schematic diagram. Reprinted with
permission from Ref. [83]. Copyright 2024 Elsevier.

A study conducted by Qiu et al. [84] investigated the use of M30 high-strength bolts
in BSJs and the effect it had on fatigue performance. The bolts were manufactured using
material steel 40Cr alloy and the sphere bolts were made from steel, where the outside
diameter was 200 mm. The sphere was manufactured in a way where four threads of
30 mm diameter could be used to fit the M30 bolts. The experimental and simulation
(regression analysis) S-N curves are shown in Figure 15 and the BSJs displayed better
fatigue life for lower stress ranges. Furthermore, the fact that the BSJs have better fatigue
performance compared to codes indicates that they have better safety considerations and
are more reliable.

The fatigue failure of one high-strength bolt occurred in the first engaged thread
between the bolt and sphere as shown in Figure 14b. Figures 16 and 17 correspond to
the failed bolt. The fracture surface indicated that the crack initiation occurred at the bolt
thread, which further propagates, causing slippage cracks between the threads and the
spherical bolts [84] as shown in Figure 16. This causes the bearing area to lose its strength
due to the damage that occurred in the material. Dimples can be observed in the surfaces,
which were also like bubble structures.
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Figure 15. Fatigue life under low and higher cycles with numerical simulation. Reprinted with
permission from Ref. [84]. Copyright 2024 Elsevier.

 

Figure 16. Fatigue crack behaviour of 5th stress loading specimen. Reprinted with permission from
Ref. [84]. Copyright 2024 Elsevier.
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Figure 17. Fatigue life BSJs under different bolts: M20, 30 and 39. Reprinted with permission from
Ref. [83]. Copyright 2024 Elsevier.

Another investigation on BSJs, as investigated by Zhou et al. [85] on M60 high-strength
bolts, expresses similar findings. Qiu et al. (2020) reported the role of different bolts on BSJs
as shown in Figure 17. From the fatigue testing, they reported that all the specimens failed
at the thread of the bolts. The increased stress concentration led to fatigue crack initiating
in the transient fracture zone which led to fatigue crack. The fatigue life of the M60 bolts in
BSJs was said to be less compared to the M30 bolt since one had a bigger diameter than
the other, which indicates that the stress concentration was higher. Thus, lower diameter
produced the highest fatigue life, which supports the statement mentioned earlier about
the effect of diameters on the fatigue of BSJs. Overall, these investigations explained how
different types of parameters can lead to improving the fatigue performance of bolted
joints.

2.3. Clinched Joints

Clinched joints have been used in many applications such as door frames, air-
conditioning, ventilation systems and the aerospace industry due to their lightweight
structure and increased interlocking strength [86]. Clinched joints are formed by com-
pressing two or more thin sheets of metal together using a punch and a die as shown
schematically in Figure 18. This prevents the top layer from separating from the lower
layer since it has already formed the interlock into one component. The clinching process
has four steps, clamping, punching, locking and die return, as shown in Figure 18b.
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Figure 18. (a) Schematic drawing of clinched joint. Reprinted with permission from Ref. [86].
Copyright 2024 Elsevier. And (b) different steps to form the clinched joint. Reprinted with permission
from Ref. [87]. Copyright 2024 Elsevier.

Most clinched joints are formed using metallic materials since they can undergo large
deformation while sustaining their mechanical properties. LeBozec et al. [88] examined
different joining methods including clinched joints to investigate how these different joining
techniques affect the simultaneous corrosion–fatigue performance. For the unpainted
clinched joint, they found that the specimen had corrosion occurring in the overlap area of
the steel sheet. However, it was stated that the strength of the joints was reduced compared
to the earlier investigation conducted by Harzheim et al. [89]. Harzheim et al. [88] reported
detailed studies on the role of pre-corroded clinched specimens on the fatigue life of the joint.
According to their findings, the pre-corroded joints exhibited improved fatigue life as the
gap in the joint filled up with zinc hydroxide. This zinc hydroxide is the corrosion product
originated from the metal sheet (HCT590X) surface. The tight presence of these corrosion
products between two metal sheets acts as a cushion under fluctuating loads. As a result,
the stress magnitude becomes lower under a given load. Somewhat contradictory results
were reported by LeBozec et al. [89] on the role of corrosion/corrosion products towards
the performance of the fatigue life of clinched joints. Accordingly, it was only beneficial
when the fatigue loading frequency was lowered from 0.5 to 0.25 Hz. Under relatively
lower loading frequency, the corrosion products do not have the opportunity to be thrown
out from the joint and thus can perform their cushioning effect [90]. They also reported
that the unpainted clinched joints had a higher number of cycles to failure compared to the
hybrid clinched/adhesive-bonded joints. However, the clinched/adhesive joint showed
more corrosion–fatigue failures compared to the clinched joints with the interface failure
mode. In all the corrosion–fatigue testing, the welded specimens performed well, which
can be due to their enhanced mechanical properties compared to the other types of joints.
There are many types of corrosion, such as trans-granular corrosion and intergranular,
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pitting and galvanic corrosion. It seems that galvanic corrosion is the primary contributor
to this fact [90]. Overall, research needs to be more focused on the fatigue behaviour of
clinching joints during corrosion [91,92]. There were many unanswered gaps that need to
be filled before they could be implemented as part of a strategy to reduce fatigue failures
and increase resistance.

