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Editorial

Metal Additive Manufacturing: Design, Performance,
and Applications
Nikolaos Kladovasilakis 1,*, Konstantinos Tsongas 2,* and Dimitrios Tzetzis 3,*

1 Centre for Research and Technology Hellas, Information Technologies Institute (CERTH/ITI),
57001 Thessaloniki, Greece

2 Advanced Materials and Manufacturing Technologies Laboratory, Department of Industrial Engineering and
Management, School of Engineering, International Hellenic University, 57001 Thessaloniki, Greece

3 Digital Manufacturing and Materials Characterization Laboratory, School of Science and Technology,
International Hellenic University, 14th Km Thessaloniki-Moudania, Thermi, 57001 Thessaloniki, Greece

* Correspondence: nikoklad@iti.gr (N.K.); ktsongas@ihu.gr (K.T.); d.tzetzis@ihu.edu.gr (D.T.)

The rapid evolution of metal additive manufacturing (AM) has led to transformative
advancements across various industries, including aerospace, healthcare, automotive, and
energy. While this groundbreaking technology holds immense promise, its widespread
adoption faces significant challenges that demand innovative solutions in design, per-
formance optimization, and application-specific development. The Special Issue titled
“Metal Additive Manufacturing: Design, Performance, and Applications” addresses these
challenges by serving as a dedicated platform for disseminating cutting-edge research
and pioneering insights. By presenting novel methodologies, rigorously evaluating ma-
terial properties, and showcasing state-of-the-art real-life applications, this collection of
high-quality scientific papers aims to deepen our understanding and accelerate the imple-
mentation of metal AM in industry.

This Special Issue comprises 10 high-quality papers authored by 47 contributors from
22 distinguished institutes and organizations worldwide, reflecting the collaborative and
interdisciplinary nature of this Special Issue. The studies featured in this Special Issue build
on a foundation of 381 conducted and published works, culminating in comprehensive
and novel findings that advance the field. The significant response from the scientific
community further underscores the significance of this Special Issue, with over 9600 reads
recorded within the first nine months of its release.

The published papers in this Special Issue were balanced between metal AM product
design, performance, and applications. In detail, Liu H. et al. [1] contributed a paper enti-
tled “Thermal behavior and mechanical properties of different lattice structures fabricated
by selective laser melting”, providing research findings on the design and performance
of metal AM. Xia P. et al. [2] contributed a paper entitled “Study on Microstructure and
Thermal Cracking Sensitivity of Deposited Ti6Al4V/Inconel 718 Composites Made by
Two-Wire Arc Additive Manufacturing by Current”, providing research findings on the
performance of metal AM. Lee J. et al. [3] contributed a paper entitled “Study On Surface
Quality Analysis Of An Uncoated Boron Steel And Its Oxide Layer Suppression Method For
Hot Stamping”, providing research findings on the performance of metal AM. Perrone A.
et al. [4] contributed a paper entitled “Various Configurations for Improving the Efficiency
of Metallic and Superconducting Photocathodes Prepared by Pulsed Laser Deposition:
A Comparative Review”, providing research findings on the performance and applica-
tions of metal AM. Giarmas E. et al. [5] contributed a paper entitled “Nanoindentation
Creep Behavior of Additively Manufactured H13 Steel by Utilizing Selective Laser Melting

Materials 2025, 18, 545 https://doi.org/10.3390/ma18030545
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Technology”, providing research findings on performance and applications of metal AM.
Egorov S. et al. [6] contributed a paper entitled “Effect of the Cooling Liquid on the Milled
Interface in the Combined Process of Milling and Direct Metal Deposition”, providing
research findings on performance and applications of metal AM. Kim S. et al. [7] con-
tributed a paper entitled “Accuracy of Mandibular Removable Partial Denture Frameworks
Fabricated by 3D Printing and Conventional Techniques”, providing research findings on
the performance and applications of metal AM. Kladovasilakis N. et al. [8] contributed a
paper entitled “Metal 3D-Printed Bioinspired Lattice Elevator Braking Pads for Enhanced
Dynamic Friction Performance”, providing research findings in the design and applications
of metal AM. Zykona A. et al. [9] contributed a paper entitled “Effect of “ColdArc” WAAM
Regime and Arc Torch Weaving on Microstructure and Properties of As-Built and Subtran-
sus Quenched Ti-6Al-4V”, providing research findings in applications of metal AM. Finally,
Hawryluk M. et al. [10] contributed a paper entitled “Improvement of the technology of
precision forging of connecting rod-type forgings in multiple systems, in the aspect of the
possibilities of process robotization by means of numerical modeling”, providing research
findings on the performance and applications of metal AM.

This Special Issue not only advances the scientific understanding of metal AM but
also serves as a bridge between research innovation and industrial application. We extend
our sincere gratitude to all the authors who contributed their exceptional work to this
Special Issue. Their valuable research and dedication have been instrumental in shaping
the success of this collection. We also thank the reviewers for their invaluable expertise in
ensuring the quality and rigor of the published studies. Finally, we thank the editorial team
for their unwavering support and commitment throughout this process. Together, these
efforts have created a meaningful contribution to the field and will undoubtedly inspire
further advancements in metal AM.

Author Contributions: N.K., K.T. and D.T. equally contributed to this research. All authors have read
and agreed to the published version of the manuscript.

Conflicts of Interest: The authors declare no conflicts of interest.
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Article

Thermal Behavior and Mechanical Properties of Different Lattice
Structures Fabricated Using Selective Laser Melting
Hui Liu 1, Gaoshen Cai 1,2,*, Kai Peng 1, Haozhe Jin 1,3,* and Antonov Alexander 4

1 School of Mechanical Engineering, Zhejiang Sci-Tech University, Hangzhou 310018, China
2 Key Laboratory of Advanced Manufacturing Technology of Zhejiang Province, School of Mechanical

Engineering, Zhejiang University, Hangzhou 310027, China
3 Institute of Flow-Induced Corrosion, Zhejiang Sci-Tech University, Hangzhou 310018, China
4 Innovative Technologies of Mechanical Engineering Faculty, Yanka Kupala State University of Grodno,

230023 Grodno, Belarus
* Correspondence: caigaocan@zstu.edu.cn (G.C.); haozhejin@zstu.edu.cn (H.J.)

Abstract: In this study, the size of molten pool and the porosity of parts under different process-
ing parameters are studied using numerical simulation. According to the results, the appropriate
processing parameters were selected to simulate the temperature and residual stress distribution
during the forming process of body-centered cube (BCC), face-centered cube (FCC) and rhombic
dodecahedron (Dode) lattice structures. In addition, three lattice structures were fabricated via
selective laser melting (SLM) technology, and quasi-static compression experiments were carried out
to study their mechanical properties. The results show that the high temperature parts of the three
structures are all under the node and their adjacent pillars, and the closer to the nodes, the higher
the temperature. The residual stress of the Dode structure is the highest, reaching 1218.2 MPa. It is
also found that the residual stress in the Z direction is the largest, which plays a dominant role in the
forming process. Through compression experiments, it is found that diagonal shear failure occurs in
all three lattice structures, and Dode shows the best compression performance.

Keywords: selective laser melting; residual stress; numerical simulation; lattice structure; mechanical
property

1. Introduction

Titanium alloys have the advantages of low density, corrosion resistance, excellent
fatigue strength and heat resistance [1]. Due to these characteristics, titanium alloys have
great potential as lightweight structural materials. The excellent properties of Ti6Al4V
make it widely used, such as gas turbines, automotive parts and medical implants and
prostheses, which are welcomed by many industries [2,3].

A lattice structure has the advantages of light weight, high specific strength and
great heat dissipation. It has attracted much attention in aerospace, biomedical and other
fields [4–6]. The traditional manufacturing methods of a lattice structure include investment
casting [7], snap fit, expanded metal sheet, metallic wire assembly [8], etc. However, it
is difficult to manufacture geometrically complex parts using traditional manufacturing
techniques. Additive manufacturing technology can overcome this difficulty and realize
the manufacture of complex structures.

Selective laser melting (SLM) is a common metal additive manufacturing technol-
ogy [9,10]. SLM technology uses a laser as a heat source to selectively melt the powder
according to the shape of the model, and the powder is repeatedly melted until the part is
manufactured [11,12]. Although the preparation of lattice structures using SLM technology
has a good prospect, defects will occur due to the limitations of the process itself [13]. In ad-
dition, the powder particles undergo two processes of rapid melting and rapid solidification
in the SLM forming process, resulting in large thermal stress and temperature difference,

Materials 2024, 17, 5603. https://doi.org/10.3390/ma17225603 https://www.mdpi.com/journal/materials4
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resulting in large residual stress and warpage deformation, affecting the accuracy and
mechanical properties [14,15]. In order to improve the forming quality, it is necessary to
study the residual stress.

Zhao et al. [16] studied the influence of different processing parameters on the residual
stress of SLM-formed parts. It is found that the size and temperature gradient of molten
pool are affected by the change of processing parameters. The larger the temperature
gradient of the molten pool, the larger the residual stress, and the maximum residual
stress there is in the overlapping area of the molten pool. The research of Wang et al. [17]
showed that laser power, scanning speed and scanning strategy have different effects on
the residual stress of parts, and the distribution of residual stress can be controlled by
changing the processing parameters. In addition, it has also been found that there is a
heat accumulation effect in the process of SLM manufacturing parts, and the existence of
the heat accumulation effect makes the residual stress increase. Gan et al. [18] found that
the angle and diameter of the lattice structure pillar significantly affect the residual stress.
The residual stress can be reduced by increasing the inclination angle and decreasing the
diameter of the pillar. The change of pillar length has little effect on the residual stress.

The measurement methods of residual stress include the drilling method, neutron
diffraction method, X-ray method, etc. [19]. The drilling method requires holes to be drilled
on the surface of the component, which is difficult to achieve for a lattice structure. Tobias
et al. [20] introduced a non-destructive neutron diffraction method to measure the residual
stress in lattice structures. However, they proposed that due to the particularity of the
lattice structure, it is difficult to obtain accurate results and prone to errors.

At present, there are relatively few studies on the thermal behavior of lattice structures.
Therefore, several types of lattice structures such as BCC, FCC and Dode were selected in
this study, and the temperature change and residual stress distribution of the Ti6Al4V lattice
structure were systematically studied. The parts were prepared using SLM technology, and
their compression response and failure behavior were studied.

2. Materials and Methods
2.1. Materials and Manufacturing

The raw material is Ti6Al4V powder produced by Bright Laser Technologies Co., Ltd.
(Xi’an, China). The chemical composition of the powder is listed in Table 1. JSM-5610LV
scanning electron microscopy (SEM) images show that the morphology of the observed
powder particles is close to spherical, as shown in Figure 1.

Table 1. Chemical compositions (wt.%).

Alloying
Elements Ti Al V Fe C N H O

wt.% Bal. 5.5–6.75 3.5–4.5 ≤0.30 ≤0.08 ≤0.05 ≤0.015 0.08–0.13
Bal.: Balance, the amount of remaining ingredients.

The lattice structures were fabricated using the company’s BLT-A300 + 3D printer
using laser power of 300 W, scanning speed of 1000 mm/s, scanning spacing of 0.1 mm
and layer thickness of 0.03 mm, as shown in Figure 2.

In order to test the mechanical properties of the lattice structures, a quasi-static com-
pression experiment was carried out using a microcomputer-controlled electronic universal
testing machine (manufactured by Ji’nan Tenson Testing Machine Manufacturing Co., Ltd.,
Jinan, China) with a maximum load of 100 kN, and the compression was carried out at a
speed of 1 mm/min until the part failed. Then, the fracture morphology was observed via
SEM, and the fracture mechanism of the samples were analyzed.
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Figure 2. Lattice structure fabricated using SLM.

2.2. Numerical Simulation

The thermal behavior of SLM is very complex. To obtain accurate simulation results, it
is necessary to have the temperature control equation, heat source model, initial conditions
and boundary conditions. In this study, an Nd: YAG fiber laser was used for SLM, and the
laser energy density was approximately Gaussian distribution. The Gaussian heat source
function is shown in Equation (1) [21]:

q =
2AP
πR2

L
exp(−2r2

R2
L
) (1)

where A is the laser absorption rate of the powder, P is the laser power, RL is the radius of
the laser spot, and r is the radial distance from the node to the center of the laser spot.

In addition, the correct initial conditions and boundary conditions should be set.
Equation (2) is the initial condition.

T|t=0 = T0(x, y, z, t) (2)

where T is the ambient temperature.
The boundary conditions in the numerical simulation model can be expressed using

Equation (3) and (4), respectively [22]:

−λe
∂T
∂n

= h(T − Tm) (3)

−λe
∂T
∂n

= σSBψ(T2 + T2
m)(T + Tm)(T − Tm) = β0(T − Tm) (4)

where λe is the effective thermal conductivity of the powder, n is the vector of the top of
the powder bed along the normal direction, h is the convective heat transfer coefficient, Tm
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is the ambient temperature, σSB is the Stefan-Boltzman constant, ψ is the reflectivity of the
material, and β0 is the thermal radiation coefficient.

The influence of temperature change on the thermal physical property parameters of
Ti6Al4V material used in the numerical simulation is shown in Table 2 [23].

Table 2. The mechanical property of Ti6Al4V.

Temperature
(K)

Coefficient
of Thermal
Expansion
(×106/K)

Modulus of
Elasticity

(GPa)

The Yield
Strength

(MPa)

Poisson’s
Ratio

Shear
Modulus

(MPa)

298 8.91 107 1098 0.323 0.7
589 10.12 91.8 844 0.339 2.2
700 10.82 82.4 663 0.347 2.2
811 11.31 69.6 527 0.354 1.9
923 11.71 54.7 300 0.361 1.9

1073 12.21 35.3 60 0.369 2
1123 12.37 29.3 5 0.371 2
1473 12.44 6.6 2 0.392 2
1923 12.51 0.1 0.1 0.415 0.1

NX was used to model the lattice structure, as shown in Figure 3; the size of each unit
was 5 × 5 × 5, and the diameter of the pillar is 1 mm. The model was imported into ANSYS
Workbench for simulation. The material is Ti6Al4V powder. The processing parameters
are the same as the actual manufacturing. Tetrahedral mesh with a unit length of 0.5 mm
was used.
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3. Optimization of SLM Processing Parameters
3.1. The Influence of Processing Parameters on the Molten Pool

The schematic diagram of the molten pool shape is shown in Figure 4. The shape of
the molten pool is greatly affected by the process parameters, which are mainly reflected in
the width and depth of the molten pool. Therefore, the same method as the previous study
was used to study the influence of process parameters on the molten pool geometry [24,25].
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Through the combination of different processing parameters, a variety of combinations
are obtained. The influence of processing parameters on the molten pool is shown in
Figure 5. With the increase of laser power, the depth, width and length of the molten pool
increase. With the increase of scanning speed, the depth and width of the molten pool
decrease, and the length of the molten pool decreases first and then increases. In the study
of Chen [26] and Zhao et al. [27], the influence of process parameters on the size of the
molten pool is consistent with the rule in this study.

Materials 2024, 17, x FOR PEER REVIEW 5 of 12 
 

 

Through the combination of different processing parameters, a variety of combina-
tions are obtained. The influence of processing parameters on the molten pool is shown 
in Figure 5. With the increase of laser power, the depth, width and length of the molten 
pool increase. With the increase of scanning speed, the depth and width of the molten 
pool decrease, and the length of the molten pool decreases first and then increases. In the 
study of Chen [26] and Zhao et al. [27], the influence of process parameters on the size of 
the molten pool is consistent with the rule in this study. 

The remelting densification mechanism is proposed as a method to eliminate residual 
pores. When the current powder layer is melted, sufficient energy input allows the previ-
ous layer of powder to melt again, which is beneficial to reduce the porosity of the previ-
ous layer [28]. Therefore, in order to obtain a good molten pool, at least a depth of 2.5 
layers of molten pool is required, because the penetration depth of 2.5 layers can reduce 
the porosity by remelting the previous layer. The molten pool morphology of different 
process parameters is shown in Figure 6. Different patterns represent different weld pool 
sizes. The orange square indicates that the depth of the molten pool is too shallow, the 
blue dots indicate that the molten pool is too deep, the yellow triangle indicates that the 
molten pool is too long, and the green stars indicate that the size of the molten pool is 
reasonable. Compared with 0.04 mm layer thickness, 0.03 mm layer thickness can produce 
a more suitable molten pool size. 

 
Figure 4. Molten pool shape. 

 
Figure 5. Molten pool size of different processing parameters: (a) 0.03 mm layer thickness and (b) 
0.04 mm layer thickness. 

Figure 5. Molten pool size of different processing parameters: (a) 0.03 mm layer thickness and (b) 0.04
mm layer thickness.

The remelting densification mechanism is proposed as a method to eliminate residual
pores. When the current powder layer is melted, sufficient energy input allows the previous
layer of powder to melt again, which is beneficial to reduce the porosity of the previous
layer [28]. Therefore, in order to obtain a good molten pool, at least a depth of 2.5 layers
of molten pool is required, because the penetration depth of 2.5 layers can reduce the
porosity by remelting the previous layer. The molten pool morphology of different process
parameters is shown in Figure 6. Different patterns represent different weld pool sizes.
The orange square indicates that the depth of the molten pool is too shallow, the blue dots
indicate that the molten pool is too deep, the yellow triangle indicates that the molten
pool is too long, and the green stars indicate that the size of the molten pool is reasonable.
Compared with 0.04 mm layer thickness, 0.03 mm layer thickness can produce a more
suitable molten pool size.
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(b) 0.04 mm layer thickness.

3.2. The Influence of Processing Parameters on Porosity

According to the simulation results of the molten pool, the combination of the pro-
cessing parameters in the green part of Figure 6 was selected for porosity simulation. In
addition, the new variable scan spacing was added. There are many reasons that affect the
porosity. In the manufacturing process, the entrained gas in the powder may remain in the
part. Contaminant degassing may occur during the formation of the molten pool. During
the solidification process, a small amount of gas vapor may also be retained in the molten
pool, forming pores inside the part. The results are shown in Figure 7; when the scanning
spacing does not exceed 0.1 mm and the laser power is 300 W, the porosity is low.
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Figure 7. The simulation results of porosity.

Considering the simulation results of molten pool and porosity, the optimized process
parameters are as follows: laser power 300 W, scanning speed 1000 mm/s, layer thickness
30 µm, scanning spacing 0.1 mm.

4. Thermal Behavior
4.1. Temperature Distribution of Different Cell Lattice Structures

The temperature change and residual stress of the three lattice structures were simu-
lated using the optimized process parameters. Figure 8 shows the temperature distribution
of three different cell structures during SLM forming. The high temperature parts of the
three structures are all under the nodes and their adjacent pillars. The closer to the node,
the higher the temperature. This is due to the repeated remelting near the node, and the
continuous accumulation of temperature making the temperature rise. The maximum
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temperatures of BCC, Dode and FCC are 1270.77 ◦C, 1298.77 ◦C and 1232.39 ◦C, respec-
tively. Among the three structures, the Dode structure has the highest temperature, mainly
because the Dode structure is complex, the number of pillars is more than that of other
structures, and the total input of energy in the manufacturing process is high and the heat
dissipation is poor, making its highest temperature higher than the other two structures.
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4.2. Residual Stress of Different Cell Lattice Structures

Figure 9 is the residual stress distribution map of different cell lattice structures. It
can be found that among the three structures, the equivalent residual stress of the Dode
structure is the largest, reaching 1218.2 MPa. The stress of the FCC structure reached
1164.4 MPa, and the stress of the BCC structure reached 1159.9 MPa. The complexity of the
Dode structure makes the internal heat dissipation poor, so that it has the greatest residual
stress. The maximum residual stress of each structure is at the node, which is because the
temperature at the node is higher than at other parts in the forming process (Figure 8), and
there is a large temperature gradient.
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The stress in different directions was extracted and the stress distribution of the lattice
structure was further analyzed. The distribution of residual stress in BCC, Dode and FCC
structures is shown in Figure 10. The equivalent residual stress component in Z direction
is the largest, and the stress magnitude in other directions is similar. This is due to the
excessive temperature gradient at the connection between the substrate and the component.
The maximum tensile stresses of BCC, Dode and FCC in the Z direction are 1559.9 MPa,
1818.8 MPa and 2361 MPa, respectively. The maximum compressive stresses are 1330.8 MPa,
1081.0 MPa and 911.16 MPa, respectively.
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significantly larger than that of BCC and FCC. The strain at the first peak stress of all the 
structures is very close, but the peak stress is very different. The mechanical properties of 
the three lattice structures are shown in Table 3. The Dode structure has the highest elastic 
modulus and compressive strength, showing the best compression performance. Although 
FCC has a higher elastic modulus and compressive strength than BCC, it can be seen from 
Figure 10 that the bearing capacity decreases sharply after the first damage, and begins to 
be lower than the BCC structure after the strain reaches about 0.14. 
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5. Results and Discussion
5.1. Quasi-Static Compression Experiment

Figure 11 shows the stress–strain curves of different lattice structures. The compression
performance of different lattice structures is very different. Multiple peaks are observed in
the stress–strain curve, and the final feature is that the stress drops sharply and the parts are
damaged. The slope of the curve represents the elastic modulus, and the first peak stress
represents the compressive strength. The slope of the Dode structure in the elastic stage is
significantly larger than that of BCC and FCC. The strain at the first peak stress of all the
structures is very close, but the peak stress is very different. The mechanical properties of
the three lattice structures are shown in Table 3. The Dode structure has the highest elastic
modulus and compressive strength, showing the best compression performance. Although
FCC has a higher elastic modulus and compressive strength than BCC, it can be seen from
Figure 10 that the bearing capacity decreases sharply after the first damage, and begins to
be lower than the BCC structure after the strain reaches about 0.14.
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Table 3. Mechanical properties of different lattice structures.

Sample Elastic Modulus
(MPa)

Compressive
Strength

(MPa)

Plateau Stress
(MPa)

Yield Strength
(MPa)

BCC 208.46 14.2 13.61 10.5
Dode 478.72 32.26 25.69 23.4
FCC 340.96 17.29 8.871 14.59

5.2. Deformation Behavior

Figure 12 shows the deformation of each lattice structure during the compression
experiment. In the initial stage of the compression experiment, slight deformation occurred
in each structure. As the pressure continues to be applied, the pillars of the bottom unit
deform and extend outward, and the bottom deformation of the FCC structure is the most
significant. They have different deformation mechanisms after the yield stage. The failure
of the three structures occurs at the nodes. The pillars at the fracture of the BCC structure
are compressed in a horizontal direction, and the direction of the pillars at the fracture of
the FCC structure is almost unchanged. Both are caused by the bending collapse of the
pillars. The relative slip of the Dode structure occurs along the 45◦ direction. Finally, all
three structures form extrusion bands along the 45◦ direction, resulting in catastrophic
damage. In the compression process, it is found that the compression performance of
the lattice structure substrate will be affected after laser cutting. Laser cutting causes the
hardness of the bottom pillar to increase, the plasticity to decrease, and the bottom pillar is
more likely to break under load.
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5.3. Fracture Morphology

Figure 13a,c,e are the compressive fracture morphology of BCC, Dode and FCC lattice
structures, respectively. Figure 13b,d,f correspond to the local amplification diagram,
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respectively. A large number of dimples are observed in each lattice structure, which
is characteristic of the ductile fracture of metals. A ductile fracture is beneficial for the
structure to absorb more energy. Secondary cracks and holes are found in Figure 13c. The
reason for the secondary crack is that the lattice structure tends to expand outward during
the loading process of the compression experiment, resulting in high tension in the weak
area in the middle of the pillar, resulting in a mixed fracture. The hole is generated by the
gas residue during the manufacturing process. There are more dimples on the BCC fracture
than on the FCC fracture, and the dimples on the FCC fracture surface are larger and the
tearing is more obvious, indicating that the FCC nodes undergo large plastic deformation
before the final fracture.
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6. Conclusions

In this study, the processing parameters were optimized via numerical simulation. The
temperature and residual stress distribution of different cell lattice structures were studied
using the optimization results. The compression performance of the lattice structure was
tested. The following main conclusions are drawn:

(1) The influence of different processing parameters on the molten pool and porosity
were studied, and the optimization was carried out based on this. The optimized
parameters were: laser power 300 W, scanning speed 1000 mm/s, powder thickness
0.03 mm and scanning spacing 0.1 mm.

(2) The thermal behavior evolution of the Ti6Al4V lattice structure in the SLM forming
process was studied. The high temperature parts of the three structures are all on the
lower side of the node and its adjacent pillars, and the closer to the node, the higher
the temperature. The temperature of the Dode structure reaches the highest, followed
by the BCC structure, and the smallest is the FCC.

(3) The node of the lattice structure is the main area of residual stress distribution, which
is closely related to the high temperature distribution at the node. From the residual
stress in different directions, the residual compressive stress exists at both ends of
the part. The residual stress in the X and Y directions is close, and the residual stress
in the Z direction has the greatest influence on the forming process. Moreover, the
residual stress of the lattice structure of different cells is significantly different. The
residual stress of Dode is the highest, reaching 1218.2 MPa. FCC is the second, and
BCC is the lowest.

(4) The compression performance of different cell lattice structures is very different. The
Dode structure has the highest elastic modulus and compressive strength, reach-
ing 478.72 MPa and 32.25 MPa, showing the best compression performance among
the three.
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Abstract: Ti6Al4V/Inconel 718 composites were prepared using arc additive manufacturing tech-
nology at different deposition currents. The properties of the composites directly influence the
performance of the gradient materials, while heat input further affects the composites’ properties.
The results indicate that at a deposition current of 35 A, Ti elements diffuse into the Inconel 718 alloy.
Increasing the current leads to the formation of brittle intermetallic compounds such as TiNi, Cr2Ti,
and Fe2Ti in the deposited layer. At deposition currents below 50 A, no cracks appear, but cracks
develop at a current of 50 A. Additionally, the microhardness of the deposited layer increases with
higher deposition currents. Compared to the 35 A condition, microhardness rises by 31.51% at a
current of 50 A. This research can expand the application field of the arc additive manufacturing of
direct deposition Ti6Al4V/Inconel 718 composites.

Keywords: arc additive manufacturing; microstructure; Ti6Al4V/Inconel 718 composites; mechanical
properties

1. Introduction

The ongoing advancement of the aerospace sector has led to an increased demand
for more sophisticated spacecraft, particularly in the area of dissimilar metal connection
structures. These structures must now meet the dual requirements of high performance
and lightweight design [1–3]. Therefore, more and more researchers have begun to pay
attention to the connection of dissimilar metals and obtained Ti/Al, Mg/Al, Fe/Al, Ti/Ni,
and other composite components [4–8]. Among them, Ti6Al4V alloy and Inconel 718
alloy are widely used in the aerospace field due to their excellent properties, so there is
increasing attention on the connection between titanium-based alloy and nickel-based
superalloy [9,10]. The structure composed of the connection of Ti6Al4V alloy and Inconel
718 superalloy can effectively reduce the mass of the parts and adapt to high-temperature
environments [11,12]. However, due to the differences in thermal physical property pa-
rameters such as the thermal expansion coefficient and thermal conductivity coefficient
of dissimilar metals, cracks will occur in the connection process of titan-based alloy and
nickel-based superalloy [13–15], and the preparation of gradient materials can improve this
situation. In addition, when dissimilar metals are connected, composite materials are often
formed at the joint, in which brittle intermetallic compounds (IMCs) such as Ti2Ni and
Ni3Ti are easily formed, which further increases the brittleness of dissimilar joints [14,16,17].
Therefore, the microstructure and mechanical properties of composite materials play an
important role in the preparation of gradient materials.

In the process of dissimilar metal connection, new composite materials will inevitably
be formed, so some researchers achieve a dissimilar metal connection by changing the
alloy’s composition layer by layer. Sun et al. [18] prepared the Inconel 625/Ti6Al4V compo-
nent using laser additive manufacturing technology and studied the changes in the compo-
sition and structure of the alloy from Ti6Al4V to Inconel 625. The results show that the phase
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changes to α+β→α+β+Ti2Ni→Ti2Ni+β→Ti2Ni+Cr2Ni+γ-Ni, and a micro-crack occurs in
the diffusion zone at 800 ◦C. Meng et al. [19] prepared Inconel 625/Ti6Al4V functionally
graded materials utilizing laser synchronous preheating/non-preheating and found that
preheating had a great influence on the formation of cracks and precipitates. Song et al. [10]
used laser additive manufacturing technology to prepare composite materials with different
Ti contents. The results showed that with the increase in the Ti content, the main phase of
the prepared component changed to γ→Fe2Ti→TiNi. Onuike et al. [20] used laser additive
manufacturing technology to prepare Inconel/Ti6Al4V gradient material and introduced a
new phase Cr3C2 by introducing VC as the intermediate layer to avoid the generation of a
brittle phase. Wang et al. [15] prepared the Ti6Al4V/Inconel718 component using linear
laser additive manufacturing technology. The results showed that the phase microstructure
of the Ti6Al4V/Inconel 718 component was γ+Laves→α+β+Ti2Ni+TiNi+Ni3Ti→α+β from
the bottom to the top. However, when the welding wire is used as a raw material for laser
additive manufacturing, there will be stratification. Most researchers prefer to use lasers
as heat sources to prepare functionally graded materials. However, because the laser is
used as the deposition heat source, it needs high power to melt the wire or powder, which
greatly increases the deposition cost. When the arc is used as the deposition heat source,
it is not necessary to use high power to melt the wire material, and arc additive manufac-
turing has the advantages of high product efficiency, a high material utilization rate, and
low equipment cost [21]. Huang et al. [21] used arc additive manufacturing technology
to prepare TiNi gradient materials by controlling the wire feed speeds of Ti6Al4V and
Inconel 625. The results showed that the use of arc could make the phase distribution
of Ti2Ni and TiNi uniform and improve the compression performance and surface wear
performance of TiNi components. Lu et al. [22] used arc additive manufacturing technology
to prepare the functional gradient of TA1/Inconel 625 and studied its microstructure and
mechanical properties. However, only a few studies have preliminarily discussed the
use of arc additive manufacturing technology to connect Inconel 718 and Ti6Al4V alloys.
In summary, there are few studies on the preparation of Ti6Al4V/Inconel 718 gradient
materials by arc additive manufacturing; in particular, the discussion on microstructure
and mechanical properties is relatively limited.

The premise of preparing gradient materials is to prepare intact composite materials,
so the microstructure and mechanical properties of composite materials often affect the
properties of gradient materials. In the process of deposition, heat input will affect the
microstructure and mechanical properties of composite materials. In this paper, Ti6Al4V
and Inconel 718 wires are selected as Ti6Al4V and Inconel 718 welding equipment, and
the wire feeding speed of the two wires is fixed to prepare Ti6Al4V/Inconel 718 composite
materials with different deposition currents. The effects of different deposition currents
on the microstructure and mechanical properties of Ti6Al4V/Inconel 718 composites were
investigated. By comparing the morphologies of the intermetallic phases in the composites
under different deposition currents, the causes of the crack sections were analyzed. In
addition, the microhardness of the samples prepared by different deposition currents
was evaluated. It can expand the application field of arc additive manufacturing direct
deposition Ti6Al4V/Inconel 718 composites.

2. Experimental Details

The experiment adopts a single arc deposition system, which mainly includes a TIG
welding machine, servo motor mobile platform, and wire feeding mechanism. The working
principle is shown in Figure 1. The Ti6Al4V and Inconel 718 wires are heated by an arc heat
source. The two wires are placed on one side and the wire feeder can achieve different wire
feed speeds. The system uses 99.99% high-purity argon as the protection gas.
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Figure 1. D-WAAM device diagram.

The substrate was Inconel 718 and its dimensions were 100 mm × 50 mm × 4 mm.
Before the experiment, the surface was polished with an angle grinder, the oxide layer
was removed, and the surface was washed and dried with acetone and alcohol. A layer of
Inconel 718 was deposited before the Ti6Al4V/Inconel 718 composite layer was deposited.
Continued deposition occurred on the deposited Inconel 718 layer. The diameter of the
Ti6Al4V and Inconel 718 wires is 1.2 mm, and the chemical composition of the two wires
is shown in Tables 1 and 2. The composition of the alloy is controlled by considering the
wire feed speed (Vi), density, and diameter [23]. Table 3 shows the deposition parameters.
The mass fraction (Wx) and atomic fraction (Ax) can be calculated using the following
formula [24]:

Wx =
∑ VidiρiWxi

∑ Vidiρi
(1)

Ax =
Wx/Mx

∑ Wx/Mx
(2)

where i is a metal wire (i = 1, 2, 1 means Ti6Al4V, 2 means Inconel 718), Wxi (x is an element
in the Ti6Al4V and Inconel 718 alloys; i = 1, 2) is the mass fraction of an element in the wire,
Vi(i = 1, 2) is the wire feeding speed of the wire, and the unit is mm/s. di(i = 1, 2) is the
diameter of the wire in mm. Mx (x is an element in the Ti6Al4V and Inconel 718 alloys) is
the relative atomic mass and ρi(i = 1, 2) is the density of the wire, expressed in g/cm3.

Table 1. Chemical composition of Ti6Al4V welding wire (wt%).

Al V Fe C N H O Ti

5.9 3.97 0.05 0.10 0.05 0.01 0.10 Bal.

Table 2. Chemical composition of Inconel 718 wire (wt%).

Ni Cr Nb Mo Ti Al Si Fe

53.61 18.76 4.86 3.12 1.05 0.49 0.18 Bal.

The sample is cut along the longitudinal section, and the small sample is polished
with 400–2000 purpose SiC sandpaper. Further polishing was carried out with a 1.5 particle
size suspension. Finally, Kroll reagent (HF: HNO3: C2H5OH=7:2:1) was used for etching
for about 10 S. The phase structure morphology between dissimilar metals was observed
by a laser confocal microscope, and then the phase structure was analyzed by a high-
magnification electron microscope. The microstructure of the samples was analyzed by
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scanning electron microscopy (SEM) and energy dispersive spectroscopy (EDS). The phase
composition of the sample was analyzed by X-ray diffraction (XRD). The microhardness of
the composite was measured by the Hv-1000 Vickers microhardness tester. The loading
force was 200 g, and the residence time was 15 s.

Table 3. Deposition parameters.

Parameter Value

Wire feed rate (Ti6Al4V) 400 mm/min
Wire feed rate (Inconel 718) 800 mm/min

Gas flow 15 L/min
Plate speed 0.9 mm/s

3. Results and Discussion
3.1. Single-Layer Deposition Analysis

To determine the appropriate process parameters, the ratio of two types of welding
wire is adjusted by varying the speed of the wire feeder. After fixing the wire feeding speed
for both types of welding wire, different deposition currents are applied to prepare the
sediment. Figure 2 shows the deposition morphologies under different deposition currents.
As the current increases, the roughness of the deposited layer also increases significantly,
primarily due to the increase in the viscosity of the liquid metal. Van et al. [25,26] studied
the relationship between heat input and forming quality, and the results showed that the
lower the heat input, the smoother the surface of the sedimentary components. This is
consistent with the morphology of the samples deposited in this work. At higher cooling
rates, the wettability and diffusivity of liquid metals are reduced, resulting in poorer
adhesion. Furthermore, when the current reaches 50 A, cracks appear on the surface of
the layer.