Clinched joints can be used as a replacement against bolted joints in automobiles and
aircraft. Both types of joints experience corrosion; however, clinched joints will display
better fatigue performance compared to bolted joints as they use corrosion as an advantage
to delay fatigue crack growth and enhance the durability of the joint [89]. Not only do
they provide better fatigue performance, but they will also reduce overall weight as they
do not require additional components to support the joint and are cost-effective. Other
than the enhanced fatigue properties of sandwich-clinched joints, they could be useful in
construction buildings and provide thermal insulation due to their interlayer effectiveness.
The applications that have been discussed also apply to SPR and EMR joints as they possess
similar fatigue abilities to clinched joints.

2.4. Riveted Joints

Like bolted joints, riveted joints also use the same concept by joining two components
together using rivets instead of bolts. Even though they have the same method of joining,
the installation of rivets prevents the laminates from moving, unlike bolted joints where
there is still some motion between the adherents. The head of the rivet is deformed as
shown in Figure 19a, whereas Figure 19b shows the schematic of multiple rivets. Some
applications of rivets include cars, aircraft bodies, submarines and many more. Riveted
joints are said to be more cost-effective than bolted joints since there are rivet machines
that can install multiple rivets at the same time in a short duration compared to bolted
joints [44,93]. Some types of riveted joints include butt and lap joints, where there can be
multiple rivets installed on the laminates as can be seen in Figure 19b. Overall, riveted joints
pose slightly better fatigue characteristics compared to bolted joints due to their enhanced
clamping pressure. Self-piercing and electromagnetic riveted joints are two variations that
have been well implemented. These joints have been implemented in some engineering
applications but have not been taken seriously when it comes to fatigue testing [94].

(a) 

Figure 19. Cont.
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(b) 

Figure 19. (a) Example of a rivet used between two laminates before the rivet deformation and after
deformation and (b) an example of multiple riveted joints. Reprinted with permission from Ref. [93].
Copyright 2024 Elsevier.

2.4.1. Self-Pierce Riveting (SPR)

Self-pierce riveting (SPR) [95,96] is also known as a hybrid joint between the clinching
and riveting process as shown schematically in Figure 20 and mainly used in lightweight
structures. A study conducted by Gay et al. [97] examined the fatigue effects of GFRP and
aluminium alloy sheets with SPRs using different rivet shapes and temperature conditions.
It was found that the fatigue cracks grew rapidly during low-cyclic conditions and one
of the specimens broke when the number of cycles was recorded to be 30,000. They also
found that as the temperature increased, the fatigue strength decreased for the SPR joints.
Thus, the mechanical properties play a vital role in determining the fatigue strength when
tested against different temperature conditions, as well as the geometry of the rivets used
for dissimilar sheets.
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Zhang et al. [64,87] investigated SPR joints made from 1.5 mm thick steel (DP590)
and aluminium alloy (AA5754) and the corresponding S-N curves are shown in Figure 21.
Compared to Gay et al.’s [97] experimental results, Zhang et al.’s [87] SPR joints showed
higher fatigue load limit, as the metals had better mechanical properties than GFRP, which
was expected despite the effects of temperature and rivet shapes used in Gay et al.’s [97]
study. In terms of the fatigue crack results, at 40 and 50% of the load level, the crack
was experienced within the lower sheets of the aluminium alloy, while at 60%, the rivet
experienced fatigue fracture [87]. Fatigue fracture was also observed between the lower
and upper sheets, which was due to the change in load at lower cyclic conditions. As the
number of cycles increased, it was found that the crack propagated along the width and
thickness of the sheet and gradually propagated closer to the sheet edge.