Figure 2. Sedimentary morphologies of different sedimentary currents: (a) 35 A, (b) 40 A, (c) 45 A,
and (d) 50 A.

3.2. XRD Phase Analysis

The wire feed speed of Inconel 718 is twice that of Ti6Al4V. According to Formulas (1) and (2),
when the element ratio of titanium to nickel is 1:2, a deposited layer is prepared using these two
welding wires. During the deposition process, Ti-Ni intermetallic compounds are formed. In
addition, Inconel 718 alloy also contains a certain amount of Cr and Fe, which may also form
intermetallic compounds with Ti. The X-ray diffraction method was used to analyze the phases
of the sediments prepared under different sedimentary currents, as shown in Figure 3. All the
samples exhibited the TiNi phase, Ni3Ti phase, Cr2Ti phase, α-Ti phase, and Fe2Ti phase.
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Figure 3. X-ray diffraction spectra of deposited products under different deposition currents.

3.3. Organizational Characterization by Optical Microscopy

To study the effect of different heat inputs on the microstructure of the same composite
material (VInconel 718: VTi6Al4V=2:1), the metallographic morphology of the samples was
observed under different deposition currents using an optical microscope. Figure 4 dis-
plays the optical microscopy characterization for each deposition current. Figure 4a shows
the optical microstructure at a deposition current of 35 A, with the Ti6Al4V/Inconel 718
composite in the upper part and the Inconel 718 layer in the lower part. The upper section
is predominantly composed of columnar crystals, intermingled with some long black bars
among the branches of the columnar crystals. In the WAAM process, the solid–liquid
interface gradually advances into the liquid phase region. During this advancement, the
solute undergoes redistribution, resulting in a phenomenon of component supercooling
within a certain distance. This instability of the flat solid–liquid interface ultimately leads to
the formation of columnar crystals. As the liquid phase region is influenced by solute redis-
tribution, solute aggregation occurs, which is manifested as microscopic segregation [27].
From the Figure 4a, it can be observed that tiny secondary dendrites are present on the sides
of the columnar crystals, with an average distance of 5.16 µm between these secondary
dendrites.

With the increase in the deposition current, the columnar crystals in the deposited
layer gradually undergo differentiation. Figure 4b shows the optical microstructure at
a deposition current of 40 A. From the Figure 4b, it can be observed that some of the
grains are arranged in an orderly manner, while a discontinuous black phase is present
between the grains. In addition, long straight columnar crystals can be observed in the
Figure 4b, which is formed due to the instability of the solid–liquid interface resulting
from the supercooling of the composition. Under conditions of rapid cooling, columnar
crystals are formed more readily. In comparison to Figure 4a, when the deposition current
is 40 A, the heat input increases, leading to a longer temperature residence time on the
workpiece under the same heat dissipation conditions. As a result, the cooling rate becomes
relatively slower. At the microscopic level, the number of columnar crystals decreases, with
some larger columnar crystals gradually transforming into smaller grains, leading to an
increase in the spacing between columnar crystals. As some of the heat is conducted in
the direction of the deposited additive, a negative temperature gradient develops in the
liquid phase, perpendicular to the crystal axis. This results in the formation of a secondary
crystal axis along the primary crystal axis [27]. The presence of secondary dendrites can
be observed in the Figure 4b, with the average distance between the secondary dendrites
measuring 6.38 µm.
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Figure 4. Optical microscope characterization of samples under different deposition currents: (a) 35 A,
(b) 40 A, (c) 45 A, and (d) 50 A.

When the deposition current is further increased, the metallographic morphology of
the deposited layer is shown in Figure 4c. This Figure 4c illustrates the optical microstruc-
ture at a deposition current of 45 A, where fine columnar crystals and “leaf-like” grains
can be observed. As the current increases, the grains grow further, with some secondary
dendrites fusing during the growth process to form larger “leaf-like” grains that merge
with the columnar crystal axis.

Figure 4d illustrates the optical microstructure at a deposition current of 50 A, where
typical dendritic columnar crystals are observed, and the content of epitaxial crystals has
increased. In comparison to the deposition current of 45 A, the increase in the heat input
slightly extends the heat dissipation time, allowing for further grain growth and an increase
in secondary dendrites. The average distance between the secondary dendrites is 3.96 µm.
Additionally, a significant presence of grayish-black intra-crystalline structures can be
observed in this region, which will necessitate further examination through EDS scanning
analysis.

Figure 5 presents a schematic diagram illustrating the deposition process and the grain
evolution of the sedimentary sample as the current increases. As the deposition current is
gradually increased, the columnar crystals in the deposited samples evolve from a “long
strip” morphology to a “rod-like” structure. With further increases in current, these “rod-
like” dendrites begin to merge, resulting in the formation of “leaf-like” dendrites. When
the current reaches 50 A, the “leaf” dendrites split into smaller dendrites. The sampling
method for the sedimentary sample involves examining the cross-section of the additive
body. When the deposition current is low (<50 A), the growth direction of the columnar
crystals is perpendicular to the direction of the additive. However, as the deposition current
reaches 50 A, the growth direction of a few columnar crystals remains perpendicular to the
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additive body, while most columnar crystals become parallel to the additive. This change
may be attributed to the increased deposition current, which leads to an increase in heat
input. In the Wire Arc Additive Manufacturing (WAAM) process, excessive heat diffuses
along the formed additive, causing the growth direction of the columnar crystals to favor a
parallel orientation with the additive body.

Figure 5. (a) Deposition diagram and (b) grain evolution diagram of the current 35 A–50 A deposition
sample.

Figure 6 presents the statistical results of secondary dendrite arm spacing (SDAS) at
different deposition currents. At deposition currents of 40 A and 45 A, the SDAS values
are similar and larger than those at 35 A and 50 A. Notably, the minimum SDAS at 50 A
is recorded at 3.96 µm. As the current increases, the heat input also rises, leading to an
increase in the deposition temperature. This change enhances atomic mobility, increases
the kinetic energy of certain atoms, and reduces the interfacial energy among grains,
thereby promoting grain growth. The grain growth process is also clearly illustrated
in Figure 5. When the deposition current is lower than 50 A, the change in secondary
dendrite spacing SDAS is minimal, and all measured values are lower than those observed
at 50 A. This phenomenon may be attributed to the limited heat input in the sedimentary
layer and an excessively high cooling rate, which hinders the kinetic energy required for
grain growth. Consequently, atomic migration is impeded, leading to a cessation of grain
growth, and the secondary dendrite spacing does not exhibit significant changes. When
the deposition current reaches 50 A, the increased heat input facilitates the further growth
of some grains, while additional secondary dendrites also form, resulting in a decrease in
secondary dendrite spacing. The morphology of the grains gradually shifts from columnar
to dendritic, with the thickness of the columnar crystals also decreasing.
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Figure 6. Statistical results of secondary dendrite spacing for each sedimentary current.

3.4. SEM and Element Content Analysis

To investigate the tissue composition of samples deposited under various current
conditions, scanning electron microscopy (SEM) and energy dispersive spectrometry (EDS)
point analyses were conducted on each deposited layer. The detailed results are presented
in Figure 7 and Table 4. By combining the information from Figure 4a, Figure 7a,e, and
Table 4, it can be concluded that the black phase (P1) between the columnar crystals exhibits
the highest carbon (C) content, suggesting the presence of MC carbide. MC carbides play
a crucial role in nickel-based alloys. Even a small amount of MC carbides can enhance
strength by inhibiting dislocation movement and stabilizing grain boundaries [15]. At
the position corresponding to the crystal axis (P2), the concentrations of Ni, Cr, and Fe
are elevated. This may be attributed to the low deposition current in the WAAM process,
which leads to a rapid cooling rate and results in an uneven distribution of Ti and Ni in the
molten pool. Therefore, Ni and Ti do not fully integrate, with some Ti diffusing into the
matrix and forming a eutectic structure. Consequently, when the deposition current is set
at 35 A, a small amount of the TiNi phase is formed. In the precipitated phase (P3), the Ti
content is 68.52 at%, while the Ni content is 23.47 at%. This suggests that the precipitated
phase may consist of Ti2Ni particles.

As the electric current increases, the columnar crystal structure in the deposited
layer gradually differentiates, as illustrated in Figure 7b. Figure 7f provides a localized
magnification, revealing numerous small “villous” structures at the grain boundaries (P5).
According to energy dispersive spectroscopy (EDS) scanning analysis, the concentrations of
Ti, Ni, Cr, and Fe do not show significant differences. This phenomenon may be attributed
to the increased heat input, allowing the Ti in the molten pool to fully diffuse and form
intermetallic compounds with Ni, Cr, and Fe. Thus, it can be inferred that this “fluff”-like
phase may consist of a eutectic structure composed of Ti, Ni, Cr, and Fe elements. At the P4
position of the grain (Figure 7f), the Ti element content is significantly higher than the Ti
element content at the P2 position (Figure 7e). This may be attributed to the increased heat
input associated with the higher current, which facilitates the binding of Ti atoms to Ni
atoms. Consequently, the increased heat input promotes atomic diffusion and enhances the
formation of compounds with other atoms. The concentrations of Ti, Cr, and Fe atoms in
both the dendrite axis and interdendritic structure are similar. By correlating this with the
X-ray diffraction (XRD) data, it can be inferred that Ti atoms interact with Cr, Fe, and Ni
atoms to form intermetallic compounds such as Cr2Ti, Fe2Ti, and TiNi. Additionally, Nb
and Mo atoms are not detected in the grains (P4). This may be attributed to the diffusion of
heavy elements, such as Nb and Mo, into the interdendritic region during solidification,
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leading to their separation from the eutectic reaction with the remaining liquid phase
between the dendrites [15].

Figure 7. SEM scanning topography and EDS measuring point locations: (a) 30 A, (b) 40 A, (c) 45 A,
(d) 50 A, (e) partial magnification in a, (f) partial magnification in b, (g) partial magnification in c,
and (h) partial magnification in d.

Figure 7c illustrates the microstructure of the sample sediment obtained with a deposi-
tion current of 45 A, while Figure 7g provides a local magnification. From Figure 7g, it is
evident that numerous needle-like precipitates are present at the grain boundaries. After
conducting energy dispersive spectrum (EDS) scanning analysis, it was observed that the
ratio of Ni atoms to Ti atoms in the needle-like structure is approximately 3:1. According to
the Ti-Ni phase diagram (Figure 12a), it can be inferred that the needle-like structure may
be Ni3Ti, while the grain structure likely consists of γ + TiNi. In the precipitates located
at position P7, the highest concentration of carbon C was detected, suggesting that the
microstructure of this particular phase is MC carbide.
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Table 4. EDS point scanning results of each micro-area (at.%).

Area Ti Ni Cr Fe Nb Mo C

P1 4.05 17.78 12.79 10.54 6.55 2.52 44.45
P2 6.1 48.14 22.89 19.64 - - -
P3 68.52 23.47 - - - - -
P4 17.15 43.48 21.31 16.02 - - -
P5 20.22 27.59 20.96 20.86 6.10 3.16 -
P6 12.87 33.63 21.89 19.56 6.18 3.66 -
P7 5.23 11.72 12.91 11.01 4.57 2.13 51.63
P8 8.20 44.65 23.81 21.59 23.81 - -
P9 22.48 26.71 21.91 21.17 4.12 2.59 -

P10 22.94 45 16.96 15.10 - - -
P11 12.60 17.08 14.59 13.68 3.71 2.10 35.58

Figure 7d illustrates the microstructure of the sample sediment obtained with a de-
position current of 50 A, while Figure 7h provides a local magnification. From Figure 7h,
it can be observed that numerous acicular structures are present between the dendrites.
According to the EDS scanning results, the atomic contents of Ti and Ni in the intergranular
acicular structure are 22.94 at% and 45 at%, respectively. The atomic ratio of Ni to Ti
is approximately 2:1. Together with the X-ray diffraction analysis results, it can be con-
cluded that the needle structure is likely a nickel-rich TiNi phase. At the position of the
precipitated phase P9, the atomic ratio of Ti to Ni is approximately 1:1, and the atomic
contents of Cr and Fe are similar. It can be inferred that the precipitated phase may be
a eutectic structure composed of Ti, Ni, Cr, and Fe elements, potentially forming brittle
intermetallic compounds such as TiNi, Cr2Ti, and Fe2Ti. At position P11 in Figure 7h,
a black precipitated phase can be observed on the dendrite axis. According to the EDS
scanning results, the carbon content at P11 is higher than that of the other elements. This
may be attributed to excessive heat input, leading to the partial diffusion of MC carbide
into the grain during solidification. It has been reported that a small amount of MC carbide
can inhibit dislocation movement and stabilize grain boundaries, thereby strengthening the
material. However, an excessive amount of MC carbide can cause stress concentration and
reduce the durability of the alloy [15]. When the deposition current reaches 50 A, cracks
begin to appear in the sedimentary layer. This may be attributed to the stress concentration
caused by the accumulation of MC carbides, as shown in Figure 2d. A detailed analysis of
the crack section will be provided in the following section.

Based on the analysis above, heat input significantly affects the element content
between the dendrite axis and the dendrite. Furthermore, under the same deposition
current, there are considerable differences in the element content between the dendrite axis
and the dendrite, indicating that the segregation mechanism is intergranular segregation.
The XRD results did not detect Ti2Ni intermetallic compounds, possibly due to their low
content. According to the Ti-Ni binary phase diagram (Figure 12a), the formation of Ti2Ni
requires the Ti content to exceed that of Ni. Additionally, since the volume of Inconel 718
alloy in this experiment is twice that of Ti6Al4V alloy, the formation of Ti2Ni is unlikely.
Generally, when the two alloy wires are melted in the melt pool, the internal elements
should ideally diffuse evenly. However, during the arc additive manufacturing process,
the extremely fast cooling rate and small deposition current lead to solidification before
thorough diffusion occurs. This results in significant variations in the element content
in certain areas. Although this issue improves with a gradual increase in the deposition
current, cracks may still develop in the deposited layer when the current reaches a certain
level due to excessive heat input.

According to SEM-EDS analysis, the Ni content along the dendrite axis is higher than
the Ti content under various deposition currents, while the Ti content along the dendrite
axis increases with the rising deposition current. Figure 8 illustrates the proportion of
the dendrite axis. At a deposition current of 35 A, the dendrite axis proportion reaches a
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maximum of 80.36%. However, this proportion decreases overall as the deposition current
increases. A comparison of the element content in the interdimeric and dendritic regions
reveals that, with an increasing deposition current, the alloying element concentrations
in these two areas become more similar, indicating a trend toward a more uniform phase
distribution.

Figure 8. Proportion of dendrite axes.

3.5. Cracks

Titanium alloys are important structural materials, while nickel-based alloys are
considered superalloys. Due to their high thermal expansion coefficients, cracks are prone
to develop during deposition. In the WAAM process, no cracks were observed in the
deposited layers at deposition currents below 50 A. However, at a deposition current of
50 A, cracks were detected in the deposited layer. Figure 9 illustrates the macroscopic view
of the partial cracks, as well as high-rate SEM images. No cracks were found in the first
layer, but the crack section in the second layer Ti6Al4V/Inconel 718 appeared disconnected,
with an uneven crack morphology. High-magnification SEM images (shown in Figure 9b–d)
of the crack section reveal a microfracture morphology characterized by river and cleavage
patterns, indicating a cleavage fracture mechanism.

To investigate the phase composition of the crack section, an EDS scanning analysis
of its microstructure was conducted. Figure 10 presents a high-magnification SEM image
of the fracture bottom, revealing a precipitated phase A. EDS analysis indicates that the
atomic ratio of oxygen to iron is approximately 1.6:1, suggesting that the precipitate is
likely iron oxide. At position B, the ratio of nickel to titanium atoms is about 1:1, with
the chromium and iron content being similar to that of titanium and nickel. However, the
carbon content is relatively high, leading to the speculation that the main phase at position
B is MC carbide. Previous studies have shown that small amounts of MC carbide can
impede dislocation movement and stabilize grain boundaries, thus providing strengthening;
however, excessive MC can result in stress concentration, reducing the alloy’s durability
and contributing to crack formation [15]. At position C, the nickel atom content is highest,
with titanium, chromium, and iron content being comparable. This leads to the speculation
that the phase at this position may be a eutectic structure of brittle intermetallic compounds
formed by Ni, Ti, Cr, and Fe.
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Figure 9. SEM images at a deposition current of 50 amps: (a) macroscopic profile of some cracks,
(b–d) high magnification SEM images.

Figure 10. (a) High-magnification SEM image of the bottom of the fracture at a deposition current of
50 A. (b) Comparison of elemental content, (c) EDS-measured content map at three points in (a).

As can be seen from Figure 9, the cross-section is distributed with a large number of
river patterns and a “step” shape. According to XRD results and EDS scanning analysis,
brittle intermetallic compounds of Ti-Fe, Ti-Ni, and Ti-Cr series are distributed in the
sedimentary layer prepared by WAAM [28,29]. When the deposition current is below 50 A,
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the heat input is minimal, and the yield strength of the Ti6Al4V and Inconel 718 alloys
exceeds the thermal stress in the deposited layer, resulting in no crack formation. However,
when the deposition current exceeds 50 A, the stress concentration in the deposited layer
surpasses the yield strength of the alloy, leading to crack formation.

3.6. Mechanical Properties

Figure 11 presents the microhardness characteristics of samples subjected to various
deposition currents, as measured by a microhardness tester. At a deposition current of 35 A,
the average microhardness is 550.14 HV. This value increases to 658.27 HV at 40 A and
reaches 659.79 HV at both 45 A and 50 A. The maximum recorded average microhardness is
723.50 HV. Previous studies report that the microhardness of Inconel 718 is approximately
250 HV [30]. The results indicate a significant enhancement in the microhardness of the
Ti6Al4V composite, which increases progressively with higher deposition currents.

Figure 11. Microhardness characteristics of samples with different deposition currents.

As the deposition current increases, the heat input also rises, leading to changes in the
secondary dendrite spacing, grain size, and morphology of the deposited layer. A higher
deposition current results in smaller grains within the deposited layer, which increases the
relative area of the grain boundaries and hinders dislocation movement. This obstruction
contributes to an increase in yield strength, subsequently affecting the microhardness of
the sample. Previous analysis shows that at a deposition current of 35 A, the deposited
layer primarily consists of columnar crystals. These crystals are predominantly nickel-
based alloys with a small amount of Ti distributed within them through diffusion. The
incorporation of Ti elements enhances the microhardness of the material.

At a deposition current of 40 A, the microstructure of the deposited layer is primarily
composed of intermetallic compounds such as TiNi, Cr2Ti, and Fe2Ti. Both Cr2Ti and
Fe2Ti are hard and brittle intermetallic phases that contribute to the overall hardness of the
material. When the deposition current increases to 45 A, there is little change in the micro-
hardness compared to 40 A. This stability may be attributed to the microstructure along
the dendrite axis, which is predominantly a nickel-based alloy, with a small distribution
of Ti. The content of hard and brittle intermetallic compounds between the dendrite axis
and the dendrites is minimal; however, MC carbides are located near the grain boundaries.
These carbides hinder dislocation movement, thereby enhancing the material’s hardness
and potentially explaining the limited change in microhardness.

When the deposition current is 50 A, the content of hard brittle intermetallic com-
pounds on the dendrites axis and the dendrites is relatively higher, and it can be seen
from Figure 7 that MC carbides are also distributed on the dendrites axis. It has been
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reported that a small amount of MC carbide provides strengthening by preventing dislo-
cation movement and stabilizing grain boundaries [15], so the corresponding hardness is
relatively increased. When the current is increased to 40 A, the microhardness is increased
by 19.65% compared to the current of 35 A. When the deposition current increases to 50 A,
the microhardness increases by 31.51% compared with that when the deposition current
is 35 A.

4. Discussion
4.1. Solidification of Composite Materials Under Different Deposition Currents

In the composite materials prepared by Ti6Al4V and Inconel 718 alloys, the intermetal-
lic compounds are mainly dominated by the Ti-Ni binary system. Figure 12 shows the Ti-Ni
binary phase diagram [31]. According to the analysis of the Ti-Ni binary phase diagram,
when the content of Ti and Ni atoms is close to 1:2, the eutectic reaction will occur, and
new phase TiNi and Ni3Ti metal compounds will be formed in the composite material.
However, Inconel 718 alloy contains more elements, and in the WAAM process, elements
other than Ni in Inconel 718 alloy will still combine with Ti elements to form Ti-Fe phase
and Ti-Cr phase. It has been reported that Fe2Ti metal compounds are described as the
C14_LAVES phase [32] in crystallography, while Cr2Ti metal compounds are also described
as the Laves phase [33].

The theoretical basis of the thermodynamic calculation is the CALPHAD method
(computational phase diagram) [34]. When the Gibbs energy of the whole system is at its
minimum, the system is in equilibrium. In some regions, the equilibrium state may be a
mixture of various phases or simply a stable single phase. In a multicomponent system, the
Gibbs energy of the phase can generally be expressed by the following equation:

Gm = ∑i xiGo
i + RT ∑i xilnxi + ∑i ∑j > 1xixj ∑V ΩV

(
xi − xy

)2 (3)

where Gm is the Gibbs energy of the phase, ∑i xiGo
i is the Gibbs energy of pure components,

RT ∑i xilnxi is the ideal entropy, ∑i ∑j > 1xixj ∑V ΩV
(
xi − xy

)2 is a paired interaction term
with interaction parameters, xi, xy are the molar fraction of the different alloy components,
T is temperature, and R is a gas constant. ΩV is the interaction coefficient that depends
on the value of V. When the value of V provides values of 0 and 1, it corresponds to the
normal solution model. In practice, the value usually does not exceed 2 [35].

The equilibrium phase diagram of multicomponent alloy and the fraction of phase
equilibrium at each temperature can be calculated by the thermodynamic calculation prin-
ciple [36]. Although there is a deviation between the non-equilibrium heating and cooling
process and the theoretical temperature in the equilibrium state, the relative magnitude
relationship between each temperature is unchanged, so the theoretical temperature in the
equilibrium state can be used to analyze the solidification and precipitation of each phase
in the cooling process.

In this work, EDS analysis was carried out on the dendrite axes and interdendrites in
the composite materials under different deposition currents, the average alloying elements
contents were obtained, and the solid–liquids theoretical temperature was calculated to
obtain the precipitation temperature of the corresponding components. The results show
that no Laves phase is found in the composite prepared when the deposition current
is 35 A, that is, no Laves phase is precipitated during the cooling process. During the
cooling process, γ, η, and BCC phases were precipitated from the dendritic axis. It has
been reported that the η phase is an intermetallic compound phase based on the Ni3Ti
component [37]. The structure of BCC is body-centered cubic, and the structure of the TiNi
phase is reported to be body-centered cubic [31].

Figure 12b shows the mass fraction and temperature curves of precipitation and
liquefaction of γ phase, η phase, and BCC phase calculated under the equilibrium state
when the deposition current is 35 A. It can be seen that the liquid phase temperature of
the dendrite axis is high, so the dendrite axis solidifies first in the cooling process, and
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the dendrite axis will precipitate the γ phase, η phase, and BCC phase in turn during the
cooling process. The solidification process involves the redistribution of solute elements.
Considering that the precipitated phase is mainly related to Ni and Ti, it can be seen from
the analysis of the Ti-Ni binary phase diagram in Figure 12a that the precipitated phases on
the dendrite axis are γ-Ni, Ni3Ti, and a small part of TiNi. When the temperature is higher
than 1353.87 ◦C, all liquefaction is the liquid phase. When the temperature is lower than
1350 ◦C, the γ phase begins to precipitate. At this temperature, the dendrite axis begins to
solidify, because the high-temperature existence time is very short, so the molten pool in
the deposition process is basically in the solid–liquid mixing stage; in the cooling process,
the dendrite and dendrite axis will form a liquid film, the liquid metal formation of heat
absorption and surface tension mechanical action, resulting in the growth of the grain being
limited and hindered, and then the austenite grain boundary belongs to the chemical grain
boundary [38,39].

Figure 12. (a) Ti-Ni binary phase diagram [26] and (b) phase equilibrium fraction diagram of the
composite when the deposition current is 35 A.

Figure 13 shows the equilibrium fraction diagram of the composite material when
the deposition current is 40 A, and the calculated results show that the temperature of the
dendrite axis (Figure 7f-P4) and interdendrite (Figure 7f-P5) for complete liquefaction to
liquid phase is 1172.76 ◦C. However, the precipitation temperature of the interdendritic
Laves phase is 1366.21 ◦C, indicating that the interdendritic Laves phase is the first to
precipitate during the cooling process, and the temperature at which its content reaches
the highest point is 1144.16 ◦C. When the temperature is reduced to around 1181.76 ◦C,
the Ni3Ti phase and TiNi phase on the dendritic axis begin to precipitate. During the
precipitation of the Laves phase between dendrites, the Ni3Ti phase and TiNi phase on
the dendritic axis also precipitate successively, and the content of the Ni3Ti phase hardly
changes with the decrease in temperature. It is worthy of note that when the temperature is
reduced to 865.82 ◦C, there is a discernible decrease in the TiNi phase content, accompanied
by the onset of σ phase precipitation. The Laves phase has a high melting temperature, so
the dendrites solidify first, which forms a liquid film with the dendrite axis, which retains
the dendritic structure state, indicating that the dendrites are dispersed during the whole
cooling process, as shown in Figure 7b,f.
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Figure 13. Equilibrium fraction of the composite at a deposition current of 40 A: (a) interdendritic
and (b) dendrite axis.

Figure 14 shows the equilibrium fraction diagram of the composite material when
the deposition current is 45 A. The calculation results show that the temperature at which
all the dendrites are converted to the liquid phase is 1310.08 ◦C, and the temperature at
which all the interdendrites are converted to the liquid phase is 1270 ◦C. It can be seen
that during the cooling process, the γ-Ni phase solidifies first in the dendrite axis, and
the temperature of the highest precipitation content of the γ-Ni phase is 1180.65 ◦C. The
precipitation temperature of the Laves phase between dendrites is 1269.52 ◦C, which is
similar to that of the γ-Ni phase. In the WAAM process, the high-temperature residence
time is short, and the cooling rate is extremely fast, so during the cooling process, the γ-Ni
phase and Laves phase precipitate almost simultaneously. With the decrease in temperature,
the Ni3Ti phase begins to precipitate on the dendrite axis. When the temperature further
decreases, the γ-Ni content on the dendrite axis decreases, while the TiNi phase content
increases. The main Ni3Ti phase is precipitated between dendrites. When the temperature
drops gradually, the content of the Laves phase decreases, and the content of the Ni3Ti
phase increases.

Figure 14. The equilibrium fraction of the composite at a deposition current of 45 A: (a) interdendritic
and (b) dendrite axis.

Figure 15 presents the equilibrium fraction diagram of the composite at a deposition
current of 50 A. The calculated results indicate that the precipitated phases include the
Laves phase, Ni3Ti phase, and TiNi phase, occurring both along the dendrite axes and in
the interdendritic regions. The precipitation content of the Laves phase on the dendrite
axis peaks at 1140 ◦C, subsequently decreasing as the temperature lowers. Conversely,
the contents of the Ni3Ti phase and TiNi phase gradually increase and approach a state of
equilibrium.
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Figure 15. Equilibrium fraction of the composite with a deposition current of 50 A: (a) interdendritic
and (b) dendrite axis.

The precipitation temperatures for the Laves, TiNi, and Ni3Ti phases are approximately
1161.11 ◦C. As the temperature decreases, the content of the Laves phase tends to decrease
and eventually reaches equilibrium, while the content of the Ni3Ti phase slowly increases,
also trending toward equilibrium. Throughout the solidification process from the liquid
to solid state, the Laves phase on the dendrite axis preferentially precipitates, forming a
liquid film between the dendrites, which helps maintain the dendritic structure.

4.2. Crack Analysis

The size of the welding heat input significantly influences the stress levels in the
workpiece; generally, higher heat input leads to increased stress [40]. In this study, cracks
occurred in the prepared composites at a deposition current of 50 A. As the deposition
current increases, the high-temperature residence time is prolonged. SEM-EDS analysis
of the composite material reveals the presence of MC carbides along the dendrite axis,
indicating that these carbides precipitate during the solidification of liquid metal. The
presence of MC carbides contributes to stress concentration in the workpiece, which can
deteriorate its mechanical properties. Additionally, the presence of Laves phases also
impacts the mechanical performance of the workpiece.

Microstructural analysis of the composites under different deposition currents reveals
that at a deposition current of 50 A, there is a significant presence of Laves phases in both
the interdendritic regions and along the dendrite axes. The presence of these Laves phases
predisposes the workpiece to liquefaction cracking, adversely affecting its mechanical
properties. Furthermore, SEM and EDS analyses of the fractured sections indicate that the
failure mode is a cleave fracture, with a substantial presence of secondary phases detected at
the fracture site. Solidification precipitation analysis suggests that these secondary phases
primarily consist of the Laves phase, Ni3Ti, and TiNi. XRD analysis also indicates the
presence of Fe2Ti and Cr2Ti in the composite. It has been documented that the Fe2Ti, Ni3Ti,
and Cr2Ti phases are brittle intermetallic compounds [41,42]. The combined influence
of the Laves phase and these secondary phases contributes to the crack formation in
the composite.

4.3. Hardness Analysis

The microhardness of the composite increases with the increase in the deposition cur-
rent. The secondary phase precipitation will also affect the microhardness of the composite.
When the deposition current is small, the secondary phases such as Ti-Cr and Ti-Fe in the
composite are less precipitated. When the deposition current increases, more secondary
phases are generated, which increases the microhardness of the composite. In addition, the
dendrites of the material are often filled with crystals with high solute content, resulting
in segregation, which will affect the mechanical properties of the alloy, and the smaller
the dendrite spacing, the more favorable the alloy properties [43]. The secondary dendrite
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spacing of composites produced under different deposition currents shows some variability.
As illustrated in Figure 6, the secondary dendrite spacing initially increases with the depo-
sition current and then decreases at higher currents. Concurrently, the microhardness of the
composites also increases with the deposition current. At deposition currents of 35 A and
40 A, the secondary dendrite spacing increases, and the microhardness of the composites
rises as well. This increase in microhardness at 40 A is attributed to a greater amount of
secondary precipitates forming within the material, which enhances its properties. For
deposition currents of 40 A and 45 A, the secondary dendrite spacing remains relatively
constant, leading to similar microhardness values. However, when the deposition current
reaches 50 A, the secondary dendrite spacing is reduced, and the precipitation of secondary
phases is significantly higher, resulting in the highest microhardness observed.

5. Conclusions

1. The Ti6Al4V/Inconel 718 composite material was successfully fabricated using Ti6Al4V
and Inconel 718 welding wires as raw materials, employing the double-wire Wire and
Arc Additive Manufacturing (WAAM) deposition method at various deposition currents.
However, it was observed that an increase in the deposition current correlated with the
emergence of cracks within the composite material.

2. As the deposition current increases, the secondary dendrite spacing in the deposi-
tion samples first increases and then decreases. At a deposition current of 35 A, the
secondary dendrite spacing measures 5.16 µm, while at 50 A, it reduces to 3.96 µm.
Notably, the samples prepared at a deposition current of 35 A exhibit good morphol-
ogy, with no visible cracks or defects.

3. At a deposition current of 35 A, the microstructure primarily consists of a nickel-
based alloy, with Ti elements dispersed along the dendrite axis through diffusion. At
deposition currents of 40 A and 45 A, the contents of titanium, nickel, chromium, and
iron between the dendrite axis and the dendrites show minimal variation. However, at
50 A, TiNi, Cr2Ti, and Fe2Ti are predominantly deposited on the dendrite axis, while
MC carbide is also found there. Additionally, Ni3Ti is mainly deposited between the
dendrites.

4. At a deposition current of 50 A, cracks appear in the prepared sample, exhibiting
a cleavage fracture. The excessive heat input leads to stress concentration in the
deposited layer, surpassing the yield strength of the alloy and resulting in a cracked
cross-section.

5. The hardness data indicate that the microhardness of the sample increases with the
current. Specifically, when the current rises to 50 A, the microhardness shows a 31.51%
increase compared to the value at 35 A.

Author Contributions: Conceptualization, P.X. and X.Y.; methodology, P.X. and X.Y.; validation,
P.X. and G.Z.; formal analysis, P.X.; investigation, P.X. and G.Z.; resources, X.Y.; data curation, P.X.;
writing—original draft preparation, P.X.; writing—review and editing, P.X.; supervision, X.Y.; project
administration, X.Y.; funding acquisition, X.Y. All authors have read and agreed to the published
version of the manuscript.

Funding: This research is supported by a peak discipline grant.

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

Acknowledgments: This work was supported in part by Class III Peak Discipline of Shanghai Mate-
rials Science and Engineering (High-Energy Beam Intelligent Processing and Green Manufacturing).

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

33



Materials 2024, 17, 5989

References
1. Sakundarini, N.; Taha, Z.; Abdul-Rashid, S.H.; Ariffin, R.; Ghazila, R. Optimal multimaterial selection for lightweight design of

automotive body assembly incorporating recyclability. J. Mater. Des. 2013, 50, 846–857. [CrossRef]
2. Wargnier, H.; Kromm, F.X.; Danis, M.; Brechet, Y. Proposal for a multi-material design procedure. J. Mater. 2014, 56, 44–49.

[CrossRef]
3. Jeong, H.-I.; Kim, D.-H.; Lee, C.-M. Multi-material deposition of Inconel 718 and Ti-6Al-4V using the Ti-Nb-Cr-V-Ni high entropy

alloy intermediate layer. J. Mater. Res. Technol. 2024, 29, 3217–3227. [CrossRef]
4. Hou, X.; Ye, X.; Qian, X.; Zhang, X.; Zhang, P.; Lu, Q.; Yu, Z.; Shen, C.; Wang, L.; Hua, X. Heat Accumulation, Microstructure

Evolution, and Stress Distribution of Ti-Al Alloy Manufactured by Twin-Wire Plasma Arc Additive. J. Adv. Eng. Mater. 2022, 24,
2101151. [CrossRef]

5. Hadibeyk, S.; Beidokhti, B.; Sajjadi, S.A. Effect of bonding time and homogenization heat treatment on the microstructure and
mechanical properties of the transient liquid phase bonded dissimilar GTD-111/FSX-414 TLP superalloys. J. Alloy. Comp. 2018,
731, 929–935. [CrossRef]

6. Zhang, Y.; Luo, Z.; Li, Y.; Liu, Z.; Huang, Z. Microstructure characterization and tensile properties of Mg/Al dissimilar joints
manufactured by thermocompensated resistance spot welding with Zn interlayer. J. Mater. 2015, 75, 166–173. [CrossRef]

7. Aceves, S.M.; Espinosa-loza, F.; Elmer, J.W.; Huber, R. ScienceDirect Comparison of Cu, Ti and Ta interlayer explosively fabricated
aluminum to stainless steel transition joints for cryogenic pressurized hydrogen storage. J. Int. J. Adv. Manuf. Technol. 2014, 40,
1490–1503. [CrossRef]

8. Oliveira, J.P.; Panton, B.; Zeng, Z.; Andrei, C.M.; Zhou, Y.; Miranda, R.M.; Fernandes, F.M.B. Laser joining of NiTi to Ti6Al4V
using a Niobium interlayer. J. Acta Mater. 2016, 105, 9–15. [CrossRef]

9. Mishra, A.; Paul, A.R.; Sharma, R.; Mukherjee, M.; Singh, R.K. Interfacial characteristics of Ti6Al4V-IN718 dissimilar structure
developed by wire-arc additive manufacturing using Monel-400 as an interlayer. J. Mater. Today Proc. 2023, 80, 241–247. [CrossRef]

10. Song, C.; Ma, G.; He, A.; Li, Y.; Niu, F.; Wu, D. Multi-phases transformation mechanism of Ti6Al4V/Inconel 718 composite by
laser additive manufacturing. J. Mater. Charact. 2021, 179, 111363. [CrossRef]

11. Chatterjee, S.; Abinandanan, T.A.; Chattopadhyay, K. Phase formation in Ti/Nidissimilar welds. J. Mater. Sci. Eng. A 2008, 490,
7–15. [CrossRef]

12. Chatterjee, S.; Abinandanan, T.A.; Reddy, G.M.; Chattopadhyay, K. Microstructure formation in dissimilar metal welds: Electron
beam welding of Ti/Ni. J. Metall. Mater. Trans. A 2016, 47, 769–776. [CrossRef]

13. Martinsen, K.; Hu, S.J.; Carlson, B.E. Joining of dissimilar materials. J. CIRP Ann.-Manuf. Technol. 2015, 64, 679–699. [CrossRef]
14. Sun, Z.; Ion, J.C. Laser welding of dissimilar metal combinations. J. Mater. Sci. 1995, 30, 4205–4214. [CrossRef]
15. Wang, Y.; Ye, X.; Shi, M.; Pan, N.; Xia, P. Study of Phase Evolution Behavior of Ti6Al4V/Inconel 718 by Pulsed Laser Melting

Deposition. J. Mater. 2023, 16, 2437. [CrossRef]
16. Chen, H.C.; Pinkerton, A.J.; Li, L. Fibre laser welding of dissimilar alloys of Ti-6Al-4V and Inconel 718 for aerospace applications.

J. Int. J. Adv. Manuf. Technol. 2011, 52, 977–987. [CrossRef]
17. Peng, Y.; Fu, Z.Y.; Wang, W.M.; Zhang, J.Y.; Wang, Y.C.; Wang, H.; Zhang, Q.J. Welding of Ti-6Al-4V and TiB2-Ni cermet using

pulsed current heating. J. Sci. Technol. Weld. Join. 2008, 13, 456–461. [CrossRef]
18. Sun, Z.; Ji, X.; Zhang, W.; Chang, L.; Xie, G.; Chang, H.; Zhou, L. Microstructure evolution and high temperature resistance of

Ti6Al4V/Inconel625 gradient coating fabricated by laser melting deposition. J. Mater. Des. 2020, 191, 108644. [CrossRef]
19. Meng, W.; Xiaohui, Y.; Zhang, W.; Junfei, F.; Lijie, G.; Qunshuang, M.; Bing, C. Additive manufacturing of a functionally graded

material from Inconel625 to Ti6Al4V by laser synchronous preheating. J. Mater. Process. Technol. 2020, 275, 116368. [CrossRef]
20. Bonny, O.; Amit, B. Additive manufacturing of Inconel 718-Ti6Al4V bimetallic structures. J. Addit. Manuf. 2018, 22, 844–851.

[CrossRef]
21. Huang, J.; Liu, G.; Yu, X.; Guan, Z.; Yu, S.; Fan, D. Characterization of nickel-titanium alloy graded materials using double wire

alternating current cross arc additive manufacturing. J. Alloys Compd. 2022, 910, 164912. [CrossRef]
22. Lu, L.; Tian, Y.; Cai, Y.; Xin, Y.; Chen, X.; Zhang, G.; Han, J. Microstructure and mechanical properties of a functionally graded

material from TA1 to Inconel 625 fabricated by dual wire+arc additive manufacturing. J. Mater. Lett. 2021, 298, 130010. [CrossRef]
23. Wang, J.; Pan, Z.; Wei, L.; He, S.; Cuiuri, D.; Li, H. Introduction of ternary alloying element in wire arc additive manufacturing of

titanium aluminide intermetallic. J. Addit. Manuf. 2019, 27, 236–245. [CrossRef]
24. Han, J.; Chen, X.; Zhang, G.; Liu, B.; Cai, Y.; Chen, M.; Jiang, H.; Tian, Y. Ni50.8Ti49.2 alloy prepared by double-wire + arc additive

manufacturing with a substrate heating temperature of 600 C. J. Manuf. Process. 2023, 104, 76–86. [CrossRef]
25. Le, V.T.; Bui, M.C.; Nguyen, T.D.; Nguyen, V.A. Van Canh Nguyen. On the connection of the heat input to the forming quality in

wire-and-arc additive manufacturing of stainless steels. J. Vacuum. 2023, 209, 111807. [CrossRef]
26. Le, V.T.; Mai, D.S.; Bui, M.C.; Wasmer, K.; Nguyen, V.A.; Dinh, D.M.; Nguyen, V.C.; Vu, D. Influences of the process parameter

and thermal cycles on the quality of 308L stainless steel walls produced by additive manufacturing utilizing an arc welding
source. J. Weld World 2022, 66, 1565–1580. [CrossRef]

27. Zhang, G.; Chen, X.; Cai, Y.; Lu, L.; Xin, Y.; Jia, D.; Tian, Y.; Han, J. Microstructure and mechanical properties of Ti-3Al-2V alloy by
dual wire + arc additive manufacturing. J. Mater. Lett. 2021, 229, 130190. [CrossRef]

28. Danek, M.; Fernandes, F.; Cavaleiro, A.; Polcar, T. Influence of Cr additions on the structure and oxidation resistance of
multilayered TiAlCrN films. J. Surf. Coat. Technol. 2017, 313, 158–167. [CrossRef]

34



Materials 2024, 17, 5989

29. Hu, B.; Du, Y.; Schuster, J.C.; Sun, W.; Liu, S.; Tang, C. Thermodynamic modeling of the Cr-Ni-Ti system using a four-sublattice
model for ordered/disordered bcc phases. J. Thermochim. Acta 2014, 578, 35–42. [CrossRef]

30. Górka, J.; Jamrozik, W.; Kiel-Jamrozik, M. The effect of TIG welding on the structure and hardness of butt joints made of Inconel
718. J. Heliyon. 2023, 9, e13175. [CrossRef]

31. Tian, Y.; Chen, X.; Cai, Y.; Luo, Z.; Chen, M.; Zhang, X.; Li, J.; Han, J. Microstructure and properties of a Ni-Ti-Cr-Mo-Nb alloy
fabricated in situ by dual-wire arc additive manufacturing. J. Mater. Sci. Eng. A 2022, 853, 143740. [CrossRef]

32. Wu, Y.; Wu, X.; Qin, S.; Yang, K. Compressibility and phase transition of intermetallic compound Fe2Ti. J. Alloys Compd. 2013, 558,
160–163. [CrossRef]

33. Uchil, J.; Kumara, K.G.; Mahesh, K.K. Effects of heat treatment temperature and thermal cycling on phase transformations in
Ni-Ti-Cr alloy. J. Alloys Compd. 2001, 325, 210–214. [CrossRef]

34. Saunders, N.; Miodownik, A.P. Calphad-Calculation of Phase Diagrams: A Comprehensive Guide; Pergamon materials series; Cahn,
R.W., Ed.; Elsevier: Amsterdam, The Netherlands, 1998; Volume 1, pp. 1–479.

35. Shercliff, H.R.; Ashby, M.F. A process model for age hardening of aluminum alloys-I. the model. J. Acta Metall. Et Mater. 1990, 38,
1789–1802. [CrossRef]

36. Yang, Z.; Yan, C.; Tang, T.; Li, P.; Li, Z. Failure analysis and heat treatment process optimization of NOS525 rotary flat binaural hot
forging die. J. Eng. Fail. Anal. 2024, 163, 108521. [CrossRef]

37. Swartzendruber, L.J.; Itkin, V.P.; Alcock, C.B. The Fe-Ni (iron-nickel) system. J. Phase Equilibria 1991, 12, 288–312. [CrossRef]
38. Ojo, O.A. Intergranular liquation cracking in heat affected zone of a welded nickel based superalloy in as cast condition. J. Mater.

Sci. Technol. 2007, 23, 1149–1155. [CrossRef]
39. Chintababu, U.; Chary, V.R.; Gupta, S.P. Liquid Film Migration in a Cu-5 At.% Sb Alloy. J. Can. Metall. Q. 2007, 46, 175–187.

[CrossRef]
40. Kumar, S.; Shahi, A.S. Effect of heat input on the microstructure and mechanical properties of gas tungsten arc welded AISI 304

stainless steel joints. J. Mater. Design. 2011, 32, 3617–3623. [CrossRef]
41. Pelloth, J.; Brand, R.A.; Keune, W. Local magnetic properties of the Fe2Ti Laves phase. J. Magn. Magn. Mater. 1995, 140–144, 59–60.

[CrossRef]
42. Su, L.; Jia, L.; Feng, Y.; Zhang, H.; Yuan, S.; Zhang, H. Microstructure and room-temperature fracture toughness of directionally

solidified Nb-Si-Ti-Cr-Al-Hf alloy. J. Mater. Sci. Eng. A Struct. Mater. Prop. Microstruct. Process. 2013, 560, 672–677. [CrossRef]
43. Liu, M.Y.; Shi, B.; Wang, C.; Ji, S.K.; Cai, X.; Song, H.W. Normal Hall–Petch behavior of mild steel with submicron grains. J. Mater.

Lett. 2003, 57, 2798–2802. [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.

35



Citation: Lee, J.; Song, J.; Bae, G.

Study on Surface Quality Analysis of

an Uncoated Boron Steel and Its

Oxide Layer Suppression Method for

Hot Stamping. Materials 2024, 17, 5563.

https://doi.org/10.3390/ma17225563

Academic Editors: Dimitrios Tzetzis,

Konstantinos Tsongas and Nikolaos

Kladovasilakis

Received: 18 October 2024

Revised: 11 November 2024

Accepted: 12 November 2024

Published: 14 November 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Study on Surface Quality Analysis of an Uncoated Boron Steel
and Its Oxide Layer Suppression Method for Hot Stamping
Jiho Lee, Junghan Song and Gihyun Bae *

Flexible Manufacturing R&D Department, Korea Institute of Industrial Technology,
Incheon 21999, Republic of Korea; jksg0319@kitech.re.kr (J.L.); jhsong@kitech.re.kr (J.S.)
* Correspondence: baegh@kitech.re.kr; Tel.: +82-32-850-0318

Abstract: This study investigates the effects of hot stamping on boron steel surface properties,
comparing uncoated steel to Al–Si-coated steel, with a focus on developing atmosphere-controlled
hot stamping technology. Experiments using a hat-shaped specimen revealed that uncoated steel
formed a thick oxide layer due to exposure to atmospheric oxygen at high temperatures, negatively
impacting surface quality and weldability. In contrast, the Al–Si-coated steel showed no oxide
formation. Although uncoated steel exhibited higher average Vickers hardness, the detrimental
effects of the oxide layer on weld quality necessitate advancements in process technology. A lab-scale
hot stamping simulator was developed to control atmospheric oxygen levels, utilizing a donut-
shaped induction heating coil to heat the material above 1000 ◦C, followed by rapid cooling in a
forming die. Results demonstrated that maintaining oxygen concentrations below 6% significantly
reduced oxide layer thickness, with near-vacuum conditions eliminating oxide formation altogether.
These findings emphasize the critical role of oxygen control in enhancing the surface quality and
weldability of uncoated boron steel for ultra-high-strength automotive applications, potentially
reducing manufacturing costs while ensuring part performance.

Keywords: hot stamping; boron steel sheet; oxide layer; atmosphere control; induction heating module

1. Introduction

Due to recent environmental concerns and strengthened fuel efficiency regulations,
the demand for eco-friendly vehicles is increasing. Many global automotive companies
are producing electric vehicles as a means to satisfy various environmental regulations by
replacing traditional internal combustion engines. In order to achieve maximum driving
range with a single battery charge, the weight of the vehicle has become crucial for envi-
ronmentally friendly vehicles. To reduce vehicle weight, many companies are increasing
the application of hot stamping components to ensure collision performance and passen-
ger safety. As evidence of this, after the initial application of hot stamping components
made of boron steel in a Saab vehicle in 1984 [1], the production ratio of hot stamping
increased from 3 million to 8 million in 1987 and further surged to 170 million in 2007 [2].
In 2023, the hot stamping market is expected to expand to approximately 1.28 billion com-
ponents. Accordingly, research related to hot stamping production technology is actively
being conducted.

The hot stamping method is suitable for producing high-strength products required
for passenger safety by forming the material with high elongation and low strength under
a high temperature of over 900 ◦C and then quenching it to the martensitic steel in order to
achieve very high strength over 1.5 GPa. The quenching process involves rapid cooling at
speeds exceeding approximately 27 K/s from the martensite transformation temperature,
ranging from 425 ◦C (martensite start point) to 280 ◦C (martensite finish point) [3]. Materials
commonly used for hot stamping include alloys with boron additions such as 22MnB5,
27MnB5, and 37MnB5. Boron-added alloys are preferred in hot stamping, as boron steel
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is known to be the only type of steel capable of generating a martensitic microstructure
after hot stamping [4]. Boron steel sheets typically have tensile strength levels of around
600 MPa before heat treatment. Through the martensitic transformation of the material
after hot stamping, it is known to achieve tensile strengths of approximately 1.5 GPa [4].

Numerous researchers have investigated component manufacturing technologies uti-
lizing uncoated hot stamping steel sheets. From a materials technology perspective, various
experimental analyses have been conducted to ensure and enhance the mechanical proper-
ties of materials, with the cooling rate selected as a key variable [5–7]. Concurrently, from a
process technology perspective, researchers have focused on optimizing the hot stamping
process to improve forming quality and productivity [8–12]. Furthermore, a variety of stud-
ies have been conducted to analyze heat transfer and material deformation mechanisms in
the hot stamping process, aiming to enhance process efficiency [13–16]. These collective
studies have continuously advanced component manufacturing technologies that utilize
uncoated hot stamping steel sheets.

Hot-stamped boron steels without Al–Si coating layer generate an oxide scale on the
surface when exposed to air under austenitizing conditions. To control this oxide layer,
methods such as using boron steel sheets coated with Al–Si for oxidation prevention [17]
or applying oil for anti-oxidation on the surface [18] can be employed. Physical methods
involving shot blasting can also remove the oxide layer [18,19]. While these methods offer
the advantage of controlling the oxide layer during hot stamping, the presence of a coating
layer on the surface for oxidation control can lead to the melting of the coating layer during
welding. Additionally, when using oil for oxidation prevention, research data indicates a
decrease in interfacial heat transfer coefficients (IHTC), affecting the microstructure and
mechanical properties [20]. The Al–Si coating layer, when subjected to rapid heating rates,
can experience premature heating, causing the coating layer to slide and leading to issues
such as coating layer displacement. Moreover, the production cost of hot-stamped parts
should be increased due to material and process patents related to Al–Si-coated boron
steel sheets.

To overcome these drawbacks, it is important to suggest an alternative hot stamping
method by using an uncoated boron steel sheet. Taylor et al. [21] illustrated a schematic
of the hot stamping process for uncoated steel sheets, demonstrating that this process
generally includes an additional shot blasting step to remove the oxidation scale. This
additional step requires extra production equipment and extends the processing time,
resulting in increased manufacturing costs for hot-stamped parts using uncoated steel
sheets. The comparatively higher manufacturing cost, as opposed to coated steel sheets,
presents a significant obstacle to the use of non-coated steel sheets. Consequently, even
with the additional costs associated with paying for material and process patents held
by Arcelor Mittal, most automotive body component manufacturers opt to use Al–Si-
coated steel sheets. Chen et al. [22] emphasized the cost-saving advantages of uncoated
hot stamping processes in automotive part manufacturing. Additionally, Kim et al. [23]
demonstrated through an economic efficiency analysis that using uncoated steel sheets in
hot stamping processes can reduce production costs and improve efficiency. Therefore, to
reduce the manufacturing cost of hot-stamped components, automotive companies and
body component manufacturers are seeking the development of press-forming technology
that can suppress the formation of oxide layers on non-coated steel sheets. It means
that preventing or controlling oxide layer growth should be a core technology for using
uncoated boron steel sheets.

This paper deals with the quantitative investigation of the surface quality of a hot-
stamped part and its improvement method of the oxide layer for uncoated boron steel
sheet. Initially, the heat treatment results with hat-type specimen were compared according
to the presence of the Al–Si coating layer in order to observe the effect of the coating layer
on the surface quality and mechanical properties. To investigate methods for suppressing
the oxide layer on uncoated steel sheets, a lab-scale hot stamping simulator was developed
to replicate the heating and forming processes under controlled atmospheric conditions.
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Subsequently, the oxide layers were quantitatively analyzed according to the oxygen ratio.
The research results can be utilized as hot stamping process control technology to ensure
surface quality and weldability in the manufacturing process of ultra-high-strength body
components using uncoated steel sheets.

2. Hot Stamping Test Method
2.1. Equipment Setup

Al–Si-coated boron steel is known to prevent the formation of an oxide layer by
blocking the oxygen contact during the hot stamping process [17]. For using uncoated
boron steel sheets, the surface quality and property should be investigated to observe the
oxide layer formation and to ensure the mechanical properties of hot-stamped parts.

An experimental setup, as shown in Figure 1, is constructed in order to reproduce
the hot stamping process. An atmosphere furnace has the capability of heating up to
approximately 1000 ◦C, and a mechanical press can make hat-type specimens by using
a hot stamping die. A water-cooling chiller is connected to the stamping die for rapid
cooling, and a thermometer is used to monitor the temperature at the stamping die. The
300 mm × 300 mm sample was heated up to 950 ◦C and stabilized for 10 min. After
that, they rapidly cooled down to 10 ◦C or below within 5 s for the martensite phase
transformation in the die. 22MnB5 1.0 t steel sheets, produced by Arcelor Mittal, with and
without Al–Si coating layer, were used for experiments. The chemical composition and the
mechanical strength of 22MnB5 base metal are presented in Table 1.
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Table 1. Chemical compositions and mechanical strength of 22MnB5 base metal.

Chemical Compositions [wt%] Mechanical Strength [MPa]

C Mn B Si P S Cr Yield Stress Tensile Stress

0.24 1.10 0.003 0.26 0.014 0.001 0.14 1254 1545

2.2. Test Procedure

To observe the surface property changes after hot stamping for both uncoated and
Al–Si-coated materials, specimens were subjected to the same heat treatment conditions.
The specimens were heated by the controllable atmosphere furnace up to 950 ◦C and
stabilized for 10 min. Subsequently, they were quenched and formed simultaneously using
a 200-ton servo press with a water-cooled die that was pre-cooled to below 10 ◦C. The time
taken for the material to reach the press was approximately 5 s. The detailed test procedure
is presented in Figure 2.
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Figure 2. Hot stamping test process of a hat-type specimen.

3. Hot Stamping Test Results
3.1. Surface Investigation

Hot stamping experiments were performed with hat-type specimens in order to
observe the growth of the oxide layer and to investigate the surface property of the coated
and uncoated boron steel sheet. Figure 3 shows test specimens according to the coating
layer. The specimen with Al–Si coating layer shows only the heat-affected color change
due to the rapid temperature change during the heating and quenching process, and no
oxide layer was observed as shown in Figure 3a. This aligns with the known characteristic
of Al–Si coating preventing the formation of oxide layers by blocking contact with the
atmosphere after heating [17]. As shown in Figure 4, the heated material generates an
oxide layer due to contact with oxygen in the air during the transport process, and after
rapid cooling during the component forming process, a thick oxide layer exists as shown in
Figure 3b.
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Figure 4. Oxide layer formation of the uncoated boron steel due to oxygen contact.

3.2. Oxide Layer

For a more precise analysis of surface layer changes, the SEM (scanning electron
microscope) equipment was employed to observe coated and uncoated boron steel sheets
before and after heating. The equipment used for observations is the QUANTA 200F (FEI
Company, Hillsboro, OR, USA). First of all, point EDS measurements were carried out to
investigate the composition of the surface scale of the uncoated boron steel sheet. Figure 5
shows the result of point EDS measurements of the surface scale. The composition of the
surface scale was Fe 80.74 wt% and O 19.26 wt% components, and it reveals that the surface
scale is the oxide layer of Fe and O.
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Figure 5. Point EDS composition analysis of uncoated boron steel sheets after heat treatment.

The Al–Si-coated specimen was analyzed using EDS mapping in order to investigate
the change in the composition at the coating layer before and after heat treatment. As shown
in Figure 6, Al–Si coating layer is transformed into the mixed intermetallic layer of Al–Si and
Fe after the heat treatment. As shown in Figure 6, fine cracks and internal voids are observed
in the rough intermetallic layer, which are generated during the rapid quenching process.
Such compounds are known to have low fracture toughness, promoting the formation and
growth of fine cracks [24,25]. As a result of the diffusion and alloying of components, the
coating thickness is increased from 19.79 µm to 38.14 µm after heat treatment.
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Figure 6. EDS mapping analysis of Al–Si-coated boron steel sheets before and after heat treatment.

The oxide layer thickness was quantitatively measured by optical microscope with
a hat-type specimen of uncoated boron steel sheet in order to investigate the oxide layer
residual due to the different contact mechanisms between die and sheet during the hot
stamping. Figure 7 shows the captured location of samples from the hat-type uncoated
specimen. As shown in Figure 8, the oxide layer thickness was 23.46 µm, 1.81 µm, and
7.55 µm at the top, wall, and flange locations, respectively. At the top location, the thickest
oxide layer was observed due to no contact between the die and the sheet. On the contrary,
most of the oxide layer was removed in the wall location because severe contact occurs
when the sheet slides against the die during the forming. At the flange location, the
thickness is decreased due to the high compression of the die at the bottom dead center
of the press slide. Most spot welds are made at the top and flange areas in the auto-body
assembly process. It means that the thick oxide layer can deteriorate the welding quality
by using an uncoated boron steel sheet in the hot stamping. Therefore, a novel stamping
method is required to reduce or control the oxide layer formation in order to utilize the
uncoated boron steel sheet for ultra-high-strength automotive parts.
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increases proportionally with the rise in cooling rate. In this paper, Vickers hardness was 
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der the condition of applying a load of 980.7 mN for 10 s. Figure 10 shows the Vickers 
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terial and the die, hardness was measured in the top, wall, and flange areas. The hardness 
was measured seven times at 1 mm intervals. The overall average hardness of the coated 
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values observed for the uncoated steel sheets. Therefore, it was confirmed that uncoated 
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Figure 8. SEM images at the top, wall, and flange locations to measure the oxide layer thickness of
uncoated boron steel.

The optical microscope images of Al–Si-coated specimen are presented in Figure 9.
Because of the Al–Si coating layer, increased coating thickness according to the diffused
alloying components is observed instead of the oxide layer. Additionally, microcracks
and pores are present within the coating due to the different coefficients of thermal expan-
sion [25–27]. No significant difference was observed at the top, wall, and flange locations
due to the contact pressure during the forming process.
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Figure 9. SEM images of Al–Si-coated hat-type specimen at the top, wall, and flange locations.

3.3. Hardness

A Vickers hardness test was conducted to examine the effect of the absence of a coating
layer on material strength during the forming process of uncoated steel sheets. Hardness
is generally known to correlate with material strength. Kim et al. [28] reported that the
Vickers hardness of a boron steel sheet is approximately 450 Hv after the hot stamping
thermal cycle. Based on phase transformation tests, Li et al. [29] demonstrated that the
Vickers hardness of boron steel is 459 Hv at a cooling rate of 30 ◦C/s and that the hardness
increases proportionally with the rise in cooling rate. In this paper, Vickers hardness was
measured using a SHIMAZU HMV-2R (Shimadzu Corporation, Kyoto, Japan) device under
the condition of applying a load of 980.7 mN for 10 s. Figure 10 shows the Vickers hardness
measurement results for both coated and uncoated steel sheets. To examine the effect
of cooling pattern changes due to differences in contact conditions between the material
and the die, hardness was measured in the top, wall, and flange areas. The hardness was
measured seven times at 1 mm intervals. The overall average hardness of the coated and
uncoated steel sheets was measured at 481 Hv and 513 Hv, respectively, with higher values
observed for the uncoated steel sheets. Therefore, it was confirmed that uncoated materials
are more advantageous for strength securement in hot stamping, which requires rapid
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cooling. The hardness differences at various measurement locations were not considered
significant when taking into account the scatter in the data, suggesting that the impact of
the contact conditions between the die and the material on hardness is minimal. Despite
the differences due to the presence or absence of a coating layer and contact conditions, the
hat-type specimen can achieve the desired tensile strength in all areas.
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3.4. Summary

For the boron steel with Al–Si coating, as expected, no oxide layer was observed on
the surface during the heat treatment and hot stamping processes. However, microcracks
and pores were identified within the coating layer due to the different thermal expansion
coefficients. Additionally, the elements clearly distinguished in the coating layer before
heat treatment diffused during the heat treatment, forming a Fe3(AlSiFe) alloy layer inside
the coating layer, which could potentially compromise the weldability. The coating layer
thickness also increased approximately two-fold. On the other hand, the uncoated boron
steel exhibited irregular and uneven oxide layers on the surface when exposed to the
atmosphere during the heat treatment process. Hot stamping simulation tests revealed that
the oxide layer thickness could be preserved, peeled off, or compressed according to the
die shape. The oxide layer thickness was observed to be over 20 µm, which could cause
weldability issues in the assembly process of automotive parts. The use of uncoated steel
sheets is expected to be advantageous for securing material strength.

During the hot stamping process using uncoated 22MnB5 material, the oxidation
reaction was most pronounced at the point of material transfer. This observation indicated
that the material, upon being heated and transferred, came into contact with atmospheric
oxygen, leading to the initiation and rapid growth of the oxide layer. Therefore, to ensure
the surface quality of uncoated 22MnB5 material during hot stamping, controlling the
contact between the heated material and oxygen during transfer is crucial for maintaining
surface quality. Therefore, further research on new forming technologies is needed to
suppress the formation of oxide layers in order to ensure the surface quality and weldability
of uncoated steel sheets.
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4. Oxide Layer Improvement
4.1. Development of a New Hot Stamping Simulator

The issue of oxide layer formation during the hot stamping process of uncoated steel
sheets occurs because the material rapidly reacts with oxygen in the atmosphere at high
temperatures, leading to the formation of an oxide layer. In particular, controlling the
oxygen concentration in the atmosphere is crucial to suppressing the formation of the oxide
layer. Developing a new lab-scale simulator that can replicate the hot stamping process is a
very important approach to achieve this.

A lab-scale simulator allows for a quantitative analysis of the oxide layer thickness
under various conditions, such as oxygen concentration and temperature, providing critical
data for process optimization. Figure 11 shows the schematic diagram of the hot stamping
simulator. The experimental equipment consists of a heating zone and a forming zone,
including a transfer system for continuous forming after heating. To control the oxygen
content in the atmosphere during the experiment, the entire equipment is sealed within a
vacuum chamber. A nitrogen gas injection system was introduced to enhance the efficiency
of atmospheric control. With this configuration, the vacuum chamber and nitrogen gas
injection system allow the setting of controlled atmospheric conditions, making it possible
to simulate the hot stamping process of uncoated steel sheets through the heating-transfer-
forming sequence.
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Figure 12 shows the manufactured experimental equipment. In the heating zone, a
300 mm × 300 mm specimen is placed on a transfer jig and heated using a pancake-shaped
induction coil installed above it. Once the specimen reaches the target temperature, it is
transferred to the stamping zone via a transfer device operated by a mechanical motor,
where it is then formed by an upper die driven by a hydraulic cylinder. During this process,
both the upper and lower dies are cooled with water, creating rapid cooling conditions
that promote martensitic structure formation. For oxidation layer control experiments, an
atmosphere control system was implemented as previously described, using a vacuum
system to evacuate air from the chamber while injecting nitrogen gas to quickly reach the
desired oxygen level. Using this newly developed hot stamping simulator, forming tests
on non-coated hot stamping steel sheets were conducted at different oxygen levels to study
the potential for oxidation layer suppression.
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Figure 12. Lab-scale hot stamping simulator.

4.2. Establishment of the Experimental Condition

The simulator equipment uses a pancake-shaped induction coil to heat material of
300 mm × 300 mm size to temperatures above 950 ◦C. Due to the shape of the coil and the
thermal deformation of the specimen, temperature variations occur at different positions.
Therefore, a heating test was conducted to select the optimal output of the heating module
for achieving the target temperature and to determine the analysis area for surface layer
examination based on temperature variations. To measure the temperature distribution of
the specimen, a FLIR A700 (FLIR Systems, Wilsonville, OR, USA) infrared camera capable of
measuring temperatures up to 2000 ◦C was used. Figure 13 shows the heating performance
test of the material using the FLIR camera. First, the material was heated under a 12 kW
condition, and Figure 14 illustrates the distribution of the oxide layer formed after the
heating test. Through this preliminary heating test, it was confirmed that the material
was heated in line with the shape of the coil and that the oxide layer formed accordingly.
The FLIR camera was used to select 1/4 of the dome-shaped specimen for measurement,
considering the measurement range. Three thermocouples were attached to the wall section
and flange section to measure the reference temperature for calibration.
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sidered that a nitrogen gas pressure of 7.2 kPa is appropriate for atmosphere control. 

Figure 14. Locations of thermocouple attachment considering the heated area.

Afterward, heating tests were conducted according to the output of the heating mod-
ule, and the temperature distribution was observed using the FLIR camera. Figure 15 shows
the temperature distribution map corresponding to the heating module output. Since the
target temperature for the hot stamping process is above 950 ◦C, this area was marked in
yellow on the temperature distribution map. Through the heating test, it was confirmed
that an output of 20 kW is required to maintain the target temperature across a wide area
of the hat-type specimen. Therefore, the optimal output for forming tests under controlled
oxygen conditions was set to 20 kW.

To verify the atmosphere control performance of the vacuum chamber, the changes in
oxygen content according to nitrogen gas pressure were observed. The oxygen content was
controlled by simultaneously removing air from the chamber using a vacuum pump and
injecting nitrogen gas. To check the oxygen level inside the chamber, an oxygen analyzer
was installed as shown in Figure 16. The oxygen analyzer was moved between the heating
section, transfer section, and forming section to measure the changes in oxygen content
over time, ensuring uniformity in the oxygen distribution. Figure 17 shows the history of
oxygen content changes according to nitrogen gas pressure and time. It was confirmed that
the oxygen content could be controlled to below 1% over time. However, when the nitrogen
pressure was low at 5 kPa, it took over 80 min to control the oxygen content to below 1%,
and non-uniformity in oxygen distribution across different positions was observed. To
improve this, when the nitrogen gas pressure was increased to 7.2 kPa, the time required
to achieve the same level of oxygen control was reduced to under 25 min, and the oxygen
distribution became uniform across the chamber. Therefore, it is considered that a nitrogen
gas pressure of 7.2 kPa is appropriate for atmosphere control.
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4.3. Evaluation of Oxide Layer

Forming tests on hat-type specimens made of uncoated steel sheets were conducted
using a lab-scale hot stamping simulator, with heating and pressure control, to examine
the effects of oxygen levels. After stabilizing the atmosphere according to the oxygen level,
the material was heated by an induction coil, transferred to the hot stamping die by an
automatic transfer device, and then formed into a hat-type specimen inside the die using
water cooling. To observe the amount of oxide layer formation based on oxygen levels,
forming tests were conducted under oxygen conditions of 0% (vacuum-like), 2%, 4%, 6%,
and 21% (atmosphere), as shown in Figure 18. Under the vacuum-like condition, almost no
oxide layer was observed. However, as the oxygen level increased, the amount of oxide
layer also gradually increased, and at 6% oxygen, the oxide formation was almost similar
to that observed under atmospheric conditions.

For a more quantitative observation, samples were taken from the top area under
different oxygen conditions because the top area is the most susceptible to oxide layer
formation. The thickness of the oxide layer was measured using an optical microscope. The
equipment used for observations is the ECLIPSE MA22 (Nikon, Tokyo, Japan). Figure 19
shows the optical microscope images for each condition. When the amount of oxygen is
close to a vacuum condition, almost no oxide layer forms. As the oxygen level gradually
increases, the thickness of the oxide layer also increases proportionally, and at an oxygen
level of 6%, an oxide layer similar to that formed under atmospheric conditions is observed.
This shows that the oxide layer of uncoated boron steel is highly sensitive to the amount
of oxygen.
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In the case of typical automotive parts, body assembly is carried out through processes
such as spot welding after hot stamping. At this time, as the thickness of the residual
oxide layer increases, the quality of welding can deteriorate rapidly. Therefore, for the hot
stamping of uncoated boron steel, it is necessary to control the atmosphere to minimize
the amount of oxygen in the environment during formation. Otherwise, surface oxide
layer removal through processes such as shot peening will be required, which increases
manufacturing costs and becomes an obstacle to using uncoated boron steel sheets. How-
ever, in actual component manufacturing processes, controlling the oxygen level close to a
vacuum to suppress the oxide layer is highly challenging. It is more practical to introduce a
threshold oxygen level condition in the hot stamping process of uncoated steel that ensures

49



Materials 2024, 17, 5563

welding quality. Future research should focus on determining the optimal oxygen control
conditions by analyzing the correlation between oxide layer formation and welding quality.

5. Conclusions

This study aimed to compare and analyze the surface property changes of boron steel
during the hot stamping process, depending on the presence or absence of Al–Si coating,
and to develop an atmosphere-controlled hot stamping technology for applying uncoated
boron steel to ultra-high-strength automotive parts. Hot stamping experiments using a
hat-shaped specimen showed that while no oxide layer formed on the Al–Si-coated steel,
a thick oxide layer was observed on the uncoated steel due to exposure to atmospheric
oxygen at high temperatures. This oxide layer not only deteriorates the surface quality
of the uncoated steel but also significantly hinders weldability during the assembly of
automotive parts. Surface hardness analysis revealed that the Vickers hardness of uncoated
steel was, on average, 32 Hv higher than that of Al–Si-coated steel, suggesting that uncoated
steel may be more advantageous for securing part strength. However, the formation of
a thick oxide layer poses a significant risk to weld quality, making process technology to
suppress oxide formation essential for the practical application of uncoated steel.