 

Figure 20. Schematic of the SPR process. Reprinted with permission from Ref. [87]. Copyright
2024 Elsevier.

 

Figure 21. F-N curve of SPR joint at 2 million cycles. Reprinted with permission from Ref. [87].
Copyright 2024 Elsevier.
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An investigation conducted by Zhao et al. [6] examined the effects of different sheet
thicknesses of aluminium alloy sheets (AA5052). According to their findings, the fatigue
life increases when the sheet size was enlarged. It was found that this delayed the crack
initiation of the SPR joints when the sheet thickness was increased due to its increased
resistance to high loads. However, when the sheet thickness was increased from 2 to
2.5 mm, it can be said that the fatigue loads decreased at low cyclic loads, while they
increased at high cyclic loads. It still shows that the fatigue life for 2.5 mm thickness was
better than the 2 mm; however, the sheet thickness was affected at low fatigue loads more
than at high fatigue loads. The fatigue crack behaviour showed that all the specimens had
fatigue fracture cracks around the rivet heads of the joints [87]. For the 1.5 mm thickness,
the SPR joints experienced fatigue crack initiation at the rivet head, whereas as the sheet
thickness increased, the crack initiated at the bottom layer of the rivet. This was due to the
larger sheet thickness having larger grain sizes in the sheet, which caused the fatigue crack
away from the rivet head for thinner sheets. Hence, this delays the fatigue crack growth for
increased sheet thicknesses. This may be useful for dissimilar sheet materials of SPR joints
if the sheet thickness is increased and may improve the joints; however, further research is
needed to validate this statement.

2.4.2. Electromagnetic Riveting (EMR)

Electromagnetic riveting (EMR) has been recently developed to enhance the overall
strength of riveted joints, as shown schematically in Figure 22a. The rivet die compresses
the sheets together with the riveting energy provided by the equipment. Figure 22b shows
that the punch deforms the rivet to form a driven head, which causes an interlock between
the two sheets. The driven head influences the mechanical property of the overall joint.

 

Figure 22. Schematic diagram of EMR process: (a) overall process and (b) different steps. Reprinted
with permission from Ref. [98]. Copyright 2024 Elsevier.
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It has better fatigue performance compared to normal riveted joints as reported by
Li et al. [99] and Liao et al. [100]. A study conducted by Jiang et al. [98] reported the
fatigue behaviour of riveted lap joints using EMR with CFRP and aluminium sheets with
thicknesses of 2.5 and 1.8 mm, respectively. Jiang et al. [98] reported that, as the number
of cycles increased, the hole of the riveted joint expanded, which eventually led to failure
due to the loss of tightening strength. Jiang et al. [98] also found that the EMR specimens
showed no signs of disruption during 90% of the cycles endured by the joint until the last
few cycles, which were caused mainly by the fatigue crack initiation. This indicates that
EMR joints displayed better performance than regular riveted and SPR joints as fatigue
cracks started to initiate in the earlier stages. Overall, the EMR processes show better
fatigue performance compared to regular riveted joints.

3. Discussion

This section of the manuscript aims to provide a comprehensive analysis of the fatigue
characteristics of the joints reviewed in previous sections and how some of the factors
considered have changed the behaviour of these joints under fatigue. The use of S-N curves
has been implemented in most reports to understand the fatigue behaviour of mechanical
joints. In support of that, the Paris law and Weibull distribution techniques were used to
identify the crack growths and propagation, as well as the security level, which identifies
how the level can be suitable for different fatigue conditions the joint experiences.

3.1. Key Findings and Trends

It has been validated that increasing the bond length can enhance the fatigue resistance
of adhesive joints. Moreover, the type of adhesive used also depicts the fatigue resistance
despite the bond length as some types of epoxies have different mechanical properties that
could enhance fatigue performance for shorter bond lengths. However, some adhesive
joints display reduced or no change in their fatigue strength despite enhancing the length of
the overlap area as can be seen in Moreira et al.’s [47] investigation. It is assumed that after
a certain increase in bond length, it cannot further reduce the stress concentration, and this
can increase the bending, which decreases fatigue life. Moreover, increasing the laminate
or adhesive thickness does not significantly increase the fatigue life, but it increases the
fatigue life when the surface roughness of the adhesive is increased, as reported by Boutar
et al. [55]. On the other hand, increasing the thickness of the laminate results in enhanced
fatigue performance but may defer when the material used for the adherend is changed.

In bolted joints, the use of cold expansion and extrusion have shown promising results
in delaying fatigue crack growth in bolted joints. Pre-tension force in bolts also plays a
vital part in enhancing the fatigue strength of the joint despite some cold-extrusion bolted
joints. The impact of interference fit in bolted joints also contributes to the reduction
of fatigue failure due to being better than the cold-expansion and -extrusion processes.
SEM statistics show that increased interference fit levels can reduce stress around the hole
more effectively than cold-extrusion and -expansion methods, though it can be stated that
increasing the pre-tension force further can lead to fretting within the joint despite the level
of cold extrusion or expansion. Fretting is more common in bolted joints compared to the
rest due to the high stress concentration factor the holes experience. The investigations
reported that increased preloads led to increased fatigue strength at a certain pre-tension
but showed better fatigue resistance when the spacer size was increased, which will move
the stress away from the hole, delaying fatigue. The impact of surface treatment such as
shot peening and lubrication also find benefits for improving fatigue performance. BSJs are
a new manufacturing technique that shows better fatigue performance than standard code
specifications. Increasing the thread root of BSJs reduces stress concentration, as well as
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decreases the diameter of bolts. These factors that enhance the fatigue durability of bolted
joints must be cautiously assessed and meet the requirements for applications.

Moving on, clinched joints have better resistance to fatigue failure under corrosion
as the corroded area of the joint delays the punched area from experiencing fatigue crack
during the initial stages due to the stress being evenly distributed in the joint. Coated
clinched joints, including hybrid clinched joints combined with adhesive, decrease fatigue
life, while unpainted clinched joints show an increased fatigue life since painted clinched
joints prevent the corrosion build-up and increase stress concentration near the punch area
of the joint. Other than corrosion fatigue, clinched joints can also reduce fatigue failures by
ensuring different connection methods are employed before the clinching process, such
as cross-tension, coach-peel or tensile-shear clinched joints. Tensile shear has the best
fatigue properties compared to the rest since the laminates are more aligned with each
other, which allows the load to be distributed more evenly and reduces stress concentration.
However, implementing an additional material between the laminates in cross-tension
clinched joints can further increase fatigue life more than tensile shear, which is results
in sandwich clinched joints. In terms of the manufacturing methods, different punch
geometries have a significant influence on the fatigue performance since they affect the
neck thickness of the overlap area. It was also stated that either annealing or quenching
can reduce the service life of clinched joints and may be due to the defects in the crystal
lattice microstructure.

Lastly, SPR and EMR joints are types of advanced riveted joints that display excellent
fatigue mechanisms compared to normal riveted joints. In the relevant studies examined,
applying different rivet shapes will alter the stress distribution in the joint and increase the
fatigue strength despite being at low temperatures. However, it was also reported that high
temperatures with rivets of the same shape had lower fatigue strengths, which could be
due to their strength characteristic. Increasing the sheet thickness of SPR joints can enhance
fatigue performance since the extra sheet layers can withstand high loads and increase their
durability. EMR, on the other hand, uses electromagnetic current and relies on speed when
the rivet is punched into the sheets. This provides slightly better mechanical properties
compared to SPR joints. EMR joints tend to have better fatigue resistance than SPR joints
since rivet holes are stretched during the later stages of the fatigue process. The setup of
rivets in EMR can also affect the fatigue performance as horizontal rivet placement poses
higher fatigue resistance since it is not near the edge of the joint, allowing the stress to be
evenly distributed across the joint.

3.2. Knowledge Gap and Inconsistencies in the Literature

The above-mentioned literature review confirms the effect of different types of mechan-
ical joints on their respective fatigue properties. Having said that, there are still knowledge
gaps and inconsistencies in the literature that need to be critically addressed. While in-
creasing the overlap length provides some improvements to adhesive joints, more attention
needs to be given to why certain lengths prevent resistance of fatigue with a further increase
in overlap length. Not much research has been focused on different laminate materials
at various bond lengths, which needs to be investigated. In addition, fatigue of adhesive
joints from exposure to changing environmental conditions is not critically assessed in the
literature. As claimed by Meneghetti et al. [45], certain angles can evenly distribute stress
along the adhesive joint, which can resist crack initiation for longer periods due to the
increase in the overall structural integrity of the joint. However, this hypothesis has not
been examined and needs proper attention.