To address this issue, a new lab-scale hot stamping simulator was developed. This
equipment was designed to perform forming experiments in an environment where the
amount of oxygen in the atmosphere could be controlled to suppress oxide layer formation.
The system uses a donut-shaped induction heating coil to heat the material to over 1000 ◦C
and quickly transfer it to a forming die for rapid cooling and shaping through an automated
transfer system. The oxygen concentration in the simulator was controlled using nitrogen
gas and a vacuum pump, allowing the analysis of oxide layer formation under various
oxygen levels. The experiment results showed that when the oxygen level in the atmosphere
was below 6%, the thickness of the oxide layer decreased significantly, and in near-vacuum
conditions, almost no oxide layer formed. These findings indicate that controlling the
oxygen concentration can effectively suppress oxide layer formation in uncoated steel,
improving both surface quality and weldability.

In conclusion, this study confirms that for uncoated boron steel to be applied in ultra-
high-strength automotive parts, effective oxygen control during the hot stamping process
is essential. By implementing such technology, it is expected that manufacturing costs
can be reduced while simultaneously ensuring the strength and weld quality of uncoated
steel parts.
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Abstract: This paper presents an innovative exploration of advanced configurations for enhancing
the efficiency of metallic and superconducting photocathodes (MPs and SCPs) produced via pulsed
laser deposition (PLD). These photocathodes are critical for driving next-generation free-electron
lasers (FELs) and plasma-based accelerators, both of which demand electron sources with improved
quantum efficiency (QE) and electrical properties. Our approach compares three distinct photo-
cathode configurations, namely: conventional, hybrid, and non-conventional, focusing on recent
innovations. Hybrid MPs integrate a thin, high-performance, photo-emissive film, often yttrium
or magnesium, positioned centrally on the copper flange of the photo-injector. For hybrid SCPs, a
thin film of lead is used, offering a higher quantum efficiency than niobium bulk. This study also
introduces non-conventional configurations, such as yttrium and lead disks partially coated with
copper and niobium films, respectively. These designs utilize the unique properties of each material
to achieve enhanced photoemission and long-term stability. The novelty of this approach lies in lever-
aging the advantages of bulk photoemission materials like yttrium and lead, while maintaining the
electrical compatibility and durability required for integration into RF cavities. The findings highlight
the potential of these configurations to significantly outperform traditional photocathodes, offering
higher QE and extended operational lifetimes. This comparative analysis provides new insights into
the fabrication of high-efficiency photocathodes, setting the foundation for future advancements in
electron source technologies.

Keywords: quantum efficiency; pulsed-laser deposition; thin films; metallic and superconducting
photocathodes; photocathode configuration

1. Introduction

Research into traditional metallic photocathodes (MPs) and superconducting pho-
tocathodes (SCPs) has attracted considerable attention due to their ability to generate
high-brightness electron beams, their fast photoemission, which leads to a low temporal
spread, the larger availability of electrons leading to the shortest time between electron
pulses, or better electrical coupling with metallic cavities [1–5]. These technologies play
crucial roles in the latest X-ray spectrum free-electron lasers (FELs) and are pivotal for ad-
vancements in particle-driven plasma wakefield accelerators [6–11]. The ongoing demand
for electron beams characterized by high peak currents and minimal dark emittance has
prompted researchers to explore alternative materials, moving beyond the conventional
use of copper (Cu) and niobium (Nb) in Normal-Conducting Radio Frequency (NCRF) and
Superconducting Radio Frequency (SRF) guns [12–16]. Recent years have seen progress
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in hybrid MPs, particularly those created by pulsed-laser deposition (PLD) on Cu sub-
strates with yttrium (Y) and, to a lesser extent, magnesium (Mg) thin films. These metals
have demonstrated higher quantum efficiency (QE) compared to Cu, yielding promising
results [17–21]. Therefore, we have studied and developed new photocathode layouts
called “hybrid configuration”, based mainly on thin films of Mg or Y [18,21]. In the hybrid
configuration depicted in Figure 1a, a layer of thin metal film is applied to the central area
of the substrate using PLD. These films have shown strong adherence and a satisfactory
photoemission performance, evidenced by their QE [17,22]. However, the laser cleaning
process necessary before the photoemission effect reduces the thickness of these already
thin films (0.1–2 µm), significantly shortening their lifespan [3,23,24].
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To address this issue, another novel configuration has been introduced [24]. Here,
the thin film deposited by PLD is designed to improve the bulk material’s photoemission
and enhance the electrical compatibility with the RF-Gun cavity. This new MP proto-
type features a Y disk (25 mm diameter, 5 mm thickness) with a thin Cu film, leaving a
6 mm middle circular section of the Y substrate exposed as the emitting area, as shown in
Figure 1b. This configuration allows the photoemission to occur directly from the Y bulk,
while the RF gun cavity interacts with the surrounding Cu surface. This engineered setup
integrates the advantageous combination of the high QE and low work function (WF) of Y
with the necessary electrical compatibility suitable for Cu-based NCRF guns.

An analogous approach has been suggested for SCPs [25]. While pure Nb can func-
tion as a photocathode material within Nb SRF guns, its low QE limits the electron beam
intensity [2]. Efforts to enhance SCP performance have included covering the Nb bulk
with a thin lead (Pb) film [15], which is known as hybrid configurations which have also
been explored, as illustrated in Figure 1c. However, Pb films tend to oxidize when exposed
to air, which, although less severe than other semiconductor photocathodes, still poses a
challenge [26,27]. Like MPs, the main drawback of hybrid SCPs is the thinning of materials
due to the laser cleaning required to rejuvenate the emissive surface. To mitigate this, a
similar innovative configuration has been proposed for SCPs. This involves a Pb substrate
coated by a thin Nb film, with the central area masked to serve as the electron source
(see Figure 1d). This design maintains the cavity’s Q-value and does not compromise the
applicable electric fields. These special configurations are not necessary to develop semi-
conductor photocathodes, such as gallium arsenide (GaAs) and cesium telluride (Cs2Te)
for their superior QE compared to traditional metal photocathodes. GaAs, in particular, is
notable for its negative electron affinity surface, which dramatically enhances QE when
activated with cesium and oxygen [28,29]. However, these materials often suffer from rapid
degradation due to chemical reactions with residual gases in the vacuum system, which
necessitates frequent reactivation [30]. Furthermore, the operational lifespan of semicon-
ductor photocathodes can be limited by the damage incurred during the high-intensity
laser cleaning process, similar to the challenges faced with metallic and superconduct-
ing counterparts [30]. Advanced techniques, such as atomic layer deposition (ALD) and
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molecular beam epitaxy (MBE), are being explored to create more robust and long-lasting
semiconductor photocathodes by precisely controlling the film thickness and composition.

In this paper, we present our findings on MPs and SCPs, focusing on the non-
conventional configurations developed to enhance the photoemission performance and
extend their operational lifespan. The advantages and disadvantages of the three different
photocathode configurations are reported in Table 1.

Table 1. Advantages and disadvantages of the different photocathode configurations.

Configuration MP SCP Lifetime QE

Conventional Cu disk Nb disk Relatively long 1 Relatively small 2

Hybrid
Cu disk with a Y thin
film deposited on the

central area

Nb disk with a Pb
thin film deposited
on the central area

Shorter than
conventional 3

Higher than
conventional 4

Non-
conventional

Y disk with a Cu
annular thin film

Pb disk with a Nb
annular thin film

Much higher than
hybrid 5

Higher than
conventional 4

1 High chemical inertness; 2 High WF; 3 Thinning of the film due to the laser cleaning treatment; 4 Low WF;
5 Bulk as photoelectron source.

2. The Choice of the Deposition Technique

Various techniques have been employed to deposit metallic thin films used as electron
sources [15,31,32]. Among these methods, the PLD technique stands out for its ability to
ensure the robust bonding of metallic films to substrates, even when applied at an ambient
temperature [21,32,33]. When selecting a deposition technique for metals such as Cu, Mg,
and Pb for photocathode applications, the PLD technique presents distinct advantages over
other Physical Vapor Deposition (PVD) methods. Techniques such as thermal evaporation,
electron beam evaporation, sputter deposition, cathodic arc deposition, and molecular beam
epitaxy (MBE) each have specific drawbacks that make them less suitable for high-quality
photocathode fabrication.

Thermal evaporation often suffers from contamination due to the inclusion of im-
purities in the evaporated material. Additionally, achieving precise control over the film
thickness is challenging, and scaling the process for larger substrates is problematic [34].
Moreover, the adherence of the film deposited by this technique is poor [31]. Electron beam
evaporation, while offering some improvements, introduces high equipment costs and
substrate heating issues that can damage sensitive materials. This method also struggles
with precise thickness control, particularly for materials with high melting points [35].

Sputter deposition, another common PVD technique, frequently induces stress in the
films, leading to potential cracking or delamination. Its lower deposition rates extend the
process times, and the high-energy ions used can damage the substrate [36]. Cathodic
arc deposition, although capable of high deposition rates, produces droplets that result in
rough surfaces and film defects. This method also causes significant substrate heating and
potential contamination from the cathode material [34].

MBE, known for producing high-quality films, is hindered by extremely high costs,
slow deposition rates, and the requirement for ultra-high vacuum conditions. These factors
increase the operational complexity and restrict the throughput, making MBE less suitable
for large-scale applications [37].

In contrast, PLD offers numerous advantages. It can produce high-quality, uniform
thin films with smooth surfaces and provides precise control of the deposited films’ thick-
ness. PLD is versatile, capable of depositing a wide range of materials, including complex
alloys and compounds, while minimizing contamination due to the laser ablation process.
Despite its relatively low deposition rates, it is suitable for thin films, and can be optimized
to minimize substrate heating and damage. These attributes make PLD a superior choice
for the deposition of metals like Cu, Mg, and Pb for photocathode applications [38].

A common setup for PLD involves a high vacuum chamber made of stainless steel
(10−5–10−6 Pa), where the substrate is placed parallel to the target, typically 4–5 cm apart.
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To prevent the development of significant craters or directional formations, the target
undergoes rotation and displacement during deposition, a practice followed in our previous
research. Ultraviolet-visible lasers are frequently utilized due to their effective interaction
with various target materials. The pulsed laser beam strikes the target surface at a 45◦

angle, delivering a power density ranging from 0.1 to 1 GW/cm2, within nanosecond
durations. Depending on specific parameters, metallic films are deposited on the substrate
at rates typically measured in tenths of an angstrom per laser pulse. A notable strength
of PLD lies in the strong adherence of these films to the substrate, a characteristic that
has been consistently highlighted. Measurements using time-of-flight techniques indicate
that the plasma’s average ion kinetic energy can vary significantly, potentially reaching
several hundred electron volts, depending on the laser intensity [39–42]. The QE of the
films is typically measured in a high vacuum system where the photocathode is aligned
in front of the anode such that a laser beam can be focused on the photocathode surface
without affecting the anode. An intense electric field, within the megavolt per meter range,
is applied between the anode and cathode, and the emitted current is measured with
respect to the laser energy hitting the photocathode surface. The QE of the photocathodes
prepared by PLD was studied using a custom-built photodiode cell, designed according to
the specifications mentioned earlier, as illustrated in Ref. [31].

3. Photocathodes Assembly
3.1. Hybrid and Non-Conventional Configurations of Metallic Photocathodes

Previous studies extensively cover the operational principles and characteristics of
traditional MPs [3,19,43]. Copper is frequently used in these applications due to its high
chemical stability, long lifespan, low electrical resistivity, good thermal conductivity and
economical cost, which enhance the quality factor of RF cavities. Nevertheless, Cu exhibits
a low QE of 2.0 × 10−5 at 266 nm [17], necessitating the utilization of powerful UV lasers
to overcome its high WF (see Table 2). Even photocathodes based on Mg with a WF of
3.6 eV require the use of the fourth harmonic of a Nd:YAG laser (266 nm, 4.66 eV) or
the third harmonic of a Ti:sapphire (267 nm, 4.64 eV). That means much less energy and
stability of the drive laser. On the contrary, the low WF value of Y (3.1 eV) allows one
to drive photocathodes based on this metal with the third harmonic (355 nm, 3.5 eV) of
the Nd:YAG laser. However, many facilities still use Mg [44] as a photocathode due to its
relatively high QE (7.6 × 10−4 at 266 nm) and to the lower chemical reactivity than that
of Y. These two metals react with hydrogen- and oxygen-containing molecules such as
H2, H2O, CO2, and O2, forming hydrides and oxides on the surface [45]. However, it is
important to note that the oxidation processes in bulk metal photocathodes are significantly
less severe compared to those in semiconductor photocathodes. Recently, “smart” cathodes
designed with thin films to enhance QE and extend longevity have been developed. The
hybrid design, featuring a thin film realized on the middle part of a conventional metallic
cathode (see Figure 1a,c), has been implemented for both MPs and SCPs. Figure 2a,b
illustrate the collected charge vs. the function of laser energy for Y thin films on Cu in a
hybrid configuration and for Cu bulk after laser cleaning. The linear correlation between
the collected charge and laser energy suggests that photoemission takes place through a
one-photon absorption mechanism. Additionally, the minimal space charge effect, resulting
from the low collected charge, further supports this. The slope corresponding to the
continuous line correlates to the QE value [32]. Figure 2a,b illustrate that the QE of the Y
thin film on Cu is substantially greater than that of bulk Cu under identical conditions and
is also corroborated by the literature [21]. The most important photo-emissive properties of
the metals used in metallic and superconducting photocathodes are shown in Table 2.
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Table 2. Relevant photo-emissive properties of the most used bulk metallic photocathodes (conven-
tional configuration).

Cu Mg Y Nb Pb

Work function (eV) 4.6 [46] 3.6 [47] 3.1 [48] 4.3 [49] 4.2 [49]

QE (at 266 nm) Bulk 2.0 × 10−5

[17]
7.6 × 10−4

[21]
3.0 × 10−4

[21]

3.2 × 10−6 at
248 nm

[13]

7 × 10−5

[50]

Operational lifetime
(yrs) [51] No limit ~1 <1 No limit >1

Compatibility with
a Cu RF gun Very high Medium Low - -

Compatibility with
a Nb SCRF gun - - - Very high High
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Figure 2. Collected charge as a function of laser energy after laser cleaning treatment for Y thin film
deposited on Cu in hybrid configuration (a) and for Cu bulk (b). Continuous lines are the data-fitting
curves (Figure 2a reproduced from ref. [21] and Figure 2b reproduced from ref. [17]).

As previously noted, Y and Mg films deposited by the PLD technique typically range
from hundreds of nanometers to a few micrometers in thickness, often insufficient to endure
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repeated cleaning processes required for operational use. Thicker films, whether deposited
by PLD or other methods, often result in high mechanical strain and cracking, leading to
the detachment of the film from the RF gun back flange. Several approaches have been
suggested to resolve this problem, including friction welding [52], hot isostatic pressing [53]
and press-fitting bulk disks [47].

However, inserting a disk of another material into the middle section of a Cu photo-
cathode introduces minute discontinuities between the two metals, causing undesirable
electrical discharges and reducing the RF cavity’s quality factor. On the contrary, the
discontinuity between the substrate and the thin film in the non-conventional layout is
very smooth. Thus, the non-conventional configuration mentioned earlier and shown in
Figure 1b,d appears to be the most effective alternative to prevent these issues and the
thinning process [48]. This innovative design allows the metallic photocathode to retain
the photoemissive properties of Y bulk [24]. Indeed, with the present assembly, the laser
cleaning process is related to bulk metal (Y or Mg) and not to the thin film. The most thor-
oughly investigated MP in this non-conventional setup is a Cu thin film annularly realized
on a Y disk (see Figure 1b), combining photoemissive characteristics of Y with electrical
properties of Cu. The conductive Cu thin films were analyzed morphologically, structurally
and electrically to ensure their suitability for application. Scanning electron microscopy
(SEM) showed the presence of small droplets on the Cu surface, albeit in smaller quantities
compared to other metal deposition techniques [2].

The structural characteristics of the Cu film on the Y substrate, deposited by sub-
ps laser pulses, utilized as a photocathode, were analyzed by X-ray diffraction (XRD).
The XRD pattern in Figure 3 indicates peaks corresponding to the (111), (200) and (220)
crystallographic planes of Cu, while other peaks are attributed to the Y polycrystalline
substrate. Both morphological and structural analyses indicate the Cu film’s promising
properties for application, and its high adherence to the Y substrate is also confirmed.
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Figure 3. XRD pattern of Cu film deposited by PLD technique on a Y disk by sub-ps laser pulses. The
peaks labeled as * can be ascribed to the Y polycrystalline (reproduced from ref. [48]).

This excellent physical performance is mainly tied to the substantial kinetic energy of
particles within the Cu plasma during the laser ablation procedure. The mean electrical
resistivity of a 100 nm thick Cu film on a Y substrate was measured at 2.3 × 10−6 Ω·cm,
translating to a sheet resistance of 3.1 × 10−1 Ω/sq [24]. This measured resistivity value is
about 36% higher than that of bulk high-purity Cu (1.69 × 10−6 Ω × cm) [54], likely due to
electron scattering caused by the atomic-scale surface roughness of the deposited film [55].

3.2. Hybrid and Non-Conventional Configurations of Superconducting Photocathodes

Superconducting photocathodes leverage the unique properties of superconducting
materials to generate high-brightness electron beams with minimal energy dissipation. Nb
and Pb are the most commonly used materials in SCPs due to their favorable supercon-
ducting properties. Due to its high critical temperature and good mechanical properties,
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is widely used in SRF cavities. Pb, although having a lower critical temperature, offers a
higher QE when used as a photoemissive material. The combination of these materials in
hybrid configurations aims to utilize the high QE of Pb and the robust superconducting
characteristics of Nb [25]. The deposition methods, like PLD, for creating these hybrid
configurations are critical as they affect the film’s adherence, uniformity, and overall per-
formance. The challenge of maintaining surface cleanliness and preventing oxidation
is paramount, as these factors directly impact the photoemissive efficiency and lifespan
of SCPs. The hybrid configuration for superconducting photocathodes (SCPs) primarily
incorporates Nb and Pb metals. These devices are created by depositing a thin Pb film
onto a Nb substrate employing numerous deposition methods, such as electroplating,
arc deposition, sputtering, and thermal evaporation [15,31,34,56–58]. Figure 4 shows the
XRD pattern of the Nb film, indicating that the PLD film is largely amorphous, with a weak
peak around 38◦ corresponding to the (110) crystalline planes. Other peaks are attributed
to the Pb substrate.
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Figure 5a,b display the electron charge emitted from a Pb thin film prepared by PLD
in a hybrid configuration compared to Pb bulk versus the laser energy.
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The QE values for Pb bulk and Pb thin film are 7 × 10−5 and 8 × 10−5 at 266 nm,
respectively [50], which are significantly higher than the 3.2 × 10−6 QE of the Nb bulk
at 248 nm [13]. However, it is observed that a slight space charge effect occurs at laser
energies exceeding 35 µJ. Despite the good chemical stability of Pb, its surface oxidizes
when exposed to air, necessitating laser cleaning before its use in SRF guns. As with MPs,
these cleaning processes lead to the thinning of the photoemitting surface, compromising
the performance and lifespan. Consequently, alternative mechanical and physical solutions
have been explored by various research groups.

In a non-conventional set-up, a configuration was proposed where a Pb disk is entirely
coated with a Nb thin film, excluding its central surface, which serves as the photo-emitting
area (Figure 1d) [25]. As in the case of metallic photocathodes, in the non-conventional
configuration the drive laser acts on the Pb bulk and not on the thin film. Mechanical
solutions face similar challenges as those with MPs; thus, PLD appears to be an optimal
technique for depositing highly adherent thin films. The Nb films were analyzed for their
morphological, structural and electrical properties, as well as mechanical properties.

Nano-indentation analysis determined the mechanical properties of the Nb film,
revealing a good hardness value of 2.8 ± 0.3 GPa [25]. It is crucial to avoid surface scratches
on photocathodes, as these can cause electrical discharges under the high electric fields in
superconducting cavities.

Another vital characteristic of SCPs is their electrical compatibility with superconduct-
ing cavities. Figure 6 shows the sample resistance as a function of temperature, with two
noticeable discontinuities: one at 9.3 K, corresponding to the critical temperature of Nb,
and another at 7.3 K, near the critical temperature of Pb [25].
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In this non-conventional configuration, SCPs have similar photoelectrical properties to
Pb bulk. These findings indicate that the non-conventional setups for both MPs and SCPs
show the greatest potential and dependability among the various proposed configurations
(see Tables 1–4).
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Table 3. Photo-emissive properties of PLD thin film in hybrid configuration.

Mg Y Pb

QE (at 266 nm) 1.8 × 10−3 [21] 3.3 × 10−4 [21] 8.0 × 10−5 [50]

Operational lifetime * 2–3 months [18] 3–5 months * 4–6 months [31]

Compatibility with a
Cu RF gun High Medium -

Compatibility with a
Nb SCRF gun - - High

* Expected value.

Table 4. Photo-emissive properties of PLD thin film in non-conventional configuration.

Mg Bulk Cathode
with Cu-Mask

Y Bulk Cathode
with Cu-Mask

Pb Bulk Cathode
with Nb-Mask

QE (at 266 nm) 7.6 × 10−4 3 × 10−4 7 × 10−5 [50]

Operational lifetime (yrs)
Similar to those of bulk materials

given in Table 2
~1 <1 >1

Compatibility with a Cu RF gun Very high High -

Compatibility with a Nb SCRF gun - - Very high

4. Conclusions

This study presents a comprehensive exploration of advanced photocathode con-
figurations aimed at enhancing the performance of MPs and SCPs fabricated via PLD.
The comparative analysis of conventional, hybrid, and non-conventional configurations
demonstrates significant improvements in QE, operational longevity, and integration with
RF cavities.

The hybrid configuration, where thin films of high-performance materials such as Y
or Pb are deposited onto conventional Cu or Nb substrates, offers distinct advantages. This
approach enhances the photoemission properties while maintaining good electrical com-
patibility with RF cavities. The thin film design allows for a higher QE than conventional
metallic photocathodes, making it a viable solution for improving the efficiency of electron
sources. However, the hybrid configuration faces challenges related to the thinning of the
photoemissive layer during the laser cleaning process, which limits its operational lifespan.
Despite this, the hybrid photocathodes represent a significant step forward in leveraging
thin-film technology to optimize the photocathode performance.

In parallel, the non-conventional configuration represents a further advancement by
mitigating the thinning issue. By using bulk Y and Pb materials directly exposed to the
drive laser, while surrounding these with Cu or Nb films for electrical compatibility, this
configuration combines the best of both worlds: the superior photoemission of Y and Pb
and the robust structural and electrical properties of Cu and Nb. This design not only
extends the operational lifespan, but also maintains a high QE over time, positioning the
non-conventional configuration as a highly durable and efficient option for demanding
applications. Both the hybrid and non-conventional configurations underscore the novelty
of this study, as they provide new pathways for improving the photoemission efficiency
and stability of photocathodes used in next-generation accelerators such as FELs and
plasma wakefield accelerators. The hybrid configuration offers a near-term solution with a
higher QE than conventional designs, while the non-conventional configuration pushes the
boundaries of photocathode technology by addressing long-term operational issues.

These findings lay the groundwork for future innovations in photocathode design,
demonstrating the potential for integrating advanced materials and configurations to enhance
the electron source performance. The contributions of both configurations represent substan-
tial progress toward meeting the stringent requirements of modern accelerator technologies.
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Abstract: Nowadays, H13 hot work steel is a commonly used hot work die material in the indus-
try; however, its creep behavior for additively manufactured H13 steel parts has not been widely
investigated. This research paper examines the impact of volumetric energy density (VED), a critical
parameter in additive manufacturing (AM), and the effect of post heat-treatment nitrification on
the creep behavior of H13 hot work tool steel, which is constructed through selective laser melting
(SLM), which is a powder bed fusion process according to ISO/ASTM 52900:2021. The study utilizes
nanoindentation tests to investigate the creep response and the associated parameters such as the
steady-state creep strain rate. Measurements and observations taken during the holding phase offer a
valuable understanding of the behavior of the studied material. The findings of this study highlight a
substantial influence of both VED and nitrification on several factors including hardness, modulus
of elasticity, indentation depth, and creep displacement. Interestingly, the creep strain rate appears
to be largely unaltered by these parameters. The study concludes with the observation that the
creep stress exponent (n) shows a decreasing trend with an increase in VED and the application of
nitrification treatment.

Keywords: additive manufacturing; selective laser melting; creep properties; nanoindentation

1. Introduction

Additive manufacturing (AM) has become a major focus of research in recent years.
This process involves building by precisely adding material layer by layer. AM offers
advantages over traditional manufacturing, such as faster production, reduced waste, supe-
rior customization, and the ability to create near-net shapes. Laser-based AM is particularly
useful for metallic parts in various industries. However, AM’s inherent complexity, arising
from multiple design and process variables, poses challenges for researchers and limits the
availability of commercial technologies [1–3].

Driven by the rising demand for AM, particularly selective laser melting (SLM),
the need for improved process development, especially for novel powder materials, has
intensified. In SLM, a high-power laser melts a layer of powder, building a solid part
layer by layer. The laser power, layer thickness, hatch width, and scanning speed are
crucial parameters that control the build process and significantly impact both the build
rate and the mechanical properties of the final part. Each material requires a specific set of
these parameters to achieve desired qualities like high density and surface roughness [4–6].
SLM enables the rapid production of complex, functional metallic parts. Like other AM
methods, SLM allows the creation of intricate geometries and features that are challenging
or impossible with traditional methods like machining or pressure casting. It also offers
the unique ability to manufacture parts with intricate internal cooling channels and lattice
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structures, and consolidate multiple components into single, functional units [6–13]. This
versatility, coupled with the wide availability of various metallic powders, makes SLM a
highly attractive AM technology.

To ensure that metal AM parts are suitable for industrial use, it is important to un-
derstand their mechanical behavior. This necessitates conducting experiments to assess
vital mechanical behavior such as tensile strength and elongation. Numerous studies have
already explored the impact of various printing configurations (like process parameters,
build orientation, and so on) on the mechanical performance of H13 tool steel compo-
nents produced through additive manufacturing [14–19]. However, beyond tensile testing,
nanoindentation is a commonly employed technique for assessing mechanical properties at
submicron levels and holds significant value for experimental studies in the basic physics
of materials. It facilitates the identification of individual occurrences like the activation
of dislocation sources, the onset of shear instability, and phase changes during the testing
process, by leveraging high-precision load-displacement data [20].

Recently, there has been a strong focus on studying the creep behavior and mecha-
nisms of micro- and nanostructured materials and thin films using nanoindentation creep
tests [21,22]. Nanoindentation creep experiments offer several distinct benefits over con-
ventional uniaxial creep tests. They can precisely measure localized creep characteristics
like those of a thin film applied to a substrate, which cannot be determined using tradi-
tional uniaxial creep tests. Additionally, nanoindentation creep methods do not require
a significant specimen volume, and multiple repeated tests can be conducted on a sin-
gle sample. The duration of these tests is also considerably less than that of a standard
uniaxial creep test [23]. Nguyen et al. [24] investigated the nanomechanical properties of
H13 steel fabricated using the SLM method. The study focused on the interrelationship
between the nanoindentation strain rate and hardness. The strain-rate sensitivity exponent
(m = 0.022) of this material indicated that the nanoindentation hardness increased in a
range of 8.41–9.18 GPa with an increase in the strain rate ranging from 0.002 to 0.1 s−1. In
another research, the main focus was the relationship between the nanoindentation strain
rate and hardness. The strain-rate sensitivity values were 0.022, 0.019, 0.027, 0.028, and
0.035 for SLM H13 at laser scan speeds of 100, 200, 400, 800, and 1600 mm/s, respectively.
This indicates that the hardness increases as the strain rate increases. Notably, the hardness
values of the SLM H13 at the 200 mm/s laser scan speed are the highest and least sensitive
to the strain rate compared to the H13 samples at other scan speeds [25,26].

In the current paper, the influence of crucial process-related additive manufactur-
ing parameters on the mechanical and creep behavior of H13 hot work tool steel was
investigated with the aid of nanoindentation tests. Additionally, the influence of nitri-
fication has been studied. More specifically, the influence of volumetric energy density
(VED) on the creep displacement, the creep strain rate, and the creep stress exponent (n)
was studied. Other similar studies have utilized a generalized physical model (so-called
“Maxwell–Voigt”) in order to reveal the plastic origin of high-entropy metallic glasses [27].
The presented research is very critical, because not many similar studies are available in
the literature concerning AM H13 hot work tool steel. The primary objective of this study
is the investigation of the creep behavior of additively manufactured H13 hot work tool
steel, with the intent of integrating it into standard industrial operations as a substitute for
traditionally produced steel. Given the lack of comparable research, this investigation is
poised to yield numerous significant findings. Figure 1 depicts the applied methodology of
the present research paper.
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Figure 1. Flowchart of the current research work.

2. Material and Methods
2.1. Materials and Sample Preparation

The material that has been selected to be investigated is the OERLIKON MetcoAdd™
H13-A (Westbury, NY, USA), an air-hardenable, iron-chromium martensitic steel powder.
Its chemical composition according to the manufacturer is shown in Table 1.

Table 1. PSD, Hall flow, and chemical composition for H13A powder according to the manufacturer.

Nominal Range (µm) D90 (µm) D50 (µm) D10 (µm) Hall Flow (s/50 g)

−45 + 15 50 34 21 ≤25

Weight Percent (nominal)

Fe Cr Mo Si V C
Balance 5.2 1.3 1.0 1.0 0.4

To achieve the desired mechanical behavior of H13 hot work tool steel, various printing
parameters were considered. The energy imparted to the material is a very important
variable in the SLM process, because it directly affects the characteristics of the molten pool
during formation and, consequently, the properties of the final part. This energy is known
as volumetric energy density (VED), measured in J/mm3, and is described as follows:

VED =
P

V ∗ h ∗ t

[
J

mm3

]
(1)

where P is the laser power (J/s), V is the scanning speed (mm/s), h is the hatch width
(mm), and t is the layer thickness (mm). Katancik et al. explored a range of printing
parameters [28]. The component with the highest density, exhibiting a relevant density of
99% and a porosity of less than 0.01%, was fabricated utilizing a volumetric energy density
of 760 J/mm3. This was accomplished with settings of 152 W laser power, 100 mm/s
scanning speed, 40 mm hatch spacing, and 50 mm layer thickness. In the current work,
the hatch width was selected constant at 40 µm, and the layer thickness at 25 µm. The
variables were the scanning speed and the laser power. The different combinations of
printing parameters are presented in Table 2.
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Table 2. Printing parameters for each set of testing specimens.

Sample VED (J/mm3) Laser Power (W) Scanning Speed (mm/s)

S1 50 100 2000
S2 57 100 1750
S3 58 115 2000
S4 66 115 1750
S5 68 135 2000
S6 75 150 2000
S7 77 135 1750
S8 80 100 1250
S9 86 150 1750

S10 92 115 1250
S11 100 100 1000
S12 108 135 1250
S13 115 115 1000
S14 120 150 1250
S15 135 135 1000
S16 150 150 1000

2.2. Nanoindentation Test

Nanoindentation experiments were conducted using a Shimadzu DUH-211S instru-
ment (Kyoto, Japan) equipped with a Berkovich diamond tip (included angle: 65◦, tip
radius: 100 nm). Cylindrical specimens were used for the conducted nanoindentation
tests. The calculation method of Oliver and Pharr has been used in order to determine the
indentation hardness and the elastic modulus of the SLM printed parts [29]. The inden-
tation’s maximum depth in the following function can be used in order to determine the
hardness (H):

H =
Pmax

A
(2)

where Pmax is the maximum applied load measured at the maximum depth of penetration
(hmax), and A is the projected contact area between the indenter and the film. For a perfect
Berkovich indenter, A can be calculated as a function of the contact indentation depth hf as

A = 33
√

3h2
f tan2 65 = 23.96h2

f (3)

The contact indentation, known as hf, can be calculated using the following formula:

h f = hmax − ε
Pmax

s
(4)

where ε is a geometric constant that takes a value of 0.75 for an indenter with the shape
of a pyramid, and S is the contact stiffness. The contact stiffness, S, can be revealed as the
gradient of the unloading curve at the point of maximum load as

s =

(
dP
dh

)

h=hmax

(5)

The reduced elastic modulus Er is given by

Er =
S

2β

√
π

A
(6)

where β is a constant that is determined by the shape of the indenter. For the Berkovich
indenter used in this case, the value of β is set to 1.034. Following this, the elastic modulus
of the specimen (ES) can be computed as per the following formula:
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1
Er

=
1 − v2

s
Es

+
1 − v2

i
Ei

(7)

where vi,s and Ei,s describe the Poisson’s ratio and elastic modulus, respectively. Further-
more, for a diamond indenter, the Poisson’s ratio (vi) is 0.07 and the elastic modulus (Ei) is
1140 GPa. The specimen’s elastic modulus (ES) and hardness (H) are calculated using the
equations mentioned above.

The instrument possesses a load resolution of 0.196 µN. All tests were performed at
room temperature. The nanoindentation procedure involved applying a controlled load
profile to the surface of the filaments via the diamond tip. The load profile consisted of a
continuous increase to a peak value of 800 mN, held constant for a dwell time of 3 s (creep
time), followed by a complete unload to zero force. The indentation depth was continuously
monitored as a function of the applied load. The average of 10 individual measurements
was employed to determine the elastic modulus and hardness of the material.

2.3. Nitrification

Concerning the next step of the nanoindentation experiments, the specimens under-
went surface treatment via nitridation to investigate their influence on mechanical behavior.
The nitrification program employed a two-stage cooling process and it is depicted in
Figure 2. The program encompassed a total duration of 20 h and 11 min. During the initial
phase (4 h and 12 min), the temperature steadily increased to reach the target value of
397 ◦C. Subsequently, ammonia gas was introduced into the furnace chamber (4 h and
42 min). The temperature was then elevated further to 500 ◦C within the next hour (5 h
and 46 min). This stage marked the initiation of the first nitriding step, which concluded at
8 h and 25 min. The second stage commenced with another temperature ramp, reaching a
peak of 530 ◦C at 13 h and 24 min. This stage concluded the nitriding process. A two-step
cooling sequence followed. The first stage reduced the temperature to 255 ◦C by 15 h and
24 min. The final cooling stage brought the temperature down to 70 ◦C, signifying the
completion of the nitridation program at 20 h and 11 min.
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3. Results and Discussion
3.1. Nanoindentation Test Results

Figure 2 depicts the results for the hardness and the modulus of elasticity. For all the
selected parameters, 10 sets of specimens were fabricated for each printing parameter and
the standard deviation of them is also depicted in this figure. Specimen 16 demonstrated
the utmost hardness, reaching 6191 ± 60 MPa. It becomes clear that as the VED increases,
there is a corresponding rise in hardness. The greatest modulus of elasticity was observed
in specimens 6 through 14 and 16, each surpassing 215,000 MPa. On the other hand,
specimens 1 and 2 presented the minimal elastic modulus, falling below 150,000 MPa.
These reduced modulus values are due to the use of varied printing parameters, which
were inadequate for achieving the required mechanical performance standards. In terms
of indentation depth, specimen 16 showed the most advantageous properties, with an
indentation depth of 2.11 ± 0.01 µm. The largest indentation depth was recorded for
specimen 1 at 2.7 ± 0.01 µm, a result of choosing additive manufacturing parameters that
did not meet the necessary mechanical performance benchmarks.

Nitrification significantly enhanced the nanoindentation behavior of H13 hot work tool
steel, making it more resistant to the extreme conditions of extrusion. Hardness increased by
up to 51.23% (Table 3), with specimen 16 exhibiting the highest value (8960 ± 77 MPa) after
treatment. The effect on elastic modulus was less pronounced, with an average increase of
around 4.3%. However, all specimens displayed a modulus exceeding 215,000 MPa.

Table 3. Comparative nanoindentation results for additively manufactured H13 hot work steel before
and after the nitrification process.

VED
Hardness (MPa)

Difference
Elastic Modulus (MPa)

DifferenceBefore After Before After

50 4196.78 6076.76 44.80% 141,520 177,000 25.07%
57 4444.36 6555.67 47.51% 148,280 182,780 23.27%
58 4553.83 6989.61 53.49% 182,900 204,500 11.81%
66 4666.16 7371.27 57.97% 205,100 193,300 −5.75%
68 4880.79 7431.27 52.26% 204,260 214,740 5.13%
75 4992.83 7515.16 50.52% 217,460 199,380 −8.31%
77 5093.64 7658.96 50.36% 229,140 190,700 −16.78%
80 5189.16 7810.58 50.52% 228,860 212,260 −7.25%
86 5235.03 7896.8 50.85% 205,900 221,740 7.69%
92 5334.36 8001.45 50.00% 227,780 240,820 5.72%
100 5386.71 8137.8 51.07% 221,200 201,540 −8.89%
108 5459.57 8232.46 50.79% 230,000 186,680 −18.83%
115 5548.13 8390.42 51.23% 208,280 228,700 9.80%
120 5648.06 8509.95 50.67% 207,360 236,780 14.19%
135 5903.83 8789.17 48.87% 208,440 204,220 −2.02%
150 6191.25 8960.81 44.73% 216,360 226,660 4.76%

3.2. Microstructural Characterization

The microstructure of the additively manufactured metal parts was investigated using
a Phenom ProX instrument (ThermoFisher Scientific, Waltham, MA, USA) scanning elec-
tron microscope (SEM) equipped with both a backscattered electron detector (BSD) and
a secondary electron detector (SED) for enhanced characterization. This combination of
detectors ensured a comprehensive analysis of the microstructure. Figure 3a illustrates the
microstructure of specimens fabricated with a low energy density. Large areas of unmelted
powder particles are evident, indicating incomplete fusion with the surrounding material.
These unfused regions contribute to surface irregularities and microstructural discontinu-
ities, which could potentially have a detrimental effect on the mechanical performance
of the final parts. To illustrate this point further, Figure 3a presents higher magnification
SEM images of specimens produced with a low energy density (50 J/mm3). Unmelted
particles are clearly visible within the microstructure. Conversely, as the energy density
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during printing increased, the presence of these unfused regions diminished. Figure 3b,c,
corresponding to energy densities of 100 J/mm3 and 150 J/mm3, respectively, demonstrate
a significant reduction in unmelted particles. This improved melting efficiency translates to
smoother surfaces and potentially enhanced mechanical properties.
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Figure 3. SEM images of the specimens: (a) low energy density (50 J/mm3), (b) medium energy
density (100 J/mm3), (c) high energy density (150 J/mm3).

3.3. Nanoindentation Creep Behavior

In order to study the creep behavior with nanoindentation tests, the data collected
during the holding stage of the experiment were used. The experimental data during the
holding stage could be well-fitted with the following equation [16]:

h = hi + a(t-ti)1/2 + b(t-ti)1/4 + c(t-ti)1/8 (8)

where h is the indenter displacement during the holding stage; t is creep time; and hi, ti, a,
b, and c are the best-fit parameters that came from Equation (8).

The experimental data and fitted creep displacement and time curve for S1 with VED
of 50 J/mm3 without nitrification during the nanoindentation holding stage are typically
depicted in Figure 4. The red line represents the fitted curve according to Equation (8) and
the blue dots show the experimental results. Furthermore, Table 4 shows the values of the
best-fit parameters from Equation (8). It is clearly revealed that the fitted curve presents an
almost perfect agreement with the experimental results for the ambient-temperature creep
of the H13 additively manufactured hot work tool steel during the holding stage of the
nanoindentation test. The best-fit parameters have been found with the aid of a command
line–driven graphing utility (Gnuplot/www.gnuplot.info, accessed from 2 September 2022
until 15 December 2022), where the parameters that satisfy Equation (8) according to the
collected data from the experiments have been calculated.
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Figure 4. Experimental and fitted creep displacement and time curve for Sample 1 with a VED of
50 J/mm3 without nitrification.

Table 4. Values of the best-fit parameters and asymptotic Standard Error S1 with a VED of 50 J/mm3

without nitrification.

Set of Parameters Asymptotic Standard Error

a = 0.00538866 ±0.001072 (19.89%)
b = 0.019735 ±0.003034 (15.38%)

c = −0.0144336 ±0.002013 (13.95%)
hi = 2.55421 ±0.0002216 (0.0087%)
ti = 12.6707 ±0.01187 (0.09366%)

The research data presented in Figure 5 illustrate the creep displacement–time curves,
which were derived through the process of nanoindentation. These curves represent the
outcomes for 16 distinct conditions of volumetric energy density (VED), both with and
without the application of a nitrification heat-treating process, as detailed in Table 5. The
results of this study underscore the substantial impact of both VED and nitrification on
the creep behavior of the material under investigation. In the case of specimens that
did not undergo nitriding, an increase in VED from 50 J/mm3 to 150 J/mm3 led to a
notable decrease of 31.32% in creep displacement, changing from 0.0166 µm to 0.0114 µm.
Similarly, specimens that were subjected to nitriding displayed a 33.79% reduction in
creep displacement, decreasing from 0.0145 µm to 0.0096 µm, when the same VED values
were applied. It is worth noting that the process of nitrification consistently resulted in
a reduction of creep displacement across all VED conditions, with an average decrease
observed to be 24.54%.

These findings highlight the synergistic effect of VED and nitrification on enhancing
the creep resistance of H13 hot work tool steel, which was fabricated using the selective
laser melting (SLM) technique. The combination of a VED of 150 J/mm3 and the application
of a nitrification treatment resulted in the lowest observed creep displacement, indicating
the potential for optimizing the material’s performance in this regard.
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nitrification.

According to Mayo et al. [19], the creep strain rate
.
ε was calculated from displacement

through the following equation:
.
ε =

.
h
h
=

1
h

dh
dt

(9)

The creep strain rate data were calculated by differentiating the fitted creep h-t curves
in the hold stage with Equation (8) while Figures 6 and 7 depict the creep strain-time curves
for the 16 selected volumetric energy density (VED) conditions (S1–S16), both with and
without the nitrification heat-treating process. It can be seen that the creep

.
ε-t curves consist

of the following two stages: a transient one and a steady-state one. At the beginning of the

72



Materials 2024, 17, 3756

load holding, a very high creep strain rate was measured and then the creep strain rate
decreased rapidly. This phenomenon may occur due to work hardening caused by the
plastic deformation, corresponding to the transient creep. After a holding time of 2.3 s, an
almost steady-state creep phase is depicted and a very slow decrease in the creep strain rate
with increasing creep time is revealed [20]. From Figures 6 and 7, it is evident that there is
no important change concerning the creep strain rate over the creep time for both VED and
nitrification, but a small decrease in the creep strain rate with the use of nitrifications can be
detected. Liu et al. concluded to the same insensitivity concerning the steady creep strain
rate due to the dislocation creep phenomenon [30]. In each diagram, a detailed image has
been superimposed, where the difference between the different aging conditions is more
clearly visible.

Table 5. Creep displacement for different VED conditions.

Sample
Number

VED
(J/mm3)

Creep
Displacement

(µm) *
% Change

Creep
Displacement

(µm) **
% Change

S1 50 0.0166 - 0.0145 -
S2 57 0.0148 −10.84% 0.0119 −17.93%
S3 58 0.0149 0.68% 0.0117 −1.68%
S4 66 0.0148 −0.67% 0.0108 −7.69%
S5 68 0.0143 −3.38% 0.0103 −4.63%
S6 75 0.0142 −0.70% 0.0105 1.94%
S7 77 0.014 −1.41% 0.0104 −0.95%
S8 80 0.0141 0.71% 0.0102 −1.92%
S9 86 0.0139 −1.42% 0.0106 3.92%

S10 92 0.0132 −5.04% 0.0104 −1.89%
S11 100 0.0129 −2.27% 0.0101 −2.88%
S12 108 0.013 0.78% 0.01 −0.99%
S13 115 0.0129 −0.77% 0.0103 3.00%
S14 120 0.0121 −6.20% 0.0101 −1.94%
S15 135 0.0119 −1.65% 0.0102 0.99%
S16 150 0.0114 −4.20% 0.0096 −5.88%

* without nitrification; ** with nitrification.

The dominant creep mechanism and the ambient-temperature creep behavior of the
materials can be studied by Equation (10) of the stress (s) and the creep strain rate (

.
ε) [21]:

.
ε = ασn (10)

where n is the creep stress exponent and α is a material constant. The stress in a nanoin-
dentation test should be connected to the pressure applied by the indenter. From the
relationship of H = P/A = P/24.56hc

2 (where P is the holding load and A is the projected
contact area of the Berkovich tip), the following equation for the creep stress in the holding
stage can be easily assumed based on σ = (H/3)/(hmax/h)2 [22]. Moreover, the creep stress
exponent n is derived by determining the slope of the ln

.
ε versus lnσ plot according to

Equation (11):

n =
d
(
ln

.
ε
)

d(lnσ)
(11)
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Figure 8 depicts the ln
.
ε versus lnσ diagrams, using the definitions of creep strain rate

and stress, for the 16 selected volumetric energy density (VED) conditions, both with and
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without the nitrification heat-treating process. In order to make the calculations for each
one of the selected specimens according to the different VED conditions and the use of
nitrification as a heat-treating process, only the steady-state creep is taken into consideration
because the value of the creep stress exponent differs at different locations in the creep
strain rate vs. stress curve.
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Furthermore, the values of the steady creep strain rate (
.
ε) and the creep stress exponent

(n) for the different VED conditions without and with the stage of nitrification are shown
in Tables 6 and 7, respectively. It is evident that the steady creep strain rate does not vary
significantly with the VED values. The values are very low and as a result very sensitive to
change that it will not be safe to make a clear assumption. The main reason for this may
be that despite the values of VED, there might be important differences to the printing
parameters from which the VED are revealed. This might be a good starting point for future
research. However, concerning the creep stress exponent (n), it seems that with increasing
the VED from 50 J/mm3 to 150 J/mm3, there is a total decrease of 43.32% (from 6.67 to 3.78)
for non-nitrided specimens. Similarly, the nitrided specimens exhibited a 50.73% reduction
(from 5.48 to 2.70). Finally, nitrification consistently reduced the stress exponent (n) across
the majority of VED conditions, with an average decrease of 2.94%.

Table 6. Steady creep strain rate (
.
ε) for different VED conditions.

Sample
Number

VED
(J/mm3)

Steady Creep
Strain Rate (e) * % Change Steady Creep

Strain Rate (e) ** % Change

S1 50 0.00088045 - 0.000481014 -
S2 57 0.000745593 −15.32% 0.000667245 38.72%
S3 58 0.000542276 −27.27% 0.000226144 −66.11%
S4 66 0.001308202 141.24% 0.000833911 268.75%
S5 68 0.000716387 −45.24% 0.000682166 −18.20%
S6 75 0.000872306 21.76% 0.000856347 25.53%
S7 77 0.000953821 9.34% 0.001076213 25.67%
S8 80 0.000655186 −31.31% 0.000763662 −29.04%
S9 86 0.001507832 130.14% 0.000433518 −43.23%

S10 92 0.001126749 −25.27% 0.001126749 159.91%
S11 100 0.001182228 4.92% 0.001257004 11.56%
S12 108 0.000862596 −27.04% 0.000811422 −35.45%
S13 115 0.000953821 10.58% 0.0006205 −23.53%
S14 120 0.000760173 −20.30% 0.000833777 34.37%
S15 135 0.000634656 −16.51% 0.001090283 30.76%
S16 150 0.000799513 25.98% 0.000830285 −23.85%

* without nitrification; ** with nitrification.

Table 7. Creep stress exponent (n) for different VED conditions.

VED (J/mm3)
Creep Stress

Exponent (n) * % Change Creep Stress
Exponent (n) ** % Change

50 6.675110931 - 5.486328588 -
57 4.199017749 −37.09% 4.501311944 −17.95%
58 3.229997014 −23.08% 11.39958664 153.25%
66 3.485868021 7.92% 2.971131928 −73.94%
68 5.86734502 68.32% 3.290291092 10.74%
75 4.538255719 −22.65% 2.687519724 −18.32%
77 4.710518564 3.80% 2.031330012 −24.42%
80 6.566776868 39.41% 3.036948594 49.51%
86 2.950171409 −55.07% 5.068478173 66.89%
92 3.842315907 30.24% 4.180542552 −17.52%

100 3.274040411 −14.79% 1.773010121 −57.59%
108 4.855511694 48.30% 1.986774532 12.06%
115 2.568365618 −47.10% 4.159389552 109.35%
120 4.111052477 60.06% 2.877173982 −30.83%
135 4.44471448 8.12% 1.850538219 −35.68%
150 3.780465456 −14.94% 2.704244278 46.13%

* without nitrification; ** with nitrification.
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4. Conclusions

The effect of volumetric energy density (VED) and the use of nitrification as a heat-
treating process on the creep behavior of H13 hot work tool steel produced with the SLM
process, and relevant creep parameters such as steady creep strain rate (

.
ε) and the creep

stress exponent (n), were investigated in the presented research using nanoindentation tests.
Concerning the hardness, the modulus of elasticity, and the indentation depth, specimen
16 with a VED of 150 J/mm3 exhibits the most favorable characteristics both before and
after the nitrification process. Nitrification significantly enhanced the nanoindentation
behavior of H13 hot work tool steel. Hardness increased by up to 51.23%, with speci-
men 16 exhibiting the highest value (8960 ± 77 MPa) after heat treatment. The effect
on the elastic modulus was less pronounced, with an average increase of around 4.3%.
However, all specimens displayed a modulus exceeding 215,000 MPa after nitrification.
Moreover, a significant influence of both VED and nitrification on creep behavior has been
revealed. Non-nitride specimens displayed a 31.32% reduction in creep displacement (from
0.0166 µm to 0.0114 µm) as the VED increased from 50 J/mm3 to 150 J/mm3. Similarly,
nitride specimens exhibited a decrease in creep displacement of 33.79% (from 0.0145 µm
to 0.0096 µm) at these VED levels. Furthermore, nitrification consistently reduced creep
displacement across all VED conditions, with an average decrease of 24.54%. Finally, de-
spite that the steady creep strain rate does not vary significantly with the aging process, the
creep stress exponent (n) seems to decrease by 43.32% (from 6.67 to 3.78) for non-nitrided
specimens and 50.73% for the nitride ones.

To sum up, the aforementioned studies pave the path for initiating considerations of
the creep behavior in additively manufactured H13 steel components. Given the criticality
of creep resistance in the high-performance applications typically associated with these
metals, understanding this behavior is paramount.
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Abstract: The combination of Direct Metal Deposition (DMD) with milling offers numerous advan-
tages for the manufacturing of complex geometry parts demanding high dimensional accuracy and
surface quality. To reach this, a process strategy alternation between both processes is often required,
leaving the milled surface with a layer of cooling fluid before adding material by DMD. This paper
investigates the effect of cooling liquid on the milled interface in the combined process of milling and
DMD. Five different interface conditions were examined, employing four distinct cleaning techniques
to assess their impact on the quality of the interface. Key metrics analysed included hydrogen content,
carbon content, and porosity levels at the interface. Cleaning techniques were evaluated to determine
their necessity in enhancing the interface quality in the combined DMD and milling production
process. Results from this study provide essential insights into the optimal cleaning requirements
for improving the interface integrity in hybrid manufacturing processes, which could lead to more
reliable and efficient production methods in industrial applications.

Keywords: additive manufacturing; directed metal deposition; hybrid process; cooling liquid;
Inconel 718

1. Introduction

Direct Metal Deposition (DMD) is a metal AM technology that involves the layer-by-
layer deposition of metal powder using a focused energy source (e.g., a laser) to melt and
fuse the powder particles onto a substrate or previously deposited layer [1]. This process
allows for repairs, applying wear- and corrosion-resistant coatings, and creating complex
metal parts. This innovative method can be combined with conventional subtractive manu-
facturing techniques, such as milling, to form a hybrid manufacturing process that increases
the dimensional accuracy and surface finish of the resulting parts. Using the advantages of
both additive and subtractive methods can significantly increase manufacturing flexibility,
reduce material waste, and enable the production of components with complex geome-
tries that were previously almost impossible to fabricate by conventional manufacturing
methods. It opens a new perspective in manufacturing technology, offering a way to more
efficient, sustainable, and customisable production of highly loaded products for various
applications from medical to aerospace.

Aerospace parts are often made of hard-to-machine alloys (e.g., nickel- or titanium-
based alloys), which represents a technological challenge in machining from an economic
and technological point of view. One of the most commonly used nickel-based superalloys
is precipitation-hardening nickel-based alloy Inconel 718 (IN718), developed by the Nickel
Corporation in the 1950s. It has a high level of mechanical properties, including superior
creep resistance, excellent oxidation and corrosion resistance at elevated temperatures up
to 650 ◦C, and good weldability [2,3]. These properties ensure its wide application in the
aerospace industry.
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Nevertheless, Inconel is a hard-to-machine material [4], and the heat generated by
machining is excessive due to its high toughness and strength, even at high temperatures.
Due to its low thermal conductivity, heat is concentrated on the tool surface during the
machining of Inconel, which leads to increased tool wear. During the machining of these
alloys, the temperature and stresses near the cutting tool edge are significantly high, making
it susceptible to damage such as flank wear, notching wear, and edge chipping. These issues
result in a reduced tool lifespan and a decline in the integrity of the finished surface [5].
Additionally, welding and adhesion of the machined material to the cutting tool frequently
occur, causing severe notching and altering the tool’s rake face due to the subsequent
pull-out of the coating and tool substrate [6]. Therefore, various cooling and lubrication
methods are used in the milling process to reduce cutting forces and tool wear. For nickel
alloys, a great variety of methods such as dry cutting, flood cutting, cryogenic cutting,
and cryogenic minimum quantity lubrication can be used for this purpose [7]. Despite the
variety of methods, cutting flood cutting using water-oil emulsions with a concentration
of about 3–9% or minimal quantity lubrication (MQL) is most common in industry [8].
Based on this, it was concluded that the use of cutting fluids in both the combined DMD
and milling process will be unavoidable for hard-to-machine materials in most cases. It
may lead to interface contamination in the sequential surfacing and milling process. The
following sections present research on the combined process, highlighting the significance
of ongoing investigations in this field and reviewing the current state of the art.

Researchers [9–13] studied the machinability of IN718 produced by AM methods.
Their findings showed the influence of the porosity and heat treatment on the cutting forces,
tool wear, or surface roughness. These results indicate a strong interest in the topic of
machining parts produced by AM methods.

Song et al. [14] reported on a hybrid approach called “3D welding and milling” that
combines gas metal arc welding with milling. The study focuses on the early stages of
process development and characterises parts fabricated using this approach. It delves into
the results, highlighting the unique capabilities of this hybrid process in fabricating metallic
prototypes and potentially overcoming limitations of surface finish and accuracy often
associated with additively manufactured parts.

Soffel et al. [15] focused on the fabrication of parts using casting, interface milling, and
DMD. They reveal that different processing routes impact the mechanical properties and
bonding quality of the final product. This highlights the importance of understanding how
DMD and milling interact at the interface level.

Authors like Barckhoff [16] and Alsher et al. [17] have noted that before laser welding,
any lubricants on the surface should be cleaned off to prevent the formation of gas bubbles
and pores. Cortina et al. [18] analysed the impact of using cutting fluid in a hybrid
manufacturing process that combines additive and machining operations of IN718. The
paper examines whether DMD after machining is feasible without requiring intermediate
cleaning to remove residual cutting fluids. It concludes that if the part surface is not
adequately cleaned after machining, it could lead to poor quality in the subsequent laser
additive operation. However, in this work, only the porosity of the prepared samples
was evaluated. In addition, the samples themselves are only single-layered on a forged
substrate, which does not fully reflect the real combined manufacturing process of 3D parts,
which is a multilayer cladding on an already deposited part of the workpiece.

It is known that cutting fluids, remaining in the zone of interaction with the laser
during further cladding, are subjected to heating, vaporisation, and dissociation, which
can accelerate the diffusion of hydrogen or carbon into the material, leading to undesirable
effects such as hydrogen embrittlement. Aiello et al. [19] investigated the effect of H
content in IN718 manufactured by Selective Laser Melting (SLM). Tests were carried out
at hydrogen concentrations up to 28 parts per million (ppm). The results show hydrogen
embrittlement at hydrogen concentrations starting from 2.7 ppm (drop in elongation at
break by about 10%). This suggests a significant effect of hydrogen concentration on the
properties of IN718.
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Thus, the problem of using coolant in hybrid processes is an important issue that
requires further study. Research in this direction can assist in determining the need for
an additional technological cleaning operation, which is likely to increase the cost of the
process and the final product. The aim of this study is to investigate the effect of interface
cleaning methods in a combined DMD + milling process on the quality of the interface
itself by studying the porosity, carbon and hydrogen content on multi-layer samples. To the
best of the authors’ knowledge, the impact of liquids on the subsequential DMD process
has not been investigated in such detail previously.

2. Materials and Methods
2.1. Experimental Setup

The nickel-based superalloy Inconel 718 (Oerlikon Metco AG, Oerlikon, Switzerland)
was selected for the experiments. A 5-axis combined milling and DMD machine GF
HPM 450 U (Georg Fischer AG, Schaffhausen, Switzerland) was used for additive buildup
of specimens. Additive manufacturing of the DMD structures was performed with the
integrated laser processing system Ambit S5 from HMT (Hybrid Manufacturing Technolo-
gies, Midlands, UK) that includes an IPG YLR-1000-MM-WC (IPG Photonics Corporation,
Oxford, MA, USA) fibre laser. The working distance of the processing head was set at
8.0 mm, which resulted in an approximate melt pool width of 2.2 mm. Argon is used as
shielding gas, nozzle protection, and powder carrier gas at flow rates of 8 L/min, 6 L/min,
and 4 L/min, respectively. The material composition of the used powder is detailed in
Table 1.

Table 1. Inconel 718 composition.

Element Fe Ni Cr Nb + Ta Mo Ti Al C N O

wt.% 18.1 53.4 18.9 5.1 3.05 0.88 0.44 0.05 0.02 0.01

The milling step was carried out with a metalworking fluid (MWF) semi-synthetic
water-miscible cooling lubricant Viscotex Zubora 67H Ultra (VISCOTEX Schmiertechnik
AG, Altstätten, Switzerland). The selected MWF was recommended for the milling of
IN718 by the machine manufacturer. The density of the MWF is 0.97 g/cm3 at 15 ◦C. The
tests were conducted with 100% lubricant and 5% concentration emulsion.

For the milling tests, a Fraisa W00410404 end mill with W50410013 cutting inserts
(Fraisa SA, Bellach, Switzerland) was used. Cutting parameters were chosen in accordance
with recommendations from the manufacturer: cutting speed—40 m/min, feed per tooth—
0.04 mm, axial infeed depth—1 mm, radial infeed depth—15 mm (30 mm is maximal for
this tool), spindle speed—320 revolutions per minute, feed rate—51 mm/min.

2.2. Fabrication of the Specimens

The geometry of the specimens is shown in Figure 1. The scanning raster orientation
was changed by 45◦ for each layer (Figure 1b). The scanning speed was 200 mm/min for
the contour and 333 mm/min for the raster [15]. The specimens were produced segment by
segment, with intermediate machining between the segments. The segment height is 4 mm,
and the whole specimen is 8 mm. These dimensions were chosen to be representative of
process conditions in a massive segment. Five sets of three specimens were fabricated for
each lubricant concentration with different cleaning techniques applied to the interface
between segments (Table 2). Method P1 was chosen as the reference, demonstrating
the cladding process on top of the uncleaned and unprocessed DMD part. Method P2
includes manual cleaning with ethanol—a proven, but manual technique. Method P3
includes cleaning with air blasting—a method which can be relatively easily implemented
and automatised but might require machine modification. Method P4 includes the laser
treatment of the surface with a defocused laser beam with a power of 1000W to evaporate
liquid before cladding. Defocusing was carried out by moving the nozzle 10 mm in the +Z
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direction. This method can be easily implemented by slight modification of G-code and
requires no modification of the current setup. Method P5 includes no specific cleaning
besides tilting the machine table by 90◦ for 5 s to let the liquid drop off from the milled
surface. This method is also easily implementable and the fastest, but the cleaning quality
is reduced to a very low level.
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Table 2. Description of the process chain and intermediate cleaning.

Interface
Treatment

Fabrication Details

1st Segment Milling Cleaning 2nd Segment

P1

Cladding

- -

Cladding

P2

Milling

Ethanol cleaning

P3 Air Blasting

P4 Laser Cleaning

P5 Table Tilting

This lubricant was applied to the corresponding specimens according to Table 2. Two
sets of tests were carried out—with a concentration of 5% of the lubricant in the cutting
liquid for the first set and 100% for the second one. These concentrations were chosen as the
most commonly used for the machining of IN718. The specimens are named according to
the following rule—each sample is named PS_C, where S (from 1 to 5) indicates the process
chain and cleaning method according to Table 2, and C is the concentration of the lubricant
in the cutting liquid (5 or 100). For example, P5_100 means that 100% concentration of the
lubricant in the cutting liquid and the cleaning method P5 were used.

2.3. Experimental Characterisation

The cross sections were ground flat with SiC papers from 240 to 4000 and polished
with 1 µm and 0.1 µm diamond suspension. The cross sections were analysed on a Keyence
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VHX-1000 digital microscope (Keyence, Osaka, Japan). Kalling II was used as an etchant to
reveal the microstructure. In the polished condition, the porosity was determined from ten
cross-sections by image analysis with the software ImageJ (version 1.51p, ImageJ, Bethesda,
MD, USA).

A Zeiss EVO 10 scanning electron microscope (SEM, Carl Zeiss AG, Jena, Germany)
equipped with an Oxford Instruments X-MaxN detector for energy-dispersive X-ray spec-
troscopy (EDS, Oxford Instruments, Abingdon, UK) was used for SEM and EDS analysis of
the specimens. The EDS method can be used for qualitative analyses of light elements (B,
C, etc.), although even quantitative analyses can be performed with a proper selection of
parameters [20].

2.4. Hydrogen Measurement

Hydrogen content determination was conducted using the hot gas extraction (HGE)
method on the LECO ONH 836 (LECO, Ann Arbor, MI, USA) machine. At least three
specimens (~0.5 g mass of each specimen) were extracted and measured for each DMD
cube for hydrogen determination. The specimens were extracted from the middle of the
specimen from the interface zone.

To calculate the hydrogen concentration change in the specimen over time, Fick’s
diffusion law calculations were performed. Fick’s Laws of Diffusion provide the founda-
tional principles for describing the transport of atoms within a medium. Fick’s First Law
states that the flux of atoms moves from regions of high concentration to low concentration,
proportional to the concentration gradient. Mathematically, it is expressed as:

J = −D
∂D
∂x

, (1)

where J is the diffusion flux, D is the diffusion coefficient, C is the concentration, and x is
the spatial coordinate.

Fick’s Second Law, which is derived from the first law under the assumption of a
constant diffusion coefficient, addresses the change in concentration over time:

∂C
∂t

= D
∂2C
∂x2 (2)

This equation describes how diffusion causes the hydrogen concentration to evolve
within the Inconel 718 specimen.

The diffusion process was modelled using a Gaussian distribution, centred at the mid-
dle of the specimen with an offset of 0.4 mm, to represent the hydrogen concentration profile.
This assumption represents the increased H concentration in the layer below the interface.
The Gaussian model was chosen for its physical relevance in many diffusive processes.

The concentration profile at any position x and time t was estimated using the equation:

C(x, t) = Cm,initexp

(
− (x)2

2σ2
0

)
(3)

where Cm,init is the peak concentration at the initial time.
The peak concentration was adjusted based on the spread of the distribution to ensure

mass conservation:
Cm,init = Cm,current ×

σcurrent

σ0
(4)

where σcurrent is the standard deviation after the selected time, calculated as σ(t) =
√

4Dt.

3. Results

An overview of the specimen P2_5 cross-sections is shown in Figure 2. In the figure, the
dashed line indicates the interface between the lower and upper sections of the specimen.
It can be seen that no additional porosity is observed at the milled interface, except for a
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minimal number of gas-entrapped pores that occur throughout the specimen due to the
non-ideality of the powder material.
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The results of porosity measurement by the optical method are presented in Figure 3.
The porosity was measured on the polished specimens in three areas of the interface for
each specimen. The measurements took place no further than one layer away from the
interface. The porosity result for a DMD specimen, fabricated without interim milling, is
0.1%. The results of specimen P1_5 show porosity values comparable to P5_5. The porosity
level of the specimen P2_5 was chosen as a base level due to the most careful cleaning
being applied. The specimen P1 shows higher porosity values in comparison with P2, P3,
and P4 due to the non-smooth and oxidized surface generated as the last layer by DMD in
P1 compared to the milled surfaces in the other process chains. The results for the three
applied cleaning techniques (P2, P3, P4) show very close results at approximately 0.1%, not
depending on the cutting liquid concentration. The specimen P5_100 shows the highest
porosity for these tests, approximately 0.3%.
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The hot gas extraction method was used to measure the hydrogen content, and the
most representative specimens P1, P2, and P5 were selected for analysis. The measurement
results are shown in Figure 4. The graph shows that the hydrogen content in the interface
of samples P1, P2, and P5_100 is below 2 ppm. Sample P5_5, on the other hand, shows an
average value slightly higher than 2 ppm.
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Figure 4. Hydrogen content of the investigated specimens, measured by the hot gas extraction
method. P1 is marked with a different pattern since it does not refer to any cleaning technique and
liquid concentration.

The hydrogen concentration in the specimens was measured 60 days after they were
fabricated. They were stored at 20 ◦C and cut right before the HGE. Therefore, it was
assumed that the concentration in the specimen interface decreased due to diffusion. To
calculate the change in hydrogen concentration in the specimen with time, Fick’s diffu-
sion law calculations were carried out. The diffusion coefficient D was assumed to be
5 × 10−15 m2/s, according to Aiello et al. [19]. The average value for the P5_5 sample,
which is 2 ppm, was used in the calculations. The equations used were described in
Section 2, and the results are shown in Figure 5.

It can be seen that the width of the distribution increased over time, and the peak
concentration decreased. The calculation showed that immediately after fabrication the
concentration was 3.2 ppm. This change is relatively small for such a time interval due to
the low Inconel diffusion coefficient and the absence of elevated temperature.

Also, by extracting the HGE sample from the middle of the DMD sample, the capture
of a small part of the material not exposed to hydrogen can be assumed, which might have
affected the measurement results to a small extent, reducing them. Therefore, the authors
estimate that the real concentrations in the interface zone are slightly higher.

The results of carbon content measurement by EDS are shown in Figure 6. Four
lines were measured in the interface area for each specimen. A secondary electron (SE)
image with the marked milling interface and measured carbon content lines is shown
in Figure 6a. Examples of the obtained linear element scans are shown in Figure 6b.
None of the measured specimens show any detectable increase in carbon content in the
observed interface.
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Figure 6. Carbon content determination. (a) SE image of the interface P2_5. (b) Comparison of
representative linear measurements for the listed specimens.

4. Discussion

An important parameter in this process is the temperature after cladding, before
milling, and after milling, which can affect the porosity and microstructure of the parts.
The specimen surface temperature after cladding was similar for all specimens due to
the same process parameters and, therefore, was not considered. After cladding, there
was a dwell time applied for about 15 min for technological reasons (tool change, part
height measurement, etc.), when the specimens cooled down to temperatures below 50 ◦C.
Also, a coolant was used during the milling process which ensured that the temperature
was reduced without further affecting the material structure. This also ensured that the
temperature of the specimen surface after milling and before the start of the cladding of the
next segment was in the ambient temperature range.

Regarding the laser cleaning method, it may be noted that laser surface treatment
involves high-temperature thermal processing, which can critically impact the final product
quality. High temperatures can lead to thermal erosion and surface imperfections, such
as micro-cracks and cavities, limiting the practical applications of laser processing [21].
However, in this work, the laser parameters were chosen to minimize the thermal effects
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but, at the same time, effectively remove the liquid from the investigated area. No remelted
layer or defects due to laser influence are observed on cross-sections of P4 specimens.

It is important to control the porosity level since it has a negative effect on the me-
chanical properties [22,23]. According to the porosity analysis, it can be concluded that
the cutting liquid has a negative influence on the quality of the interface in the segmental
cladding. The reference specimen P1 shows higher porosity values, probably due to the fact
that the surface is rough (typical for the DMD process). The air or laser-assisted cleaning
methods showed almost the same effectiveness in reducing porosity. The specimen with
ethanol cleaning showed the lowest porosity value. The specimen P5 shows the highest
porosity values. Porosity is probably formed due to the vaporising liquid bubbles trapped
in the molten material. Therefore, the different cleaning methods showed comparable
effectiveness as they removed cutting liquid from the surface.

Analysis of carbon content did not detect increased values at the interface in any of
the samples studied. The assumption of carbon saturation of the alloy is related to the
composition of the lubricant—consisting of more than 80% carbon. These results may be
due to the fact that the lubricant present in the cutting fluid evaporates in the process faster
than the diffusion of carbon into the alloy.

For high-performance materials like Inconel 718, manufacturers strive to reduce hy-
drogen levels to below 1 ppm if possible, especially for critical applications [19]. Control
of the hydrogen level is important due to the risk of hydrogen embrittlement [24,25]. The
hydrogen content analysis showed that the hydrogen concentration in the specimens is
slightly elevated for this material. Ideally, keeping the hydrogen content as low as possible
minimises the risk of hydrogen embrittlement. Sample P5_5 showed an increased hydrogen
content of up to 3 ppm, which, in accordance with the data from the research [10], can lead
to a decrease in fracture strain from 40% to 30% being attributed to hydrogen embrittlement.
The elevated hydrogen content in specimens produced with 5% lubricant at the interface
could be due to the vaporization and dissociation of water and oil in the plasma created by
the laser beam. Hydrogen is then resolved in the metal melt pool.