Even though the cold-expansion and -extrusion techniques display improved fatigue
in bolted joints, further research needs to investigate stress relaxation and different envi-
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ronmental effects (e.g., corrosion, temperature, UV radiation). These aspects are generally
needed for fatigue testing in all mechanical joints other than bolted connections since most
applications undergo various environmental conditions. Despite displaying satisfactory
results when BSJs undergo fatigue testing, this new prototype is needed for further research
when it comes to inspecting the defects of the threads in the bolts used in BSJs for varying
loading conditions. Understanding the underlying concept can allow engineers to start
implementing more BSJs in complex engineering appliances.

Moreover, one of the biggest concerns when it comes to clinched joints is the analysis of
corrosion–fatigue. There have been many research studies to examine the overall strength
of the fatigue joints but less analysis in terms of corrosion–fatigue. Further research is
needed to explore why some clinched joints under fatigue experience corrosion to confirm
their hypothesis under controlled experiments. Kim et al. [101] claimed that coach-peel
clinched joints had fewer fatigue properties compared to either cross-tension or tensile-
shear clinched joints with minimal evidence and this requires further validation. This also
includes the lack of knowledge when it comes to investigating how sandwich clinched
joints can potentially improve fatigue performance in many engineering applications. This
area of investigation needs to be further studied, especially in varying loading conditions
and the different interlayers used to analyse the effects they have on the joint. In terms of
riveted joints, it has been mentioned that SPR joints can increase their fatigue properties
when the number of layers used is more than one. However, there is a gap between different
sheet materials and the increased number of sheets used, which needs further clarification.

4. Conclusions and Future Perspective

Based on the above-mentioned information, it could be concluded that though there is
a large volume of information available in the literature, inconsistency arises in the given
data. This is mostly due to the use of different experimental set-ups by various research
groups and lack of experimental repeatability.

Bolted joints can decrease crack initiation through cold-extrusion or -expansion meth-
ods. Bolted spherical joints display enhanced fatigue performance better than single- or
double-lap bolted joints. Moreover, clinched joints are said to have good fatigue resistance
when they are corroded compared to the other joints. They can also withstand fatigue
failure for longer periods when they are connected in tensile-shear connections compared
to cross-tension or coach-peel clinched joints. Factors such as manufacturing methods such
as either additional interlayer materials or heat treatment of sheets can also delay fatigue
failure during the early stages.

Recent advances in riveted joint forming techniques such as self-pierce and electromag-
netic riveting have caught the attention of scientists to investigate how they are different to
riveted joints since riveted joints possess almost similar fatigue properties. SPRs are also
known as hybrid clinched-riveted joints and have shown incredible fatigue capabilities
when tested against different sheet thicknesses and rivet shapes at various temperatures.
EMRs have slightly better fatigue characteristics compared to SPRs due to their machine
process when tested against different materials and rivet arrangements. It is said that the
crack behaviour for adhesive and clinched joints always starts at the interlayer surface
and propagates slowly towards the adherents, while riveted and bolted joints have fatigue
cracks initiating at the holes due to higher stress concentration.

Throughout this analysis, some limitations in the work can be found when exploring
these types of joints. For instance, further research is needed to understand how certain
clinched joints have a higher fatigue life when they are corroded. Scientists should focus
more on the stress distributions through finite element analysis (FEA) and testing with
more different types of material sheets to identify whether the theory still holds even

227



Metals 2025, 15, 25

if different fatigue parameters are tested. The research in this area is mainly focused on
smaller joint dimensions, which makes it difficult to make certified validations based on one
piece of evidence. One of the main research areas that needs to be focused on is how these
non-thermal joints can be as useful as thermal joints. Most appliances today use welded
joints more than non-thermal joints due to their enhanced structural integrity and strength,
which serves as a higher advantage. For instance, some studies have compared clinched
joints with spot welded joints and noticed the large fatigue behaviour difference they have
between each other [102]. Hence, this would allow scientists to research more on thermal
joints and utilise these joints more than non-thermal joints even though thermal joints
generally are more expensive since they need skilled workers and specialised equipment
for the manufacturing process. Research should be more directed towards non-thermal
hybrid joints as they are the closest to possessing similar fatigue abilities to thermal joints
due to their structural strength, and costs need to be reduced to manufacture such joints
for future designs.

Thus, the above conclusions fulfill the objectives of the present review. Nonetheless,
further exploration in this is foreseen to cover the fatigue life/behaviour of mechanical
joints based on 3D-printed components, which is out of the scope of the present review.
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