These defects can seriously affect the strength and durability of the material, especially
in critical applications where high reliability is required. The importance of controlling
the hydrogen content cannot be overestimated, as even a slight increase in the content
of this element leads to a significant reduction in the ductility of the alloy through the
mechanism of hydrogen embrittlement. The results of the study emphasise the need for
the implementation of cleaning methods prior to cladding in the studied process to reduce
porosity and hydrogen uptake.

5. Conclusions

The results obtained allow a comparison of segment-by-segment cladding without
and with the use of milling between segments, as well as different methods of cleaning the
obtained interface. The following conclusions can be drawn:

• It is important to perform the top milling of the “base” segment in a segment-by-
segment DMD process as it flattens the surface, resulting in a higher interface quality;

• In terms of porosity, tilting of the machine table has been shown to be the least
effective compared to all the other applied methods. Air blasting and laser-assisted
cleaning methods have proven effective in reducing porosity and can be relatively
easily implemented in the existing process chain as it can be automated. Ethanol
cleaning has shown the best results in this respect but is the most economically
unfavourable solution due to the difficulties in automation and implementation in a
continuous process;

• Cleaning the part surface is necessary not only to reduce porosity but also to reduce
hydrogen saturation on the surface, which can lead to hydrogen embrittlement. This
effect is more pronounced with an emulsion than with a pure lubricant because of the
significant influence of water in this liquid.
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Thus, automated cleaning methods, such as laser or air blasting, are generally sufficient
and help avoid the constraints of dry cutting, which is particularly disadvantageous
for hard-to-machine materials like nickel-based superalloys. However, for critical parts,
manual cleaning with ethanol is advised to enhance interface quality, despite a reduction
in productivity. This approach ensures the reliability needed for such components, while
less critical applications may benefit from the efficiency of automated techniques.
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Abstract: Herein, we used digital superimposition to evaluate the accuracy of metal frameworks
for mandibular removable partial dentures fabricated using three techniques. Thirty master casts
of a mandibular dentiform were categorized into three groups (n = 10) based on the framework
manufacturing method: selective laser melting-based metal three-dimensional (3D) printing (SLM),
digital light projection-based resin 3D printing and subsequent casting (RPC), and conventional
casting (CON). The master casts were scanned twice, initially after preparation and subsequently after
attaching silicone using the frameworks. These scan files were digitally superimposed to measure
the silicone thickness. Statistical analysis was conducted using SPSS Statistics (Version 23.0, IBM
Corp., Somers, NY, USA). One-way ANOVA and a post hoc Tukey’s multiple comparison tests were
performed to determine differences among the three groups (α = 0.05). The RPC group exhibited
significantly higher overall and mean internal discrepancies at rest and tissue stops than the SLM
and CON groups, which exhibited statistically insignificant differences. Thus, SLM fabrication
resulted in comparable accuracy to that achieved by CON, whereas sequentially performing resin
3D printing and casting induced inferior accuracy. However, all frameworks across the three groups
were clinically acceptable.

Keywords: accuracy; removable partial denture framework; selective laser melting; superimposition;
3D printing

1. Introduction

Manufacturing methods for the metal frameworks of removable partial dentures
(RPDs) have recently transitioned from conventional lost-wax techniques to computer-aided
design (CAD) and computer-aided manufacturing (CAM) techniques, specifically metal
three-dimensional (3D) printing. Considering the history of the manufacturing methods of
RPD metal frameworks, the transition to the current direct 3D-printed RPD frameworks
provides an innovative path. Fauchard first reported the use of metal structures in an
RPD in 1728, whereby he used metal labial and lingual bars to connect two carved ivory
blocks of the designed RPD [1,2]. In the late 1890s, over 160 years later, the lost-wax casting
technique was introduced in dentistry to fabricate metal prostheses, including RPD metal
frameworks. However, it comprised complex procedures, the making of a refractory cast,
waxing, investing, and casting, thereby requiring a large amount of labor and time [3–5].
Moreover, the distortion of the wax pattern on a refractory cast caused inaccuracies in the
RPD frameworks, which can hinder the success of the RPD treatment [6]. Despite these
drawbacks, conventional casting techniques were used for over a century until CAD/CAM
technology was introduced in dentistry in the 1970s, bringing revolutionary changes in the
manufacturing methods for all components from inlays to RPD metal frameworks [7–11].
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Early CAD/CAM methods involved milling, which is a subtractive technique. How-
ever, this technique had several disadvantages, such as the wear of cutting tools, com-
plicated shapes or undercut areas, wastage of cutting chips, long processing time, and
shrinkage [12,13]. As such, 3D printing technology has replaced the milling method as it
bypasses these limitations. It is an additive manufacturing (AM) technique that produces
3D objects by adding materials in layers, rendering it highly efficient in manufacturing
complex-shaped objects [4]. Currently, several 3D printing technologies, such as stere-
olithography (SLA), digital light projection (DLP), selective laser sintering (SLS), and
selective laser melting (SLM), are used depending on the material and energy sources. In
this study, SLM and DLP were used [9–11,14].

SLA was the first 3D printing technique patented in the 1980s and has been used to
manufacture various objects. It involves using ultraviolet lasers to polymerize resin in
layer thicknesses ranging from 10 to 100 µm [15,16]. DLP, which was invented by Larry
Hornbeck of Texas Instruments in 1987 [17], has a resolution and use range similar to
that of SLA. In fact, DLP and SLA are considered to be in the same AM category by the
American Section of the International Association for Testing Materials [17]. However,
the primary difference between these methods is the light source, that is, the image is
formed by an arc lamp or micromirrors, respectively. DLP has a shorter processing time
than SLA as the projecting light can cure an entire layer at once [16,18]. The number of
micromirrors determines the resolution of the projected image in DLP [17,19]. SLA was
first used to print resin sacrificial patterns for RPD frameworks from 3D CAD models in
the early 2000s; however, the method required casting [20]. Later, the direct printing of
metal RPD frameworks using an SLM 3D printer was achieved, thereby eliminating the
complex conventional casting processes, except for finishing and polishing [21,22].

SLM involves melting metal powder using a high-energy laser beam, fusing, and so-
lidifying it in layers according to the CAD information [14,16]. SLM and SLS principles are
similar; however, the primary difference between the two methods is the material used [14],
that is, SLS and SLM are preferred for ceramics/polymers and metals, respectively. Mean-
while, Suzuki et al. [13] stated that various materials, including metals, could be used in
SLS, and the difference between SLS and SLM is the method of manipulating the powder.
In particular, SLM involves melting the powder, whereas SLS entails sintering it. Alageel
et al. [22] stated that SLM involves the full melting of metal powder, whereas SLS involves
its partial melting. In this study, the term SLM implies the metal 3D printing technique.

The use of SLM-fabricated RPD frameworks has increased recently; however, con-
ventional casting techniques remain time- and labor-intensive. To generalize the use of
convenient metal 3D-printed frameworks, the advantageous properties of 3D-printed
chrome–cobalt (Co–Cr) alloy should be proven, and the accuracy of the frameworks should
be comparable to that of conventional cast frameworks. Several studies have reported that
SLM-fabricated Co–Cr alloys have more homogeneous microstructures than cast Co–Cr
alloys, resulting in enhanced mechanical properties [14,23–27]. For the accuracy of metal
3D-printed RPD frameworks, recent review articles concluded that RPD frameworks fabri-
cated with SLM and conventional casting exhibited similar accuracy within the clinically
acceptable range [13,27–29]. However, certain studies have noted that although the ac-
curacy values are clinically acceptable, the internal discrepancies of SLM-fabricated RPD
frameworks are larger than those of conventionally cast frameworks [30–32]. Moreover,
the studies on mandibular 3D-printed RPD frameworks are limited. Mandibular RPD
frameworks are u-shaped and have a significantly smaller contact area with tissue than
maxillary RPD frameworks owing to the absence of a palatal area, where most of the contact
with maxillary RPD frameworks is concentrated, which might affect the internal adaptation
of the components of RPD frameworks. In addition, despite the various methods em-
ployed to investigate the accuracy of RPD frameworks manufactured through CAD/CAM
techniques [30–37], comparative studies on the three types of fabrication methods using
reliable digital measurements are rare. Previous research predominantly compared metal
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3D printing with conventional casting techniques, often relying on point measurements,
which have higher contingency compared to area measurements.

In this study, we compared the accuracy of mandibular RPD frameworks fabricated
using three different methods through digital analysis with area measurement. The meth-
ods evaluated were SLM-based metal 3D printing, DLP-based resin 3D printing followed
by casting, and conventional lost-wax casting. The null hypothesis was that there would be
no significant differences in the accuracy of the three mandibular RPD metal frameworks.

2. Materials and Methods
2.1. Master Cast Fabrication and Evaluation of Trueness

A Kennedy Class II Modification 1 mandibular dentiform (YS-RPD; M. Tech, Gimcheon,
Republic of Korea) was used in this study. The dentiform was scanned using a tabletop
scanner (T500; Medit, Seoul, Republic of Korea) after preparing the rest seats and guiding
planes for the left second premolar, right first premolar, and right second molar. The
scanning data were saved as a reference file in standard tessellation language (STL). Thirty
master casts were fabricated through repeated impressions of the dentiform with vinyl
polysiloxane (Aquasil XLV; Dentsply Sirona, Konstanz, Germany) and pouring with a type
4 ultrahard die stone (Snow Rock Gypsum; DK Mungyo Co., Gimhae, Republic of Korea).
The master casts were divided into groups of 10 for metal 3D printing (SLM group); 10 for
the combination method, resin 3D printing, and casting (RPC group); and the remaining
10 for conventional casting (CON group).

All casts were individually scanned using the same tabletop scanner, and the data
were saved as STL files. To prove that the master casts of the three groups did not differ,
every STL file of the 30 master casts was individually superimposed over the reference file.
The trueness of each master cast was verified using the best-fit alignment of the metrology
software (GOM Inspect 2018; Carl Zeiss GOM Metrology GmbH, Braunschweig, Germany).

2.2. Fabrication of RPD Frameworks Using Three Methods

All 30 RPD frameworks were identically designed to have a lingual bar as a major
connector, an I-bar-type clasp on the left second premolar, and basic C clasps on the right
first premolar and second molar. The frameworks of the SLM group were designed with
CAD software (Dental system 2019; 3Shape A/S, Copenhagen, Denmark) after electronic
surveying, and the virtual frameworks were printed out directly using an SLM technology-
based metal 3D printer (NCL-M2150X; Nanjing Chamlion Laser Technology Co., Nanjing,
China) using Co–Cr alloy powder (ChamTiger; Shinseki International Inc., Seoul, Republic
of Korea). The support-attached 3D-printed frameworks were subjected to heat treatment
according to the manufacturer’s instructions to release stress and optimize the mechanical
properties (Figure 1A). The frameworks of the RPC group were designed using the same
CAD software; however, the virtual frameworks were printed out as resin sacrificial pat-
terns using a DLP technology-based resin 3D printer (Pro3D printer SRP1902A; SprintRay
Inc., Los Angeles, CA, USA) and 3D-printable resin material (S-plastic cast 2.0; Graphy Inc.,
Seoul, Republic of Korea). Conventional investing and casting were performed on the 3D-
printed castable frameworks (Figure 1B). Finally, for the CON group, the framework design
was manually drawn on each master cast, and the refractory casts were fabricated through
impressions of the master casts with a reversible hydrocolloid material (Polyflex; Dentsply
Sirona, Konstanz, Germany) and pouring (rema Exakt; Dentaurum GmbH, Ispringen, Ger-
many). The wax patterns on the refractory casts were invested with a phosphate-bonded
investment material (BC-VEST P-Plus; Bukwang, Busan, Republic of Korea) and cast with
the Co–Cr alloy (Biosil F; Degudent, Hanau, Germany) (Figure 1C). Tissue stops of the
CON group were made in the same location as in the SLM and RPC groups. The three
kinds of mandibular RPD metal frameworks prior to finishing and polishing and the 3D-
printed resin pattern for the RPC group are presented in Figure 2. Finishing and polishing
processes were performed on 30 RPD frameworks to be adapted to the corresponding
master casts. The design procedures were implemented by an experienced prosthodontist,
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and all laboratory procedures were performed by an experienced board-certified dental
laboratory technician.
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pattern: (A) metal 3D-printed framework, (B) 3D-printed resin pattern for RPC group, (C) 3D-printed
resin-cast framework, and (D) conventional cast framework. Note that the shape of (C) is identical to
(A); however, the color of (C) is identical to (D) due to the use of the same casting alloy.

2.3. Scanning of the Master Casts with Silicone Material

Each master cast in the three groups was scanned with the tabletop scanner to obtain
the STL file of the cast only, which was essential for the superimposition in the subsequent
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measurement step (Section 2.4). Each RPD framework was fitted onto the corresponding
master cast using silicone. Before fitting, the intaglio surface of the framework was coated
with a thin layer of petroleum jelly (Vaseline, Unilever, Greenwich, CT, USA) to prevent
the silicone from attaching to the framework. Additionally, a thin adhesive liquid (3M
ESPE Polyether Adhesive, 3M ESPE AG, Bayern, Germany) was applied to the measuring
areas of the cast to prevent detachment of the silicone during framework removal. Mixed
vinyl polyether silicone (Fit Checker Advanced; GC Corp., Tokyo, Japan) was applied
to the intaglio surface of the rests, tissue stops, and lingual bars. The framework was
immediately fitted onto the corresponding cast and carefully removed after the silicone
hardened, leaving the silicone intact on the casts. If any gap was detected between the
silicone and the measuring area of the cast, the process was repeated after cleaning the
cast. Each master cast with silicone was rescanned using the tabletop scanner. All scanning
procedures were performed without a powder coating.

2.4. Measurement of the Internal Discrepancies of the RPD Frameworks

The measurement steps using the 3D metrology software are presented in Figure 3.
The two types of STL files, namely that of the master cast only and the silicone-attached
master cast, were superimposed using a local best-fit alignment function of the metrology
software (GOM Inspect 2018, Carl Zeiss GOM Metrology GmbH, Braunschweig, Germany)
to measure the thickness of the silicone, representing the internal discrepancy of the
framework (Figure 3A). The mean deviation values in the eight areas of the RPD framework
were measured: three rests (35R, 44R, and 47R), four tissue stops (36T, 37T, 45T, and 46T),
and a lingual bar. The borderlines of the measuring areas were manually created in each
master cast following a certain standard to ensure designation consistency. Each borderline
was chosen to be slightly away from the edge, and the perpendicular borders of lingual
bars were selected at the distal sides of the canines (Figure 3B). Each selected patch was
inspected using the “surface comparison on actual” function of the metrology software and
visualized using color mapping and tabulating the mean and maximum deviation values
(Figure 3C).
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two STL files: the cast only and the silicone-attached cast. (A) Superimposition of the two STL files by
local best-fit alignment function of the metrology software, (B) manual selection of each measurement
area, and (C) selected border lines at eight measurement areas (three rests, four tissue stops, and one
lingual bar area) and color mapping of the areas (green represents good fit, yellow to red represents
positive error, blue represents negative error).

The internal discrepancies at the rests, tissue stops, and lingual bars (IDR, IDT, and
IDL, respectively) were measured. In addition, the overall internal discrepancy (IDO),
comprising the average values of the IDR and IDT, was calculated.

2.5. Statistical Analysis

The sample size of 10 per group was determined based on the statistical significance
level set at α = 0.05 and power (1 − β) of 0.8 with an effect size of 0.6. The Shapiro–Wilk
test was performed to examine the normality and all data followed normal distribution
(p > 0.05). One-way analysis of variance and a post hoc Tukey’s multiple comparison test
were performed to determine differences between the three groups (α = 0.05). The data
were analyzed using statistical software (SPSS Statistics version 23.0, IBM Corp., Somers,
NY, USA), and the analysis graphs were created using the graphing software (GraphPad
Prism 10, Boston, MA, USA).

3. Results

The overall internal discrepancies (IDOs) and internal discrepancies at rests, tissue
stops, and lingual bars (IDR, IDT, and IDL, respectively) of mandibular RPD metal frame-
works fabricated using three methods are presented in Figure 4. The RPC group shows
significantly higher IDOs than the SLM and CON groups (p = 0.001 and 0.019, respectively),
whereas the IDOs of the SLM and CON groups do not differ significantly (p = 0.633). The
CON group has the lowest mean IDR (p = 0.010, p < 0.001), whereas the SLM group has the
lowest IDT (p = 0.001, p = 0.025). The RPC group, combined with resin 3D printing and
casting, shows the highest IDRs and IDTs with significant differences. For the IDLs, no
significant differences are noted among the three groups. The mean IDRs, IDTs, and IDLs
of the mandibular RPD frameworks in the three groups are presented in Table 1.
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Figure 4. Comparisons of the overall internal discrepancies (IDOs) and internal discrepancies at
rests, tissue stops, and lingual bars (IDR, IDT, and IDL, respectively) of mandibular RPD metal
frameworks fabricated using three methods (SLM: selective laser melting-based metal 3D printing,
RPC: DLP-based resin 3D printing and subsequent casting, CON: conventional lost-wax casting). The
asterisks indicate statistically significant differences among the three groups (p < 0.05).

95



Materials 2024, 17, 3148

Table 1. Internal discrepancies (µm) of the mandibular RPD metal frameworks fabricated using
three methods.

Internal Gap/Group SLM RPC CON

IDO 101.7 ± 68.41 a

(81.48–121.95)
143.7 ± 67.29 b

(123.43–163.99)
112.3 ± 70.09 a

(88.83–135.74)

IDR 133.0 ± 43.87 a

(120.92–145.08)
149.0 ± 50.33 a

(127.09–170.91)
96.3 ± 48.74 b

(78.02–114.65)

IDT 78.2 ± 74.38 a

(49.23–107.27)
139.8 ± 78.03 b

(114.02–165.48)
124.3 ± 81.14 b

(88.66–159.84)

IDL 127.0 ± 44.48 a

(95.18–158.82)
135.0 ± 72.91 a

(82.84–187.16)
150.0 ± 25.81 a

(131.53–168.47)
The data are expressed as mean ± standard deviation and confidence intervals. IDO, overall internal discrepancy;
IDR, internal discrepancy of rests; IDT, internal discrepancy of tissue stops; IDL, internal discrepancy of the
lingual bar; SLM group, metal 3D-printed frameworks; RPC group, 3D-printed resin-cast frameworks; CON
group, conventional cast frameworks. The default value of 200 µm was subtracted from IDL in SLM and RPC
groups. The different letters indicate statistically significant differences among the three groups (p < 0.05).

4. Discussion

The null hypothesis was rejected owing to significant differences in the accuracy of
the mandibular RPD metal frameworks fabricated using the three manufacturing methods.
There were no significant differences between the IDOs of the SLM and CON groups,
whereas the RPC group showed a higher IDO than the other two groups, which can be
ascribed to the higher error tendency of the RPD frameworks of the RPC group. Although
the RPC group eliminated the steps of fabricating a refractory cast and waxing, which
could result in inaccuracies owing to the physical properties of wax [6], it was implicated
in the errors from the steps of 3D printing of castable resin patterns and in those from the
steps of conventional investing and casting. According to Revilla-Leon and Ozcan [17],
discrepancies can be incorporated into each step of a digital dental workflow. The 3D printer
parameters, the material used (which has its optimal activation range of wavelength),
power, and exposition time for AM on the 3D printers can affect the accuracy of the printed
objects [17].

The accuracy of the rests and tissue stops, which are structural components of the RPD
frameworks that directly contact the tooth or tissue, differed significantly among the three
groups. The CON group showed the highest accuracy for the rests, and the SLM group
had the highest accuracy for tissue stops. The RPC group had the lowest accuracy for both
components. In 2020, Tasaka et al. [36] reported that the accuracy of mandibular RPD metal
frameworks differed depending on the structural component comparing SLS technology-
based 3D printing and 3D-printed resin pattern casting, which is consistent with the results
of this study. In 2019, Bajunaid et al. [37] compared the accuracy of mandibular RPD
frameworks fabricated by SLM technology-based 3D printing and conventional casting
through measuring four rest zones with a digital microscope. The zones with the highest
fit and accuracy among the two groups differed, which is also consistent with this study.

As this study was conducted on the mandibular RPD frameworks, it was also com-
pared with previous studies on the maxillary RPD frameworks. Oh et al. [35] compared
the accuracy of maxillary RPD metal frameworks under similar conditions with this study,
concluding that there were no significant differences among the three groups of SLM, RPC,
and CON; however, the IDOs (226.99–365.30 µm) were all higher than those of this study
(101.70–143.70 µm). The mean IDR of the three groups in this study was also lower by
approximately 110 µm than that of the study of Oh et al. [35]. This difference could be as-
cribed to different factors. First, the palatal contact area was not included in the mandibular
RPD frameworks, which can reduce the interferences before the contact of rests and rest
seats. In contrast, the maxillary RPD frameworks could have early interferences due to the
palatal contact of a major connector. Second, the measurement criteria differed. “Point”
measurement was employed in the previous study, whereas “area” measurement was
employed in this study. The “area” measurement can reduce the contingency of manual
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designation more than the “point” measurement since it includes countless points within
the designated border lines. Lastly, the use of equipment and metrology software from
different manufacturing companies could affect the difference. Chen et al. [38] evaluated
the adaptation of maxillary RPD metal frameworks fabricated by the SLM technique with
four types of partially edentulous resin models. They reported that SLM-fabricated RPD
frameworks had acceptable accuracies; however, among the frameworks with a large span
and more retainers and clasps, the conventional casting technique exhibited slightly better
fit and accuracy. Moreover, Soltanzadeh et al. [30] evaluated the accuracy and fit of maxil-
lary RPD frameworks fabricated by conventional casting and 3D printing techniques with
stone and 3D-printed resin models. Both methods revealed clinically acceptable adaptation
(50–311 µm), but the conventional casting groups exhibited better overall fit and higher
accuracy. The poorest fit was observed at the anterior palatal straps fabricated using the 3D
printing technique.

Studies on 3D-printed RPD metal frameworks regardless of maxilla and mandible
have previously been conducted. Tregerman et al. [16] compared the clinical fit of RPD
metal frameworks fabricated by three workflows—conventional casting pathway, SLM
3D printing with extraoral scanning of the stone cast, and SLM 3D printing with intraoral
scanning—and concluded that the completely digital workflow had the lowest misfit. Al-
mufleh et al. [39] compared patient satisfaction with RPDs using frameworks fabricated by
conventional casting and SLS 3D printing, revealing that higher satisfaction was achieved
with the RPDs obtained using SLS 3D-printed frameworks. Peng et al. [40] compared
the trueness of RPD metal frameworks fabricated by SLM and 3D-printed resin-casting.
The frameworks fabricated by SLM 3D printing exhibited higher trueness than those by
the combined method. Summarizing the results of recent studies, SLM 3D printing and
conventional casting techniques demonstrated similar accuracies for fabricating RPD metal
frameworks within a clinically acceptable range, as evidenced in this study.

For the internal gap between a rest and a rest seat, the mean distance per rest was
reported as 69–387 µm [41] and 193–203 µm [42]. Lee et al. [34] studied the accuracy of RPD
frameworks fabricated through a combined method. The mean IDR of 249.27 ± 134.84 µm,
which was higher than previously reported values on casted RPD frameworks, was ob-
tained. Oh et al. [35] obtained IDRs in the range of 211.91 ± 16.84 to 259.26 ± 45.41 µm
without significant differences among the three manufacturing methods. Souza Curinga
et al. [27] achieved the IDR range of 20–279 µm for conventional cast frameworks and
30–272 µm for 3D-printed frameworks, which did not indicate a significant difference. The
IDRs in the aforementioned studies are in the range of 20–387 µm, whereas those in this
study were lower, indicating clinically acceptable values.

The internal discrepancies of lingual bars, which have not been previously investigated,
were also measured in this study, whereby no significant differences were noted among
the three groups. The default value of 200 µm was set for lingual relief in CAD subtracted
from the IDLs of the SLM and RPC groups because wax relief under a lingual bar was not
performed in the CON group owing to the absence of undercuts. We also tried to identify
specific tendencies depending on the locational factors among three groups, such as the
tooth-borne area versus tooth and mucosa-borne area; however, it was difficult to observe
particular trends. The table and figures of the additional regional analysis are included in
the Supplementary Materials (Supplemental Table S1, Figures S1 and S2).

Nonetheless, this study had certain limitations. First, this work was an in vitro study
with different conditions than that with an actual patient’s oral mucosa. The edentulous
area of a patient is covered with elastic soft tissue and saliva, whereas the master cast is not.
Thus, there might be differences compared to results obtained from in vivo studies. Second,
finishing and polishing can have various influences on the results. However, the complete
adaptation of the RPD framework on the cast is difficult to achieve without finishing
and polishing, and an actual RPD framework is fitted into the patient’s oral cavity after
complete polishing. Therefore, the measurement of polished frameworks was considered
inevitable and appropriate. However, all 30 frameworks were finished and polished by a
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single experienced board-certified laboratory technician to minimize the undesirable effect
on the result of this study. If the processes that need to be applied equally to all samples,
such as finishing and polishing, were carried out by different technicians, it would be
difficult to ensure accurate comparisons among the groups since this study was based on
an experiment requiring group comparison under the same conditions. Lastly, the manual
designation of the border lines of the measurement areas can affect the measurement values
finely. Owing to the nature of digital measurement in the metrology program, the value
changes finely each time it is measured depending on the selected location. Therefore, we
conducted measurements multiple times with careful selection of the border lines.

However, to date, metal 3D printing using SLM technology is the most convenient
method for manufacturing RPD frameworks, which can reduce the time and labor required
for conventional laboratory processes. To produce more accurate RPD frameworks than
conventional cast frameworks, further studies using various metal 3D printers and software
programs are essential. Further, more in vivo studies on the accuracy, fitness, and longevity
of metal 3D-printed RPD frameworks are needed until the use of metal 3D-printed RPD
frameworks becomes generalized.

Overall, the following conclusions were drawn in this study: (1) SLM-fabricated
RPD frameworks exhibited an overall accuracy similar to that of conventional cast RPD
frameworks; and (2) a combined method of resin 3D printing and casting demonstrated
inferior accuracy. However, all frameworks in the three groups were clinically acceptable.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/ma17133148/s1, Table S1: The internal discrepancies (µm) at three rests and
four tissue stops in mandibular RPD metal frameworks of three groups; Figure S1: Comparisons of the
internal discrepancies at the rests of #35, #44, #47 in mandibular RPD metal frameworks fabricated
using three methods (SLM: selective laser melting-based metal 3D printing, RPC: DLP-based resin
3D printing and subsequent casting, CON: conventional lost-wax casting); Figure S2: Comparisons
of the internal discrepancies at the tissue stops of #36, #37, #45, #46 in mandibular RPD metal
frameworks fabricated using three methods (SLM: selective laser melting-based metal 3D printing,
RPC: DLP-based resin 3D printing and subsequent casting, CON: conventional lost-wax casting).
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Abstract: The elevator industry is constantly expanding creating an increased demand for the
integration of high technological tools to increase elevator efficiency and safety. Towards this direction,
Additive Manufacturing (AM), and especially metal AM, is one of the technologies that could offer
numerous competitive advantages in the production of industrial parts, such as integration of
complex geometry, high manufacturability of high-strength metal alloys, etc. In this context, the
present study has 3D designed, 3D printing manufactured, and evaluated novel bioinspired structures
for elevator safety gear friction pads with the aim of enhancing their dynamic friction performance
and eliminating the undesired behavior properties observed in conventional pads. Four different
friction pads with embedded bioinspired surface lattice structures were formed on the template of the
friction surface of the conventional pads and 3D printed by the Selective Laser Melting (SLM) process
utilizing tool steel H13 powder as feedstock material. Each safety gear friction pad underwent
tribological tests to evaluate its dynamic coefficient of friction (CoF). The results indicated that
pads with a high contact surface area, such as those with car-tire-like and extended honeycomb
structures, exhibit high CoF of 0.549 and 0.459, respectively. Based on the acquired CoFs, Finite
Element Models (FEM) were developed to access the performance of braking pads under realistic
operation conditions, highlighting the lower stress concentration for the aforementioned designs.
The 3D-printed safety gear friction pads were assembled in an existing emergency progressive safety
gear system of KLEEMANN Group, providing sufficient functionality.

Keywords: bioinspired surface lattices; additive manufacturing; selective laser melting; dynamic
friction; elevator’s braking pads; tribological analysis; finite element models

1. Introduction

The elevator industry is constantly expanding, driven by the development of cities and
the increasing demand for high-rise buildings [1,2]. Concurrently, the imperative for safer
and more efficient vertical transportation in buildings of all types persists. Technological
advancements in this sector enable the development of elevators with superior performance
and safety standards. Adherence to safety regulations is paramount in both the construction
and operation phases of elevators. Mechanical components, such as emergency braking
systems and safety gears, play a critical role in elevator safety and are required by national
and European regulations [3,4].

Progressive safety gear is a mechanical device used to deal with situations of potential
danger, such as exceeding the descent speed or breaking the means of suspension, for

Materials 2024, 17, 2765. https://doi.org/10.3390/ma17112765 https://www.mdpi.com/journal/materials101



Materials 2024, 17, 2765

example, wire ropes [5,6]. In these cases, an innovative grab is activated automatically,
ensuring the immediate stop of the elevator cabin movement and protecting the occupants
from possible accidents. In detail, this progressive safety gear can be placed both under
the cabin, to avoid sudden downward and/or upward movement, and under the counter-
weight, in the event that the lower space in the shaft, and in particular under the travel of
the counterweight, is accessible. The basic elements of the progressive safety gear include
the friction plate (pad), the housing, disc springs, and the gripper wheel. In order to avoid
over-acceleration of the elevator, especially for elevators with a nominal speed of more than
1 m/s, the progressive safety gear is used according to the state of the art. Figure 1 shows
an indicative image of an existing progressive safety gear system along with its position
on the elevator’s system. Specifically, the following phases can be distinguished in the
operation of the progressive safety gear:

i. The resting phase, where the wheel is at a safe distance (a few millimeters) from
the guide rails, while the friction plate is at a short distance of 1–3 mm from the
guide rails.

ii. Activation phase, where the wheel has just touched the guide rails
iii. The wedging phase is where the wheel moves and comes into contact with the guide

rails until the gap between the guide rails and the back is zero, at which point the
safety gear begins to brake.

iv. After the guide rails are in contact with the friction plate, the springs are compressed
and thus the friction forces develop gradually, resulting in progressive braking.
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position on the elevator’s system.

The main disadvantages of existing commercial safety gears in the elevator progressive
emergency braking system are the damages caused both on the safety gear itself and the
guide rails during activation. More specifically, when the safety gear of an elevator is
activated, the friction plates strongly deform the guide rails’ surfaces leading to complete
failure after one or at most two times of emergency braking, forcing their replacement.
These incidents increase the cost of maintenance and the operational costs of the elevator
due to the downtime period, which in many cases is highly undesirable, especially in
buildings where the elevator system is a vital infrastructure, such as in hospitals. In
addition, with the existing morphology of the commercial friction plates, it becomes
difficult to predict the behavior of the material, since instead of achieving immobilization
of the cabin (or counterweight) through the frictional forces developed; the results often are
the plastic deformation of the guide rails due to partial penetration of the friction plate into
guide rails body. This behavior also leads to an undesirable experience for the passengers of
the elevator, increasing the possibility of their injury. In order to address the aforementioned
issues, in recent decades, both the research community and the elevator industry examined
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and developed novel solutions optimizing the performance and reliability of the progressive
safety gear. There are numerous submitted patents in this direction. However, there is a
lack of published literature about the examination of innovative patterns in the contact area
of a friction plate to increase its dynamic frictional performance.

In this context, the current study proposes the technical solution of integrating hi-
erarchical biomimetic patterns on the surface of a friction pad in order to develop and
manufacture pioneering friction pads, with optimal production techniques and advanced
materials. The employment of this novel approach is expected to provide a smoother
immobilization of the elevator, reducing the possibility of injury of the passengers, and
avoiding the unpleasant experience of a sudden and emergency elevator stop. In addition,
it is anticipated to increase the lifetime of the specific components, due to the existence of
large diffusion canals, reducing the maintenance intervals and costs of an elevator. More
specifically, in this paper, the development of four innovative friction plates for the safety
gear of the elevator emergency braking system were developed. These advanced mor-
phologies were based on the application of bio-inspired hierarchical patterns, i.e., specific
repeated geometric shapes, which can significantly improve the tribological behavior of a
surface. This innovation of hierarchical patterns design can be incorporated into various
types of elevator safety gear offering comparative advantages. In detail, the superiority of
these new morphologies of the present study is in the application of a biomimetic friction
surface design process, i.e., in copying the morphology of natural patterns with proven
high adhesion, such as the sole of a frog’s rear ends. The developed morphologies are the
honeycomb, extended honeycomb, speckled honeycomb, and car-tire geometries with a
biomimetic design. The designed friction pads were additively manufactured using the
Selective Laser Melting (SLM) technique and a tribological analysis was performed for each
one. Then, based on the results of tribological analyses, i.e., coefficient of friction (CoF), the
produced braking pads were numerically evaluated via Finite Element Analyses (FEAs)
under realistic loads. Figure 2 presents the flowchart of the current study.
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Figure 2. Flowchart of the current study.

2. Materials and Methods
2.1. Problem Statement

Progressive safety gears are widely utilized in the elevator industry, increasing the
safety and reliability of elevator systems. Typically, the progressive safety gear of a com-
mercial elevator consists of two friction pads with a trapezoidal configuration to achieve
progressive deceleration. In this way, the immobilization of the elevator occurs smoothly
avoiding potential injuries to the passengers. However, in order to achieve the immobiliza-
tion of an elevator, there is a need to create a friction force (opposite to the movement of
the elevator) on the guide rails greater than its overall weight force. According to existing
standardization [7], the overall weight force of an elevator is provided by the following
equation (Equation (1)). Where P is the mass of the empty cabin which includes the masses
of doors, walls, floor, roof, and cabin sling. On the other hand, Q is the payload of an
elevator, which is the maximum weight it can carry for the selected cabin [8]. Furthermore,
g is the gravitational acceleration (9.81 m/s2) and FOS is the factor of safety which ensures
that deceleration of the elevator occurs. The value of this property is usually around 2.

Total Braking Force = (P + Q)× g × FOS (1)
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Therefore, the braking force (BF) for each safety gear is evaluated by the following
equation. This equation indicates the necessary vertically applied force (VF) from the
friction pads to guide rails in order to achieve the desired friction force (Equation (3)). Where
µ is the experimental coefficient of friction between the friction pad and the guide rail.

BF =
Total Braking Force

2
(2)

VF =
BF
µ

(3)

From the aforementioned analysis, it is obvious that in order to immobilize an elevator,
a sufficient amount of vertical force should be applied on the guide rails, much higher than
the weight force, due to the fact that the coefficient of friction ranges between 0 and 1. This
amount of vertical force often severely damages the guide rails, increasing dramatically the
maintenance cost after an emergency brake activation. Therefore, elevator manufacturers
explore novel ways to reduce the amount of vertical force. The most straightforward
technique to reduce the vertical force is to increase the coefficient of friction between the
friction pads and the guide rails. According to the datasheet of the KLEEMANN Group
elevator manufacturer, the existing friction pads exhibit a coefficient of friction of around
0.3. Hence, in the scope of this paper, novel surface architected materials are employed on
the surface of the friction pad in order to increase the coefficient of friction and thereby
reduce the applied vertical force offering efficient and smooth elevator immobilization
without damaging its guiding system.

2.2. Design of Bio-Inspired Braking Pads

In the context of this study, four different surface-architected materials were employed
with the aim of increasing the surface’s coefficient of friction. These structures were
inspired by natural structures with high dynamic friction performance, such as the pads
of a frog’s back legs and the pads of cheetah legs for honeycomb structures and for car-
tire-like structures, respectively [9,10]. The selected surface-architected materials, i.e.,
extended honeycombs, honeycombs, speckled honeycombs, and a car-tire-like structure,
were integrated into the structure of existing friction pads as it is presented in Figure 3.
In general, honeycomb configurations are employed in the automotive industry [11] for
braking applications showing enhanced braking performance, therefore, three of the four
chosen structures belong to this category. On the other hand, the car-tire structure has
been designed to have traction on the road, thus the corresponding structure (car-tire-like)
was a suitable candidate for an elevator braking pad. The concept behind the selection
of these structures was to create consecutive extended contact surfaces with sufficient
channels for debris removal. In this way, the accumulated friction increases the coefficient
of friction between the pad and the smooth surface of the guide rail minimizing the damage
due to the reduced vertical force and the uniform removal of metal filings during the
braking process. The designed dimensions of the employed structures were chosen in order
to offer high printability for the developed friction pads and ensure sufficient diffusion
channel width. The thickness of each structure’s elements (i.e., for unit cell) was 2 mm
in order to provide an extended life cycle (i.e., more than one use) for the braking pad
without compromising their mechanical performance. It is worth mentioning that the
design process was performed in the SolidWorks™ design platform (Dassault Systèmes SE,
Vélizy-Villacoublay, France).
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Figure 3. Isometric, front, and detailed view of the designed surface architected materials of (unit:
mm): (a) Extended honeycomb; (b) Honeycomb; (c) Speckled honeycomb; (d) Car-tire-like configurations.

2.3. Material Selection and Additive Manufacturing

After the design of friction pads, the next stage is the manufacturing process for these
parts. The first step in this process is the material selection. The existing friction pads
are fabricated from tool steels in order to withstand the increased braking loads. In this
context, for the developed friction pads, the high-strength H13 tool steel was selected as
the construction material. The upper section of Table 1 lists the basic properties of the H13
tool steel. These properties were provided by the manufacturer (OC Oerlikon, Freienbach,
Switzerland) of the raw material for metal additive manufacturing and from a previously
published study on 3D-printed H13 tool steel [12].
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Table 1. PSD, Hall Flow, and Chemical Composition for H13 tool steel powder according to manufacturer.

Properties Values

Density 7.80 g/cm3

Elastic modulus 200,000 ± 5000 MPa
Poisson ratio 0.29

Yield Strength (ASTM E8) [13] 1538 ± 31 MPa
Ultimate Tensile Strength (ASTM E8) [13] 1903 ± 12 MPa

Elongation at break (ASTM E8) [13] 11 ± 1 %

Nominal Range (µm) D90 (µm) D50 (µm) D10 (µm) Hall Flow (s/50 g)

−45 + 15 50 34 21 ≤25

Weight Percent (nominal)

Fe Cr Mo Si V C
Balance 5.2 1.3 1.0 1.0 0.4

3D Printing Parameters Values

Layer height 0.25 µm
Hatching distance 0.40 µm

Laser power 150 W
Print speed 1000 mm/s

VED 150 J/mm3

Beam diameter 0.40 µm

Therefore, for the fabrication of the developed braking pads, the SLM additive man-
ufacturing technique was employed utilizing the ORLAS Creator (Coherent Inc., Santa
Clara, CA, USA) metal 3D printer. The ORLAS Creator is equipped with a continuous
250 W Yb-fiber laser beam with a wavelength of 1067 nm to sufficiently melt the metal
powder. Moreover, its maximum printing accuracy reaches up to 25 µm at the vertical
direction/z axis (layer height) and 40 µm in the XY plane (hatching distance) [14]. The
selected material was in the form of fine powder and its basic characteristics of particle size
distribution (PSD), Hall flow, and chemical composition are listed in Table 1. This combina-
tion of parameters ensured the high printability and quality of the 3D-printed friction pads.
Furthermore, in order to achieve the optimum quality in terms of mechanical behavior
and accuracy, specific process-related parameters were selected based on the results of
previous studies (Bottom side of Table 1). It is worth noting that Equation (4) describes
the mathematical relation between one of the most important parameters for the fusion
of the powder, i.e., the volumetric energy density (VED), with the basic process-related
parameters, such as layer height (l), hatching distance (h), laser power (P), and printing
speed (V). Based on the value of VED, we ensured the proper thermal energy exposure
for the powder in order to create sufficient and uniform molten pools, which increase the
relative density of the part (>99.8%) and eliminate the potential defects (un-melted particles,
keyholes, voids, etc.) [15]. Finally, printing orientation was chosen to be ZXY, according to
international standards [16], in order for the printed parts to present the maximum strength
under operation conditions.

VED =
P

V·h·l (4)

2.4. Tribological Analysis

The first step before conducting the tribological analysis was the roughness measure-
ments of the surface of the 3D-printed parts. The surface roughness analysis was performed
using the Wyko® NT Series optical profiler (Veeco Instruments Inc., Plainview, NY, USA),
NT1100 Optical Profiling System. This system employs white light interferometry for
high-resolution 3D surface roughness measurements. Specimens’ profiles were assessed
utilizing the optical surface profilometer, specifically focusing on the friction surface of
the 3D-printed H13 pads. Discussing surface roughness alongside tribological results

106



Materials 2024, 17, 2765

is important because it directly influences friction and wear behavior, providing crucial
insights into material interactions and performance. It is worth noting that the most crucial
roughness parameters for the specimen’s surface and profile were obtained according to
international standards [17,18].

In a series of tribological experiments conducted by a Tribolab Universal Material
Testing (UMT) apparatus, employing a pin diameter of 6.56 mm, a standardized normal
force of 50 N was applied to a distance of 10 mm with a sliding velocity of 1 mm/s.
These meticulously controlled parameters served as the foundation for a rigorous ex-
amination of frictional dynamics and wear characteristics inherent to diverse material
compositions [19,20]. Utilizing the advanced capabilities of the UMT TriboLab from Bruker
(Billerica, MA, USA), a pin-on-disc configuration was employed to investigate the tribo-
logical behavior of AM H13 steel specimens. These specimens were designed as safety
braking pads, featuring various configurations including honeycomb, honeycomb speckled,
extended honeycomb, car-tire-like, and pyramid structures. The focus of the investiga-
tion centered on determining the CoF, a widely accepted standard parameter of friction.
This parameter is calculated from the force sensor signal, considering both the normal
and longitudinal forces acquired simultaneously. By analyzing the CoF, insights into the
frictional characteristics of each configuration were acquired, facilitating a comprehensive
understanding of their tribological performance. This setup facilitated a focused inquiry
into the tribological properties of these design patterns examined, aiming to discern their
performance under controlled conditions. All tests were performed at least five times at
room temperature, on the region between fixation holes.

2.5. Finite Element Models

In order to evaluate fast, accurately, and reliably the performance of the developed fric-
tion pads, finite element models (FEMs) were developed based on the results of tribological
analysis. For this purpose, the ANSYS Workbench (ANSYS, Inc., Canonsburg, PA, USA)
simulation platform was utilized and, more specifically, its static module. The employed
material model was a bilinear isotropic hardening in which the elastic section emerged
from the aforementioned material properties and the plastic section occurred after the yield
stress point with a tangent modulus of 10,000 MPa based on the experimental results of
a previous study [12]. The next step was the creation of the computational mesh, which
was defined after the conduction of mesh sensitivity analyses regarding the maximum von
Mises stress in order to extract mesh-independent results. This analysis led to mesh with
tetrahedral elements and a minimum size of 0.4 mm with total mesh elements ranging from
around 100,000 to 125,000 elements depending on the applied geometry of the structure.
Regarding the fixation condition of the analyses, each friction pad was set to have zero
displacements on the plane of each support hole and zero displacements on the back of each
pad where the spring set was applied. On the other hand, for the loading condition, the
worst-case scenario of a commercial passenger elevator was chosen with P + Q at 2600 kg
and two progressive safety gears. Moreover, the overall force applied to the friction surface
of each pad was analyzed in two different components, namely the vertical force and
braking/friction force. The braking/friction force has a direction opposite to the movement
of the elevator and it is constant due to the fact that the same value for this force results in
the immobilization of the elevator regardless of the applied surface pattern of each pad.
In contrast, the necessary vertical force in order to create the friction force is dependent
on the coefficient of friction of each developed friction pad. Therefore, the evaluation of
this force component for each case was performed utilizing the results of the tribological
analysis. It is worth mentioning that in the context of this study, a commercial friction pad
was also tested in order to provide a comprehensive benchmark for the designed braking
pads. Figure 4 presents an indicative example of the commercial friction pad with the
fixation and loading conditions that have been considered in the developed FEM.
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Figure 4. Fixation and loading conditions on the commercial friction pad for the developed FEMs.

3. Results
3.1. 3D-Printed Friction Pads

The developed friction pads with advanced surface geometry were additively manu-
factured via the SLM 3D printing technique, as shown in Figure 5a. The 3D printing process
was performed in a low concentration of oxygen (<1%) to avoid oxidation phenomena.
Moreover, all four designed friction pads were fitted on the 3D printer’s platform in ZYX
orientation as presented in Figure 5b. The overall 3D printing process lasted around 13 h
indicating the rapid fabrication nature of AM technology. It is worth mentioning that the
3D prints were structurally flawless, without any visible defects and voids. Furthermore,
the 3D-printed specimens were weighted with a high-accuracy scale and their weight
values were found close to nominal values revealing negligible porosity for the structures.
Then, the 3D-printed friction pads underwent the post-processing treatment of support
removal and sandblasting in order to be finished. Finally, the developed friction pads
were assembled in the system of a safety gear showing sufficient fit and functionality, as
illustrated in Figure 5c.
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chamber; (c) Indicative images of the assembly between the developed friction pads and the elevator
safety gear.
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3.2. Tribological Results

Before the tribological analysis occurs, the roughness of the 3D-printed friction
pads needs to be evaluated as it is strongly related to the CoF. The roughness measure-
ments were performed on the contact surface of each specimen. Figure 6 illustrates an
indicative example of the roughness evaluation on the 3D-printed parts. In detail, with
the aid of the optical profilometer, both the surface roughness contour and roughness
profiles were obtained. These acquired data show that the 3D-printed components in the
examined plane (i.e., XZ plane) have roughness fluctuating between 0 and 15 µm with
smooth transitions.
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Figure 6. Surface roughness contour and roughness profile of an indicative braking surface of the
3D-printed pads.

It is worth noting that the examined area for roughness is independent of the patterns
as it is an order of magnitude smaller (around 2 × 2 mm). Therefore, the 3D-printed surface
was measured in roughness analysis which has similar value roughness for all developed
braking pads due to the repeatability of the SLM 3D printing process. In addition, Table 2
lists all the crucial roughness parameters, i.e., average roughness (Sa, Ra), the root means
square of the ordinate values (Sq, Rq), the mean roughness depth (Sz, Rz), the maximum pit
height (Sv, Rv), and the maximum peak height (Sp, Rp).

Table 2. Mean values of roughness indicators for the 3D-printed braking pads.

Surface Roughness Profile Roughness

Indicators Values (µm) Indicators Values (µm)

Sa 2.675 ± 0.1 Ra 0.7081 ± 0.05
Sq 3.168 ± 0.1 Rq 0.8189 ± 0.05
Sz 15.42 ± 0.4 Rz 2.619 ± 0.1
Sv 6.860 ± 0.2 Rv 1.113 ± 0.1
Sp 8.557 ± 0.25 Rp 1.506 ± 0.1
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After the roughness analysis of the 3D-printed surface of the developed friction pads,
the next step was the conduction of tribological analysis. All specimens were examined
under the same conditions and indicative images from this process are illustrated in Figure 7
for the car-tire-like pad (a) and for the honeycomb pad (b). It is obvious that the direction
of the probe is the same as the elevator movement direction in order to obtain relatable
tribological results.
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Figure 7. Indicative images of the (a) car-tire-like and (b) honeycomb friction pads during the
pin-on-disc tribological tests.

Based on the tribological analysis, the honeycomb and honeycomb speckled con-
figurations exhibited coefficients of friction (CoF) of 0.317 and 0.372, respectively. Re-
markably, these values suggest a nearly identical pattern in their tribological behavior,
owing to their closely matched CoF. However, the speckled variant displayed a slightly
elevated CoF, likely attributable to the presence of speckles on its surface. This subtle
distinction underscores the influence of surface texture on frictional dynamics, accen-
tuating the importance of detailed analysis in tribological investigations. In the length
of the sliding distance, we discern an excitation in Figure 8 due to the gap among the
cells. For the extended honeycomb configuration, three excitations were observed, with
the maximum CoF reaching 0.6. Additionally, the average CoF remained notably high,
approximately around 0.459. In the car-tire-like configuration, the CoF is notably higher,
reaching 0.549. This marked increase in CoF value highlighted the unique characteris-
tics of the car-tire-like pattern, wherein its structural intricacies likely contributed to
heightened frictional interaction. The car-tire-like pattern demonstrates the highest CoF,
surpassing all the other configurations, solidifying its position as the configuration with
the highest frictional propensity. This distinction underscores the diverse tribological
behaviors manifested across different configurations, each bearing its own signature of
frictional response.
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3.3. Finite Element Analyses

After the conduction of tribological analyses, the obtained results, notably the CoF,
were used to accurately simulate the mechanical performance of each designed friction
pad under realistic loads. Therefore, utilizing the measured CoF for each design, the
corresponding vertical force was evaluated, as listed in Table 3. The evaluation process
was performed based on the biggest standardized elevator system with P + Q = 2600 kg
according to Equations (1)–(3). It is obvious that the necessary vertical force that should be
applied in order to decelerate the elevator and eventually stop it is strongly related to the
interface CoF. In particular, when the CoF at the interface is low, it necessitates an increase
in vertical force exerted in the opposite direction stressing the braking pad.
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Table 3. Vertical force evaluation based on CoF and necessary braking force for each structure.

Structure Measured CoF Braking Force (BF) Vertical Force (VF)

Commercial 0.3

25,506 N

85,020 N
Honeycomb 0.317 ± 0.03 80,461 N

Speckled honeycomb 0.372 ± 0.04 68,565 N
Extended honeycomb 0.459 ± 0.05 55,569 N

Car-tire-like 0.549 ± 0.05 46,459 N

This observed behavior can easily result in the conclusion that the friction pads with
low CoF are stressed more than the ones with higher CoF, leading to faster and abrupt part
failure. Indeed, the conducted FEAs have shown similar results, as presented in Figure 9.
More specifically, friction pads with the structures of extended honeycombs (Figure 9d)
and car-tire-like (Figure 9e) exhibited lower stress concentrations, uniformly distributing
the applied loads. In addition, the commercial friction pad (Figure 9a) and the friction
pad with honeycomb structure (Figure 9b) revealed similar mechanical performance in
terms of equivalent von Mises stress concertation showing a maximum von Mises stress
value of around 170 MPa. On the other hand, the friction pad with speckled honeycomb
structure (Figure 9c) concentrated the highest stress reaching 212 MPa, due to the localized
high stress concentration regions derived from its honeycomb spots. It is worth noting
that the main stress concentration regions are observed around the support holes of the
part, indicating the increased applied loads on the bolts/screws. Finally, it is clear from
the numerically extracted mechanical behavior of the designed friction pads that the metal
3D-printed structures are capable of withstanding the friction loads providing promising
results for further experimental examination. In conclusion, the higher coefficient of friction
configurations exhibited optimal stress distribution, thereby preventing abrupt failure
and ensuring more uniform load distribution across braking pads, as revealed by the
conducted FEAs.
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4. Conclusions

In the current study, elevator progressive safety gear pads with bio-inspired contact
surface structures were designed and developed in order to increase their durability and
efficiency. More specifically, four different friction pads with embedded bio-inspired
surface lattice structures were designed on the template of the conventional pad, namely
the honeycomb, speckled honeycomb, extended honeycomb, and car-tire-like structures.
Then, these designs were additively manufactured utilizing the SLM 3D printing technique
in order to assess their compatibility with the existing system and experimentally evaluate
their tribological behavior. The results revealed that the pads with high contact surface
area, i.e., car-tire-like and extended honeycomb structure, possess high CoF with 0.549
and 0.459, respectively. Moreover, in the context of this paper, FEMs were developed
according to the tribological behavior of each designed friction pad. The results of the
numerical analyses showed that the friction pads with high CoF exhibit lower stress,
increasing the durability and efficiency of the part. In addition, all designs were compared
with the conventional friction pad and revealed superior performance. Then, through the
conducted FEA, the developed friction pads experienced significantly lower stress than
the construction material strength paving the way for further experimental evaluation
through actual application to elevator progressive safety gear. To conclude, it is expected
that the reduced loads and stress that the new designs exhibited will increase the number
of uses of the braking pads, increasing their life cycle and reducing the maintenance cost
and downtime of an elevator system. In addition, the uniform distribution of the stresses
deriving from the applied braking force indicates smoother contact between the pads and
the guide rails mitigating the risk of deforming them.

5. Patents

The research study was filled on 22 November 2023 in a patent application to the Hel-
lenic Industrial Property Organization (HIPA) with the application number) 20230100969
and the title: «Hierarchical Biomimetic Surface Pattern on Elevator Friction Pads for En-
hanced Dynamic Friction Performance».
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Abstract: Defect-free thin-walled samples were built using wire arc additive manufacturing (WAAM)
combined with the “coldArc” deposition technique by feeding a Ti-6Al-4V welding wire and using
two deposition strategies, namely with and without the welding torch weaving. The microstructures
formed in these samples were examined in relation to mechanical characteristics. The arc torch
weaving at 1 Hz allowed us to interfere with the epitaxial growth of the β-Ti columnar grains and,
thus, obtain them a lower aspect ratio. Upon cooling, the α/α′+β structure was formed inside the
former β-Ti grains, and this structure proved to be more uniform as compared to that of the samples
built without the weaving. The subtransus quenching of the samples in water did not have any
effect on the structure and properties of samples built with the arc torch weaving, whereas a more
uniform grain structure was formed in the sample built without weaving. Quenching resulted also in
a reduction in the relative elongation by 30% in both cases.

Keywords: wire arc additive manufacturing; “coldArc”; deposition strategy; quenching; microstructure;
mechanical properties

1. Introduction

Wire-arc additive manufacturing (WAAM) is a layer-by-layer metal deposition process
using wire as a source material and an arc discharge as an energy source [1,2]. This technology
is considered economical and efficient, as well as suitable for the fabrication of large-sized
metal products [1] due to its manufacturability, relatively high speed of metal deposition, and
low cost of equipment compared to other additive manufacturing methods [2]. Titanium alloys
are widely used in various industries, such as aerospace, energy, nuclear, and biomedicine
due to their excellent combination of strength and ductility [1,3–5]. At the same time, the
use of traditional subtractive metalworking methods to produce shaped titanium alloy parts
means a significant increase in the production costs. The development of additive technologies
offers an alternative way for fabricating near net-shape machine parts from using a layer-
by-layer method, growing them from a melt pool. At the same time, the epitaxial growth of
primary columnar β-Ti grains is observed with almost all additive manufacturing methods,
subsequently leading to the formation of large α/β colonies with wide α-laths that contribute
to the anisotropy of properties and reduce the strength.

During the WAAM process, solidification always occurs through the growth of primary
grains from the melt pool bottom under the conditions of a temperature gradient and heat
removal through the substrate [6–9]. The relevant studies have shown that the primary
β-Ti grains of Ti-6Al-4V alloy produced by WAAM are similar to those obtained using
laser [10–12] and electron beam additive manufacturing methods [13–16]. Thus, almost all
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additive methods that utilize fusion of the source materials give a primary cast structure
characterized by large columnar β-Ti grains (several millimeters wide and almost the
entire height of the product), in which, at low cooling rates, decomposition occurs with the
formation of grain-boundary α -Ti grains and α/β colonies, characterized by low strength
and high ductility. With a further decrease in the cooling rate or under the influence of
cyclic reheating, the β-laths can experience further decomposition with the formation of
α/α′′ and α/α2 structures [17].

Higher cooling rates are achieved in WAAM as compared to those in wire electron
beam additive manufacturing that may cause the transformation of α/β structures into
α/α′ ones, and such a transformation may increase strength but simultaneously impair
the ductility [18,19]. When additively forming a Ti-6Al-4V part, prolonged heating can
also lead to high residual stresses [20]. Thus, products obtained via additive methods
are characterized by either an insufficient level of strength associated with the formation
of large primary β-Ti grains and their decomposition into coarse α/β colonies, or low
plasticity due to the formation of α/α′ colonies. It should be added that the in situ
refinement of primary β-Ti grains is possible by breaking the dendrites growing in the
melted pool by intensifying the liquid metal stirring by means of mechanical vibrations,
sonication (cavitation), and mechanical interpass impact treatment.

Another specificity of the additively manufactured materials is that successive reheat-
ing of the as-deposited layers occurs in them, leading to the formation of heat-affected
bands [17], in which the as-deposited microstructures are subjected to extra structural and
phase transformations such as the β→α/α′′ and β→α/α2. Mending such a structural
inhomogeneity may require post-deposition heat treatment.

The modification of deposition strategies may be one of the approaches to interfere
with the epitaxial growth of primary columnar β-Ti grains. Plasma or welding torch
weaving is an effective way of optimizing the geometry of welding beads and increasing
the deposition rate in WAAM [21,22]. In particular, using larger weaving amplitudes in
combination with a low torch speed and low wavelength allows for the production of walls
of larger dimensions [23]. A novel approach to weaving was developed by Ni et al. [24] for
WAAM on curved surfaces that allowed for the improvement of their dimensional accuracy.
It was also shown [25] that plasma torch weaving had a positive effect on the structure and
strength of reheated zones in the multi-pass plasma-transferred arc Fe-Cr-Mo-C coatings.

Among numerous publications devoted to WAAM on Ti-6Al-4V, there are ones ded-
icated to studying the effect of different deposition strategies. For instance, Zhou et al.
studied the effect of co-directional and reciprocating deposition strategies on structure and
mechanical strength, but no weaving was applied in the deposition process [26]. A circular
weaving deposition strategy was applied for wire additive manufacturing of Ti-6Al-4V
with the use of the cold metal transfer technique [27]. Unfortunately, no data were reported
that could shed light on the effect of low-frequency weaving. No literature sources were,
however, discovered that reported on a direct study of the effect of arc or plasma torch
weaving in WAAM on the structure and characteristics of as-built Ti-6Al-4V.

It may happen, however, that the use of arc torch oscillations in WAAM has positive
effect on the structural homogeneity of the WAAM on Ti-6Al-4V.

Alternative solutions may be microalloying the melt pool to extend the constitutional
undercooled zone and, thus, increase the probability of homogeneous grain nucleation [28]
or intensifying the heterogeneous grain nucleation by adding refractory inoculation parti-
cles [29]. The first two approaches involve increased design complexity, while admixing
alloying and inoculation additives is not always desirable from the viewpoint of maintain-
ing the chemical composition.

Numerous studies have been carried out to identify the mechanisms determining
the microstructural evolution during WAAM and post-heat treatment. For example, the
microstructure and mechanical properties of Ti-6Al-4V obtained by the WAAM method
were studied after applying five types of the subtransus heat treatment (SHT), from tem-
peratures up to 950 ◦C [30]. It was found that all five SHT types served to improve both
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the ultimate strength and ductility. The effect of SHT and hot isostatic pressing on the
strength and ductility of Ti-6Al-4V after WAAM was investigated [31]. It was found that
various thermal processes directly affect the mechanical properties through the dependence
of the strength on the α-grain size [31]. However, it was reported [32] that no significant
differences in microstructural or mechanical properties were found after the heat treatment
of Ti6Al4V in vacuum (at 720 ◦C for 120 min), in air, or in argon. All the heat-treated
specimens demonstrated both yield and tensile strengths that met the requirements of the
AMS4928 standard. A number of sources also indicated the refinement of β-grains, the
modification of texture, and residual stresses relieving in the WAAM products after rolling
under high pressure [6,8] or sonication [33,34].

As mentioned above, the microstructure of the alloy, including the grain size and
morphology, is significantly dependent on the thermal history during the WAAM. In other
words, if the thermal conditions during deposition are properly controlled, both the de-
sired microstructures and acceptable mechanical properties can be achieved. Varying the
cooling rate by means of interpass cooling with compressed CO2 showed a slight improve-
ment in tensile strength and a slight decrease in elongation due to the formation of the
α′-phase [35,36]. The Ti-6Al-4V wall was obtained by the WAAM with the use of cold metal
transfer (CMT) technique and was then subjected to heat treatment [37]. It was shown [37]
that the as-built Ti-6Al-4V wall had a microstructure consisting of acicular α′-martensite
with a small amount of lamellar α/β colonies and showed acceptable hardness and tensile
strength. The martensitic α′-Ti phase can be eliminated by annealing at 900 ◦C for 4 h and
cooling with the furnace. At the same time, the tensile strength of the heat-treated sample
was significantly lower than the tensile strength of the original sample [37].

Thus, thermal post-processing of an additively manufactured sample is a realistic
route to provide the desired combination of strength and ductility, but it will require
additional costs and time. However, it may be more expedient to control the product
manufacturing process using techniques that ensure strictly controlled heat input, such
as, for example, “coldArc”, which uses a power source with real time control of the arc
discharge ignition and metal transfer [38,39]. The interplay between WAAM process
parameters and deposition strategies which utilize the arc (plasma) torch oscillations is very
complicated and multifactorial [23,40]. The use of special WAAM deposition techniques
such as CMN or “coldArc” makes this relationship even more complicated, but it still needs
further investigations.

In relation to the above-discussed and other papers about using the WAAM process
on Ti6Al4V, this work combined WAAM deposition techniques such as “coldArc” with arc
torch weaving and evaluated their effect on the grain structure. Thermal post-processing
of the samples was carried out to study the necessity of such a procedure for samples
obtained by the above-described methods, as well as for understanding the evolution of
the microstructure and mechanical properties.

The objective of this study was to elucidate the effect of arc torch weaving on the
microstructure and characteristics of the WAAM Ti-6Al-4V samples obtained with the use
of “coldArc” technology.

2. Materials and Methods

Welding wire of Ti-6Al-4V, with a diameter of 1.6 mm, was used with the following
chemical composition, wt.%: 4.1 ± 0.5 Al, 3.19 ± 0.2 V, Ti—balance. The wire was melted
by the arc discharge in a flow of shielding gas (He 99.8%) and then transferred into a
melted pool on a 2.5 mm thick rectangular substrate made of commercial pure titanium.
The wire arch additive manufacturing (WAAM) was carried out using a 6-axis industrial
robot FANUC Robot ARC Mate 100iD (FANUC Europe Corporation, Luxemburg] with a
welding torch and an EWM Titan XQ R 400 Pulse inverter power supply (EWM GmbH,
Mundersbach, Germany) with “coldArc” technology. The WAAM parameters are presented
in Table 1.
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Table 1. The “coldArc” WAAM parameters.

Parameter Magnitude

Mean arc current, A 120
Mean arc voltage, V 14.5
Torch speed, m/min 0.25

Wire feed rate, m/min 3.2
Shielding gas flow rate, l/min 15

Interpass idle time, s 10

The “coldArc” technology allows for the welding process to be carried out with the
reduced heat input due to the in situ control of the arc ignition process [41]. It was not
possible to calculate the actual heat input due to the lack of parameters and characteristic
times of short-circuit and arcing modes. Thus, the nominal value of heat input was
calculated the way it is for a conventional arc welding. It may be unnecessary to note here
that such an assumption cannot have any effect on the experimental results. Using the
WAAM method, two model walls were built from the Ti-6A-4V wire, using different layer
deposition strategies: Ti-6Al-4V-0 and Ti-6Al-4V-1 samples (Table 2) were obtained without
and with the arc torch weaving, respectively. The weaving amplitude and frequency were
2 mm and 1 Hz (Figure 1). To minimize the distortion of the wall’s geometry, the welding
torch was turned in the opposite direction after the deposition of each layer. The angle
of inclination of the torch relative to the substrate was 10◦. Then, the welding torch was
raised to the height of the deposited layer, after which the printing direction was changed
to the opposite (Figure 1). The chemical composition of the obtained samples is presented
in Table 2.

Table 2. Elemental compositions of the “coldArc” WAAM samples.

Layer Deposition Strategy Zone
Element, wt.%

Ti Al V

No weaving
(Ti-6Al-4V-0)

Bottom Bal. 3.50 ± 0.57 3.04 ± 0.15
Middle Bal. 3.82 ± 0.60 3.09 ± 0.15

Top Bal. 4.01 ± 0.62 3.23 ± 0.15

Weaving
(Ti-6Al-4V-1)

Bottom Bal. 3.67 ± 0.56 2.94 ± 0.15
Middle Bal. 4.06 ± 0.56 3.03 ± 0.15

Top Bal. 4.27 ± 0.63 3.12 ± 0.15
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Figure 1. Schematic representation of “coldArc” WAAM on Ti-6Al-4V combined with no weav-
ing/weaving layer deposition strategies. 

Table 2. Elemental compositions of the “coldArc” WAAM samples. 

Layer Deposition 
Strategy 

Zone 
 Element, wt.%  

Ti Al V 
No weaving 
(Ti-6Al-4V-0) 

Bottom Bal. 3.50 ± 0.57 3.04 ± 0.15 
Middle Bal. 3.82 ± 0.60 3.09 ± 0.15 

Figure 1. Schematic representation of “coldArc” WAAM on Ti-6Al-4V combined with no weav-
ing/weaving layer deposition strategies.

The as-built walls were sectioned into samples that were subjected to the traditional
sample preparation procedure, including the stages of grinding with sandpaper (Al2O3)
and polishing with diamond pastes (14/10, 3/2, and 1/0 grit). To identify microstructure
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components, the polished surfaces of the samples were subjected to chemical etching with the
reagents 2.5 HNO3 + 1 HCl + 1 HF + 95 mL H2O and 4 HF + 6 HCl + 8 HNO3 + 82 mL H2O.
The macro- and microstructure of the samples were studied using optical microscopy (OM,
Altami Met 1S microscope (Altami Ltd., Saint-Petersburg, Russia) and Axiovert 200MAT
inverted reflected light microscope(Carl Zeiss AG, Oberkochen, Germany) and scanning
electron microscopy (SEM, Thermo Fisher Scientific Apreo S LoVac (Thermo Fisher Scientific,
Waltham, MA, USA),) microscope equipped with an energy dispersion spectrometer (EDS)).
X-ray diffraction analysis (XRD) was carried out in three zones (bottom, middle, and top) of
each wall, using a DRON-7 diffractometer (Bourevestnik, Saint-Petersburg, Russia), CoKα

radiation. The level of microstrains (ε) of the WAAM Ti-6Al-4V samples both before and after
heat treatment was calculated according to the Williamson–Hall method [42]:

ε =
βhkl
4tgθ

(1)

where βhkl is the full width at half maximum (FWHM), and θ is the Wulf-Bragg angle.
Thin foils were prepared from the thin samples cut from the middle portion of each

wall by focused ion beam thinning and then examined by means of a transmission electron
microscope (TEM), JEOL-210 (JEOL Ltd., Tokyo, Japan). Uniaxial tensile tests of the dog-
bone specimens cut off the corresponding parts of the wall were carried out on a universal
testing machine, UTS-110M-100 (Testsystems, Ivanovo, Russia), at room temperature, with
a grip speed of 1 mm/min. For uniaxial tensile testing, flat samples were cut with their
tensile axes parallel to the OY and with the gauge length dimensions 12 × 2.7 × 1.5 mm.

3. Results
3.1. Macro-, Microstructure, and Phase Composition of the WAAM Ti-6Al-4V Samples

To study structural evolution of the deposited metal as depended on their thermal
history, the walls were arbitrarily divided into three parts designated as bottom, middle
and top (Figures 2a and 3a). The macrostructures of all the Ti-6Al-4V samples obtained
using “coldArc” WAAM and both layer deposition strategies are represented by former
columnar-equiaxed primary β-grains, within which the α-phase exists in the form of lathes
and Widmanstätten structures (Figures 2b–d and 3b–d).
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Figure 2. Macrostructure of the sample Ti-6Al-4V-0 obtained via “coldArc” WAAM (no weaving),
as-viewed in the ZOX cross-section (a), and enlarged optical images of the microstructures obtained
in the lower (b), middle (c), and upper parts (d) of the wall. Red letters in (a) indicate zones where
higher magnification images have been obtained.
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Figure 4. Mean aspect ratio values for primary columnar and equiaxed β-Ti grains in Ti-6Al-4V-0 
(a) and Ti-6Al-4V-1 (b) samples. l/d—mean aspect ratio of primary columnar β-grains; dav—mean 
size of equiaxed primary β-grains. 

The macro- and micrographs of the deposited layers in both the Ti-6Al-4V-0 and Ti-
6Al-4V-1 samples demonstrate the presence of large primary α-laths, as well as α/β and 
α/α′ colonies (Figure 5b,c,g,h). Dark equal thickness bands are observed between the de-
posited layers in all samples that have been formed as a result of the remelting and re-
heating of the unmelted part of the layer (heat-affected zone) (Figure 5a,f). The micro-
structure of the reheating zones differs from that of the deposited layer and is character-
ized by a larger proportion of primary α-laths and α/β colonies located between them 
(Figure 5d,e,i,j). However, these heat-affected bands look different in the Ti-6Al-4V-0 and 
Ti-6Al-4V-1 samples. Weaving allowed us to obtain smaller α/β and α/α′ colonies in the 
heat-affected band (Figure 5i,j) as compared to those in the Ti-6Al-4V-0 sample (Figure 
5d,e). 

Figure 3. Macrostructure of the sample Ti-6Al-4V-1 obtained via “coldArc” WAAM (no weaving), as
viewed in the ZOX cross-section (a), and enlarged optical images of the microstructures obtained
in the lower (b), middle (c), and upper parts (d) of the wall. Red letters in (a) indicate zones where
higher magnification images have been obtained.

It is worth noting that the primary columnar β-Ti grains are characterized by a rela-
tively small mean length (dam = 6 mm) compared to those obtained by WAAM without
the “coldArc” technology [1] and other additive methods, where these primary columnar
β-grains can reach the length of tens of millimeters and pass through the entire cross-section
of the product [11,15,43,44]. The mean size of equiaxed β-grains is almost identical for
both layer deposition strategies, i.e., 0.4 ± 0.1 mm and 0.3 ± 0.1 mm in the Ti-6Al-4V-0 and
Ti-6Al-4V-1 samples, respectively (Figure 4).
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Figure 4. Mean aspect ratio values for primary columnar and equiaxed β-Ti grains in Ti-6Al-4V-0
(a) and Ti-6Al-4V-1 (b) samples. l/d—mean aspect ratio of primary columnar β-grains; dav—mean
size of equiaxed primary β-grains.

However, the columnar β-grains in Ti-6Al-4V-0 (no weaving) are slightly different in
their dimensions, as viewed along the wall’s height. The bottom part of the wall contains the
columnar grains with a minimum length and width of 0.57 mm and 0.15 mm, respectively,
and a maximum of 5.38 mm and 1.37 mm, respectively (Figure 4a). In the middle part
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of the sample, some columnar grains can reach their maximum sizes of 8 mm in length
and 2 mm in width, which leads to an increase in the mean l/d aspect ratio, as well as to
the greater scattering of these values (Figure 4a). The top part of the Ti-6Al-4V-0 wall is
characterized by isolated high-aspect-ratio grains with a maximum length of up to 7 mm
and a width of 1.7 mm.

The use of 1 Hz arc torch transverse oscillations when depositing the Ti-6Al-4V-1 wall
resulted in the formation of more uniform grain structures (Figure 3a). The aspect ratio
values in the lower, middle, and upper parts of the wall were 3.4 ± 1.2, 2.7 ± 0.7, and
2.6 ± 0.5, respectively; that is, the values were close to each other and fell within the error
limits (Figure 4b). In this case, the maximum length and width of the columnar grains were
~9 mm and ~3 mm, respectively.

The macro- and micrographs of the deposited layers in both the Ti-6Al-4V-0 and Ti-6Al-
4V-1 samples demonstrate the presence of large primary α-laths, as well as α/β and α/α′

colonies (Figure 5b,c,g,h). Dark equal thickness bands are observed between the deposited
layers in all samples that have been formed as a result of the remelting and reheating of
the unmelted part of the layer (heat-affected zone) (Figure 5a,f). The microstructure of the
reheating zones differs from that of the deposited layer and is characterized by a larger
proportion of primary α-laths and α/β colonies located between them (Figure 5d,e,i,j).
However, these heat-affected bands look different in the Ti-6Al-4V-0 and Ti-6Al-4V-1
samples. Weaving allowed us to obtain smaller α/β and α/α′ colonies in the heat-affected
band (Figure 5i,j) as compared to those in the Ti-6Al-4V-0 sample (Figure 5d,e).
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Figure 6 shows the bright-field TEM images of the microstructures in the Ti-6Al-4V-
0 and Ti-6Al-4V-1 samples that look identically as well as contain the same structural
components such as α-laths, α/β, and α/α′ colonies.
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Figure 6. TEM bright-field images (a,b) and corresponding SAED patterns (c) obtained from Ti-6Al-
4V-0 (a–c) and Ti-6Al-4V-1 (d–f) zones. Red letters and circles indicate the areas from which the SAED
patterns were obtained and then identified.

The X-ray diffraction patterns of Ti-6Al-4V-0 demonstrate the main reflections from
α/α′ (HCP) structures, along with weak reflection from (110)β (BCC), and irrespective of
the layer deposition strategy. Since α and α′ have similar crystal structures and lattice pa-
rameters, their X-ray diffraction peaks are indistinguishable, and therefore these structures
are designated as α/α′ in corresponding X-ray diffraction patterns (Figure 7).
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the WAAM Ti-6Al-4V samples obtained using both layer deposition strategies consisted 
of columnar-equiaxed primary β-grain boundaries within which the α-phase acquired la-
mellar, needle-like, and Widmanstätten structures (Figure 8). However, after the sub-
transus quenching, an increase in the volume fraction of the α′ phase was observed. The 
mean size of equiaxed grains did not change and was identical to that of the as-built sam-
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Figure 7. X-ray diffraction patterns obtained from bottom, middle, and top parts of the Ti-6Al-4V-0
(a) and Ti-6Al-4V-1 (b) walls.

No reflections were observed from other phases, such as, for example, orthorhombic
α′′ martensite, which appears in the heat-affected bands after wire electron beam addi-
tive manufacturing [17]. The XRD patterns of the Ti-6Al-4V-0 sample demonstrate an
inverse order of peak intensities that suggests the existence of some texturing (Figure 7a).
The (101)α/α′ peak has the maximum height in the bottom part of the wall, while both
(102)α/α′ and (110)α/α′ are the predominant ones in the top part of the wall (Figure 7a).
For the Ti-6Al-4V-1 sample, peaks (101) of the α/α′-phase stay identical in regard to height
throughout the entire height of the wall, which also indirectly confirms the more uniform
structure of this sample compared to that of the Ti-6Al-4V-0 sample (Figure 7b).

122



Materials 2024, 17, 2325

3.2. The Influence of Heat Treatment on the Structural-Phase State of the “coldArc” WAAM
Ti-6Al-4V Samples

The quenching of the Ti-6Al-4V samples from 900 ◦C followed by cooling in water
did not provide any significant microstructural changes (Figure 8). The macrostructure of
the WAAM Ti-6Al-4V samples obtained using both layer deposition strategies consisted of
columnar-equiaxed primary β-grain boundaries within which the α-phase acquired lamel-
lar, needle-like, and Widmanstätten structures (Figure 8). However, after the subtransus
quenching, an increase in the volume fraction of the α′ phase was observed. The mean size
of equiaxed grains did not change and was identical to that of the as-built samples; for
samples Ti-6Al-4V-0 and Ti-6Al-4V-1, the corresponding mean grain sizes are 0.4 ± 0.1 mm
and 0.3 ± 0.1 mm, respectively (Figure 9).
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Figure 9. Mean aspect ratio values for primary columnar and size of equiaxial β-Ti grains (dav): Ti-
6Al-4V-0 (a) and Ti-6Al-4V-1 (b) as-quenched samples. l/d—mean aspect ratio of primary columnar 
β-grains; dav—mean size of equiaxed primary β-grains. 

According to TEM (Figure 10a,b,d,e)), the volume fraction of α′-Ti increased signifi-
cantly after quenching in both the Ti-6Al-4V-0 and Ti-6Al-4V-1 samples (Figure 10c,f). At 
the same time, the β-phase was partially retained between the α-plates in the as-quenched 
Ti-6Al-4V-1 samples (Figure 10e), as confirmed by the corresponding XRD pattern (Figure 
11). 
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However, the magnitude of the elastic microstrains of the α/α′ lattice depended on 
the height of the wall (Figure 12). The as-built Ti-6Al-4V-0 samples demonstrated that 
their elastic microstrain values increased with the wall�s height. The quenching of the Ti-

Figure 9. Mean aspect ratio values for primary columnar and size of equiaxial β-Ti grains (dav):
Ti-6Al-4V-0 (a) and Ti-6Al-4V-1 (b) as-quenched samples. l/d—mean aspect ratio of primary colum-
nar β-grains; dav—mean size of equiaxed primary β-grains.

The quenching of the Ti-6Al-4V-0 samples allowed us to obtain more uniform aspect
ratio values relating to the primary β-Ti grains (Figure 9a). The mean aspect ratio (l/d)
values calculated for the bottom, middle, and top parts of the wall are 3.4 ± 1.1, 3.4 ± 1.1,
and 3.6 ± 1.3, respectively (Figure 9a). For the as-quenched Ti-6Al-4V-1 samples, the
average aspect ratio values did not change compared to those of the as-built ones, and they
were 2.6 ± 0.5, 2.8 ± 0.7, and 3.4 ± 1.2 (Figure 9b).

According to TEM (Figure 10a,b,d,e)), the volume fraction of α′-Ti increased significantly
after quenching in both the Ti-6Al-4V-0 and Ti-6Al-4V-1 samples (Figure 10c,f). At the same
time, the β-phase was partially retained between the α-plates in the as-quenched Ti-6Al-4V-1
samples (Figure 10e), as confirmed by the corresponding XRD pattern (Figure 11).
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Figure 11. X-ray diffractograms obtained from the as-quenched Ti-6Al-4V-0 (a) and Ti-6Al-4V-1 (b) samples.

The quenching of Ti-6Al-4V-0 samples resulted in the redistribution of the XRD peak
intensities compared to those of the as-built samples so that a predominant orientation
is observed for the (101)α/α′ reflections (Figure 11a). For the as-quenched Ti-6Al-4V-1
samples, the X-ray diffraction patterns were identical to those obtained on the as-built ones
with a predominant orientation of (101)α/α′ over the entire height of the product.

However, the magnitude of the elastic microstrains of the α/α′ lattice depended on
the height of the wall (Figure 12). The as-built Ti-6Al-4V-0 samples demonstrated that
their elastic microstrain values increased with the wall’s height. The quenching of the
Ti-6Al-4V-0 samples allowed us to decrease their elastic microstrains, but they retained
they dependence on the wall’s height (Figure 12a). The as-quenched Ti-6Al-4V-1 samples
did not show any linear dependence on the wall’s height, thus showing a maximum in the
middle part of the wall (Figure 12b).
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3.3. Microhardness

The microhardness profiles for the as-built and as-quenched Ti-6Al-4V-0 and Ti-6Al-4V-1
samples allowed us to observe that both the as-built and as-quenched Ti-6Al-4V-0 samples
were characterized by the microhardness number scatter, which was greater than that found
in the case of the Ti-6Al-4V-1 sample (Figure 13a,b). The average value of microhardness of the
as-built deposited Ti-6Al-4V-0 was 3.4 GPa, which then increased to 3.6 GPa after quenching
(Figure 13a). For Ti-6Al-4V-1 samples, the microhardness numbers were slightly lower than
those of Ti-6Al-4V-0 and had a smaller scatter (Figure 13b). The average microhardness values
of the as-built and as-quenched samples were 3.1 GPa and 3.4 GPa, respectively (Figure 13b).
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The increase in microhardness values after quenching for both layer deposition strategies may
be due to the increased volume fraction of the α′-Ti phase.

Figure 13. Microhardness profiles of as-built and as-quenched Ti-6Al-4V-0 (a) and Ti-6Al-4V-1 (b) samples.

3.4. Mechanical Strength

Tensile stress–strain curves of as-quenched Ti-6Al-4V-0 and Ti-6Al-4V-1 samples ob-
tained without and with the arc torch weaving show that their mechanical characteristics,
such as yield strength (YS), ultimate tensile strength (UTS), and relative elongation (ε),
depend on the wall’s height (Figure 14). The yield strength values for Ti-6Al-4V-0 in the
bottom, middle, and top parts of the product are 531 ± 17, 701 ± 20, and 725 ± 21 MPa,
respectively; the same characteristics of the Ti-6Al-4V-1 samples are 560 ± 18, 770 ± 21, and
837 ± 25 MPa (Figure 14a). The bottom parts of the Ti-6Al-4V-0 walls demonstrate their
UTS and ε at the levels of 698 ± 19 MPa and 18%, respectively, while for the Ti-6Al-4V-1
samples, they are 643 ± 18 MPa and 14%, respectively (Figure 14a). The UTS values in
the middle and upper parts of the as-quenched Ti-6Al-4V-0 and Ti-6Al-4V-1 samples are
identical and amount up to 903 ± 28 MPa. In this case, the relative elongation values in the
middle and upper parts of the Ti-6Al-4V-0 wall are 11 and 18%, respectively, as compared
to the 10 and 8%, respectively, measured on the Ti-6Al-4V-1 samples. Quenching allowed
us to increase the tensile strength in the bottom part of both the Ti-6Al-4V-0 and Ti-6Al-4V-1
samples up to 780–800 MPa (Figure 14b). At the same time, the UTS values in the middle
and upper parts did not change and were at the level of ~920 MPa, while the relative
elongation was reduced to 5% (Figure 14b).

Figure 14. Tensile stress–strain curves obtained from as-quenched Ti-6Al-4V-0 (a) and Ti-6Al-4V-1 (b) samples.
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4. Discussion

The Ti-6Al-4V-1 samples were built with the use of arc torch weaving that resulted in
smaller β-Ti grains and a more uniform grain structure compared to those of Ti-6Al-4V-0
samples obtained without the weaving. The epitaxial growth of the primary β-Ti grains
in the melt pool is determined by the temperature gradient and the associated change in
solidification conditions [45,46]. The temperature gradient, nucleation, and growth rate
of β-Ti grains are significantly affected by heat input during the additive manufacturing,
with a higher temperature gradient typically following less heat input near the liquidus
line. Such conditions at the solidification front are accompanied by higher cooling rates, as
shown elsewhere [47].

Excessive heat input and possible overheating are known to be problems affecting the
stability of the wire arc additive manufacturing process [48,49]. The “coldArc” WAAM fea-
tures control over the metal transfer via the rapid cycling between arcing and short-circuit
modes that requires instantaneous power measurements at the end of each short-circuit
mode and immediately before the arc ignition [41]. This ensures a smooth transfer process
with a significantly reduced energy input compared to the conventional WAAM. Conse-
quently, the wire arc deposition of the Ti-6Al-4V alloy assisted with “coldArc” technique
occurs due to the solidification of a relatively “cold” melt pool, which limits the imposed
temperature gradient and, consequently, the columnar growth of the initial β-Ti grains.
However, it can be argued that the high heat capacity and low thermal conductivity of the
Ti-6Al-4V alloy can lead to significant heat accumulation during the sequential deposition
of layers, as well as to the long-term reheating of the previously deposited layers to the
temperatures corresponding to the α→β phase transformation, thus making them capable
of supporting the epitaxial growth of β-Ti grains.

Deliberate changes in layer deposition speed and the use of low-frequency transverse
arc torch oscillations may interfere with the epitaxial grain growth and promote the forma-
tion of a more uniform structure with columnar grains of lower aspect ratio as compared to
those solidified without using these oscillations.

According to [49,50], excessively high layer deposition speed can lead to insufficient
melting of the wire, increase the nucleation center number in the melt pool and thus
promote the formation of smaller equiaxed grains in the neighborhood of the columnar
ones. However, this was not observed in the present experiment. On the other hand,
combined action of oscillations and use of “coldArc” and CMT processes may contribute to
extra grain nucleation centers [51].

The use of forced oscillations with a frequency close to that of the natural frequency
of the melt pool (10–200 Hz) may cause a resonance phenomenon in the melt pool with
corresponding improvements in stirring the melted pool metal [52–54]. In addition, the
continuous oscillations transmitted via a wire feed mechanism may further improve the
stirring of the melt pool, promote fragmentation of dendrites, and grain refinement in the
dendrite mushy zone [55]. Fragments of dendrites and grains remain in the melt pool and
serve as centers of the β-Ti grain nucleation to provide a competitive grain growth mechanism.

The microstructural inhomogeneities discussed above can affect the mechanical char-
acteristics of the WAAM Ti-6Al-4V. In the titanium α/β alloys, the effective dislocation
glide length is determined by the average size of α-colonies and the size of α-laths in
Widmanstätten structures [56]. Reducing the size of α-laths and α-colonies will increase
the amount of high angle boundaries which serve as dislocation barriers and thus increase
the dislocation density along the α/β interfaces that will contribute to improvements of
the yield strength and hardness. Therefore, as the size of α-lath decreases, an increase in
hardness can be expected. However, the α-lath sizes may be determined for both basket-
weave and lath-like microstructures, while α-colonies can allow dislocations to easily glide
over significant distances and thus reduce the strength properties of the material [57].
These two features can compensate each other and lead to minimal deviations from average
hardness values (Figure 9).
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This study demonstrates the effect of using the “coldArc” regime in the WAAM on the
Ti-6Al-4V on the microstructure and mechanical characteristics that allowed us to obtain the
maximum strength and ductility of the alloy compared to those known from the literature.
The obtained UTS is higher than that recommended by the ASTM F1108 standard for
deformable Ti-6Al-4V (UTS > 860 MPa, Figure 11). This, along with the process’s ability
to reduce structural and mechanical anisotropy, makes the “coldArc” technology the
preferred method for the additive manufacturing on Ti-6Al-4V and other Ti alloys. At the
same time, “coldArc” for Ti-6Al-4V requires subsequent heat treatment and cannot be used
immediately after manufacturing, because the anisotropy of mechanical properties is not
eliminated completely even with the use of welding torch weaving (Figure 11). Considering
the current mechanical characteristics of the WAAM Ti-6Al-4V-1, the “coldArc” process
combined with the arc torch weaving has great potential for additive manufacturing on
this alloy. However, further research is required to optimize the process and develop ideal
pre- and post-processing routes for the final product.

5. Conclusions

In the present study, defect-free WAAM walls were grown from Ti-6Al-4V alloy with the
use of the “coldArc” technology and welding torch weaving. The microstructural features of
the resulting products were investigated to establish the “process–microstructure–property”
relationships. Based on the results obtained, the following conclusions were made:

It was shown that “coldArc” WAAM with transverse 1 Hz oscillations of a welding
torch resulted in the formation of a more uniform grain structure over the entire height
of the wall. This effect may be related to the improved melted pool stirring and agitation,
which is the dominant factor in achieving dendrite fragmentation and grain refinement
during solidification. The use of weaving in combination with the “coldArc” technique
allowed us to reduce the aspect ratio of the primary β-Ti grains in the as-built walls,
especially when examining the middle part of the wall. This finding was expected from
considering the fact that heat conductivity of the top part of the wall was lower as compared
to that of the middle part.

Quenching the samples in water from 900 ◦C led to the formation of a more uniform
grain structure in the Ti-6Al-4V-0 samples built without the welding torch weaving mode.
The microstructure (grain size, phase composition, orientation, etc.) and mechanical
properties become identical to those found in the as-built Ti-6Al-4V-1 samples obtained
with the welding torch weaving.

Quenching had virtually no effect on the structure and properties of samples obtained
with the “coldArc” WAAM weaving mode.

After quenching, the relative elongation decreased in both cases. It has been shown
that the use of the “coldArc” technology is promising for the additive manufacturing
and high-performance production of Ti-6Al-4V products with a high level of mechanical
properties if mechanical anisotropy has been eliminated.
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Abstract: The study refers to the application of numerical modeling for the improvement of the
currently realized precision forging technology performed on a hammer to produce connecting rod
forgings in a triple system through the development of an additional rolling pass to be used before
the roughing operation as well as preparation of the charge to be held by the robot’s grippers in order
to implement future process robotization. The studies included an analysis of the present forging
technology together with the dimension–shape requirements for the forgings, which constituted the
basis for the construction and development of a thermo-mechanical numerical model as well as the
design of the tool construction with the consideration of the additional rolling pass with the use of the
calculation package Forge 3.0 NxT. The following stage of research was the realization of multi-variant
numerical simulations of the newly developed forging process with the consideration of robotization,
as a result of which the following were obtained: proper filling of the tool impressions (including the
roller’s impression) by the deformed material, the temperature distributions for the forging and the
tools as well as plastic deformations (considering the thermally activated phenomena), changes in the
grain size as well as the forging force and energy courses. The obtained results were verified under
industrial conditions and correlated with respect to the forgings obtained in the technology applied
so far. The achieved results of technological tests confirmed that the changes introduced into the tool
construction and the preform geometry reduced the diameter, and thus also the volume, of the charge
as well as provided a possibility of implementing robotization and automatization of the forging
process in the future. The obtained results showed that the introduction of an additional rolling blank
resulted in a reduction in forging forces and energy by 30% while reducing the hammer blow by one.
Attempts to implement robotization into the process were successful and did not adversely affect the
geometry or quality of forgings, increasing production efficiency.

Keywords: hammer precision forging; forging FEM modeling; robotization; technology improvement

1. Introduction

Connecting rods are elements that join the drive systems in many machines and
devices, including petrol chainsaws used, e.g., in the woodworking industry. They consti-
tute an important safety element of the drive system and for this reason, they have to be
characterized by high dimension–shape precision, quality, and performance properties [1].
In large lot production, for forgings of the connecting rod type, hot precision forging is
applied in open or closed dies, usually on crank and screw presses, as well as hydraulic
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hammers, often in multiple systems, in order to improve the production efficiency with the
preservation of the high product quality [2]. The obtained forgings are subjected to flash
trimming as well as some additional procedures (cooling, thermo-chemical treatment, shot
peening, finishing treatment through machining, defectoscopic tests, and final inspection).
The process of producing connecting rod-type forgings, especially in multiple systems,
still constitutes a big challenge and a not entirely solved problem, as, in the die forging
processes, a huge role is played by the development of a proper tool construction and
working impression geometry as well as selection of the correct technological parameters
of the process, which translates to technology efficiency and product quality, with the
consideration of tool durability. This is of significant importance in the case when the
forgings are required to have an additionally specified structure and hardness, which are
obtained as a result of both the forging process and, often, a proper thermal treatment [3].
The most important factors affecting these aspects are the technological parameters, the
shape and quality of the tools as well as the number of operations, the geometry of the
preform and the slug forging, and also the thermal parameters affecting the tribological
conditions [4,5]. Although the forging technology is relatively well-known, the proper
preparation of the forgings, especially ones of a complicated shape, will fulfill the precision
and quality requirements demanded from the constructors and technologists, as well as
operators, to possess extensive knowledge and experience [6]. A certain aid as well as
solution in the increase in stabilization and efficiency of production is the introduction of
automatization and robotization of the forging processes [7], however, it is an additional
challenge, requiring time and financial resources. The literature provides few applications
of effective automatization and robotization of die forging processes, which, however, are
dedicated to specific types of forgings, and each one requires an individual approach [8,9].
This creates the need to design the technology from scratch, as it requires a redesign of
the tools and consideration of the role of the robots’ grippers in the process [10]. In the
case of hot die forging, one should also consider the abrasive wear of the tools’ working
impressions during production, which causes material losses, which, in turn, increase the
forging volume at the expense of the forging material, which makes the gripping of the
forging by the robot significantly more difficult, and this should also be considered in
the design of automated forging processes. In the case of forging process automatization,
one should especially take into account not only the vibration but also the large elastic
deflections of the whole tool sets, which requires the application of compensation in the
gripper joints/their docking, or the application of other solutions [11]. Such solutions
coupled by means of machine communication enable control of the slide as well as the
time of the hold-up for the required time [12,13]. This is also connected with the im-
plementation of additional sensors and detectors, elements of electronics, as well as the
application of specialized software, and also the necessity of performing numerous tests
and trials [14]. The attempts at introducing automatization and robotization of hot forging
processes, in the case of using at least a part of the outdated machinery park, are even
more difficult [15,16]. At the same time, at every stage of the technological line, there is a
potential risk of the occurrence of a defect/problem lowering the quality of the products
or causing unfulfillment of the geometrical or microstructural requirements (improper
structure after forging, inappropriate hardness, etc. [17]. Also, many times, the cause of
the errors identified at a given stage is an improperly developed technology, also in the
aspect of robotization, and/or it not being followed at the earlier stages of the process [18].
As we know, a properly elaborated industrial process of plastic treatment requires the
realization of numerous experiments and tests, which is connected with huge costs and a
lot of devoted time [19], and still, the most important stage of design and optimization is
the final verification of the developed process under industrial condition [20,21]. For this
reason, at present, for the analysis, optimization, or elaboration of new technology, engi-
neering programs based on CAD/CAM/CAE are used, which are aided by IT tools [22–24],
as well as the very popular numerical modeling, which often constitutes an independent
tool [25,26]. The simultaneous application of many methods and techniques aiding the
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design, simulation, and production enables a global and complex approach to the given
problem [27,28]. The available literature provides many studies and articles referring to the
use of numerical modeling techniques for the analysis and optimization of plastic-forming
processes. In such a case, numerical modeling based on FEM/FVM [29] is mostly applied
for the determination of the optimal shape and dimensions of the slug forging, as well
as the material flow and filling of the impression, and also the temperature field, both in
the forging and the tools, or for the determination of the deformation distribution, and
even the grain size after the process [30]. The studies [31,32] apply FEM for a complex
analysis of the forging process in order to improve the analyzed technology. In turn, in
the works [33,34], FEM was used for an analysis of the process of flash trimming. The
currently used calculation packages are equipped with more and more functions enabling
an even better and more thorough analysis of the metal forming processes [35–37], making
it possible, e.g., to analyze the wear of the dies and forging punches (Forge, QFORM,
Simufact, Deform) [38,39]. More and more often, in FEM [40,41], special functions for flaw
detection are applied [42]. The application of such functions by the user makes it possible
to significantly shorten the implementation time of a new project and limit the errors,
e.g., during the design of new instrumentation taking into account the gripping by the
robots’ grippers [43]. Although numerical modeling and IT tools [44] significantly change
the role and scope of the experiment to the virtual dimension, the real experiment remains,
on the one hand, the best and most necessary verification, and on the other hand, it is
the most expensive and time-consuming stage of design [45]. Nonetheless, numerical
modeling has been and still is a very convenient, fast, and most commonly applied tool for
the analysis and optimization of production processes, including the robotization and au-
tomatization of die forging processes [46]. What is more, a continuous expansion of such IT
tools with new functions and capabilities makes it possible to approach the real experiment
even closer. The additional support of the numerical modeling results with measurement
techniques (3D scanning, etc.), as well as microstructure examinations, enables a complex
analysis of the whole technology, as well as its improvement and development [47,48].

The aim of the research is to construct a proper numerical model of a hot forging
process of producing a connecting rod forging in a triple system, in order to improve the
current technology, especially in the aspect of introducing an additional rolling pass (to
increase efficiency), as well as optimizing the technological parameters of the process and
the possibilities of robotization of the precision forging process realized so far.

2. Test Subject and Methodology

In the research, an analysis was performed of a 3-type forging elongated forgings-
high (with a stem) with protrusions of a connecting rod type, produced in a triple system.
Figure 1a presents the application of this forging product. A CAD model of a single forging
is shown in Figure 1b. A dimensioned forging is presented in Figure 1c.

Figure 1. View of (a) a CAD model, (b) a photograph of the forgings after the consecutive stages of
the manual production process, and (c) a single-dimensioned forging.

The current process of producing a connecting rod forging is realized in 2 forging
operations: roughing and finishing forging. The charge material is a bar, with a diameter
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of 16 mm and 280 mm long, made of carburizing steel 13CrMo4-5 (1.7335). The number
of details forged in one cycle: 3. The tools (forging dies) are made of 1.2367 steel, and,
after the thermal treatment, their hardness is at the level of 53–55 HRC. After being cut,
the charge material is heated in an induction furnace, which is followed by forging on a
hydraulic hammer with energy of 16 kJ. Whether the connecting rod forgings are properly
made is determined by the following requirements: dimension–shape accuracy at the
level of 0.1–0.3 mm, mean grain size of 5 according to ASTM, and hardness at the level of
170–200 HB, as well as lack of surface defects or laps; joggle at the level of 0.3 mm is
accepted. Technological allowances for this type of connecting rods range from 0.5 mm to
1 mm per side. In the technology implemented so far, the process is realized manually.

In order to achieve the set goal, the following methods and techniques, as well as
measurement and testing tools, were used in the realization of the consecutive research
and development studies:

- a complex analysis of the forging process with the use of, e.g., a thermovision camera
Flir 840 (Wilsonville, OR, USA) and a high-speed camera (Casio Pro Ex-F3, Casio,
Tokyo, Japan), as well as a macroscopic analysis of the tools and the forging defects by
means of a camera Cannon EOSx 60D (Cannon, Tokyo, Japan).

- three-dimensional scanning Atos Core 135 (GOM, Braunschweig, Germany) struc-
tured light scanner, equipped with two 5MPix CCD cameras (GOM, Braunschweig,
Germany) (resolution 2448 × 2050 pixels) with a measuring field of 135 × 100 mm,
working distance of 170 mm, and physical point distance of 0.05 mm for a single scan.

- based on the current specification sheet, development of CAD models of a ready
forging as well a tool (additional rolling pass) with the consideration of the aspects of
robotization (increased length of the charge through the use of the so-called “tickworm”
enabling a double-sided grip by the manipulators’ grippers) by means of the program
Catia V6R20 by Dassault, Paris, France.

- based on the above information, a numerical model was developed and simulations
of the improved technology of hot precision forging were made with the use of the
calculation package of the QForm program (https://www.qform3d.com/ (accessed on
21 February 2024)) in order to determine the key parameters and physical quantities
as well as identify the most important problems.

- modeling of the trajectory of the robots’ movement (RobotSudion ABB 2020).
- in order to verify the introduced change and improvements resulting mostly from the

numerical modeling, a measurement of the forgings geometry was made in reference
to a forging before the changes, as well as an analysis of the obtained microstructure
and hardness of the produced forgings.

- microstructural observations (for verification purposes) with the use of a light mi-
croscope Leica Dm6000N (Leica Microsystems, Tokyo, Japan). To that end, the die
insert was incised along the shorter side to prepare samples for the tests. The grind-
ing and polishing, in order to obtain traditional micro-sections, was conducted on a
grinder-polisher Struers 350. For the etching, a picric acid solution was used.

- hardness measurements made by means of a hardness tester LECO LC120 (LECO,
St. Joseph, MO, USA);

Figure 2 presents a diagram in order to better understand the test process.
It should be emphasized that a thorough implementation of full robotization combined

with automatization includes many more technological and technical aspects, which have
not been discussed in this article (e.g., automatization of the loading and temperature
segregation, determination of the local key devices, selection of robots, design of the
manipulation grippers, assembly and replacement of tools, manner of their installation on
the hammer as well as heating and lubrication of the tools in the forging process, etc.).
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Figure 2. Diagram of the test process.

3. Results and Discussion

The research was divided into a few stages, among which the first three included an
analysis of the technology implemented so far in the manual system, as well as the design
and modeling of the forging process with the consideration of the aspects of robotization. In
turn, the last stage referred to preliminary tests under industrial conditions for verification
of the performed research.

3.1. Analysis of the Current Technology in a Manual System

Forgings characterized by an elongated shape with a big difference between the cross-
sessions along the length, such as connecting rods, are usually made from a slug forging, in
which the material is already preliminarily formed. Forgings can be produced in different
ways. The most efficient method is the use of dedicated machines, i.e., forging rolling
mills, in which the milling can take place by the method of transverse rolling or periodic
rolling. However, in the case of no rolling mill, the forming process can happen directly on
the hammer through open or semi-open die forging in the dedicated spot on the die. In
the current process of forging a connecting rod, a multiple system is used, in which three
forgings are made from a round bar. The forging process takes place in two operations. The
first forging operation, i.e., roughing, consists of flattening a cylindrical preform placed on
the diameter. This operation involves the highest pressures and material deformations. The
second operation is finishing forging, as a result of which we obtain a shape close to that of
the ready product. The lubricant is used as a mixture of graphite with water in proportion
1:16. The efficiency of the current technology is 2100 items per shift (700 leaves); the cycle
time for the manual process is 19 s. Figure 3 shows the thermograms from the process for
the charge, the tools, and the forging.

Figure 3. View with the temperature distribution during forging: (a) the charge lying on the feeder;
(b) the temperature results for upper tools; (c) the results of lower tools; and (d) the temperature of forging.
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The temperature measured by the pyrometer of the heater was 1320–1340 ◦C. The
temperature of the charge leaving the heater is about 10–20 ◦C higher than that measured
when the charge is lying on the feeder and waiting to be received by the operator. In turn,
the working temperature of the tools is 200–250 ◦C. The heated charge material is fed into
the roughing pass, in which roughing forging takes place by way of two blows, and next,
in the finishing pass, one blow is performed. The final shape of the product is obtained as a
result of hot trimming of the forging. A certain problem is the cooling off of the tools during
forging, which is caused by the small volume of the deformed material with respect to the
mass of the dies and the insufficient energy provided to the tools as a result of deformation
and its work being exchanged into heat. In one forging cycle, the tools are in contact for
a maximum of 0.5 s, whereas during the remaining time, the tools cool down as a result
of radiation, conduction, and, to a small extent, convection with the environment. This is
an issue which, in the case of process automatization, should also be solved in order to
ensure prolonged work of the robots, without the necessity of frequent heating of the tools.
Preliminary plans include the use of fast induction heating [49].

To sum up the performed analyses referring to the current technology, we should
state that the production of a forging directly from a bar causes the formation of excessive
flash, which is disadvantageous both with respect to die durability and a large material
loss. Additionally, forging in a manual system causes a lack of stability and repeatability in
the process, a decreased efficiency, and also translates to a lowered quality of the forged
items and the formation of forging defects. For this reason, in order to improve the current
technology, changes and solutions were introduced consisting of the development and
design of a new tool construction with the consideration of forging in a robotized system.
One of the implemented solutions is the use of an additional rolling pass for a preliminary
re-forming of the material and the use of a longer charge in order to ensure the so-called
tickworm, enabling the grip and holding of the charge/forging by the manipulators’
grippers during the robotized forging process. To the current length of the input material
in the form of a cylindrical bar, taking into account three times the length of a single
forging together with the technological allowance, an allowance should be applied on both
sides (about 20–30 mm each) for the so-called forceps, which will allow robots to hold the
rod on both sides while forging. Additionally, a decision was made to reduce the charge
diameter from 20 mm to 18 mm, which should translate to smaller material losses and
lowered energy–force parameters. Introducing automatization and robotization of the
currently realized technology should make it possible to solve the above problems and
bring measurable benefits as well as improve the current forging process.

3.2. An Ideal Slug Forging and Rolling Pass

Before designing the rolling pass, we should first determine the ideal slug forging. To
that end, we should calculate the section areas of the forging together with the flash in the
particular areas. As the whole consists of three identical forgings, it is enough to calculate
the section areas of one forging and next reflect it on the others. The assumed initial data
are the die model, from which we cut out the body of the forging together with the flash,
10 mm wide, which is a sufficient value in the aspect of an easy-to-fill (during forging)
shape of the connecting rod as well as a small height in reference to the width. On this
basis, the particular section areas of the isolated body of the fogging were determined with
respect to the length (Figure 4).

The diagram of the sections presented this way was smoothed so that it would be
possible to use the correlated ideal slug forging for the preparation of the rolling pass
(Figure 4c). With the data referring to the ideal slug forging, a rolling pass for a round
bar, 14 mm in diameter, was designed. It was assumed that it would be a closed rolling
pass, that is, of an elliptical shape. In such a case, according to the literature, the width
of the pass b (the larger diameter of the ellipsis) should correspond to 3/2 of the height h
(the smaller diameter of the ellipsis). The complete 3D model used to prepare the roller
is shown in Figure 4d. Next, as a result of further research, a roller with a magazine was
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designed, which served to reduce the amount of energy needed for the deformation in the
rolling pass. However, after the simulation, this solution was abandoned because there
were no noticeable differences between the rollers in both versions, whereas the use of
a magazine would involve unnecessary milling. After being connected to the lower and
upper die (Figure 5), the roller obtained its final shape.

Figure 4. View of (a) a forging model with the predicted flash, (b) a diagram of the forging’s sections,
(c) a correlated ideal slug forging, and (d) a 3D model used to prepare the roller.

Figure 5. A 3D model of (a) the upper die with the roller and (b) the lower die with the roller.

In order to avoid the flash moving between the dies, in the area of its possible occurrence,
the gap between the dies, 1.6 mm high, was expanded up to the border of the locks.

3.3. Modeling of the Forging Process with Rolling

The forging process of connecting rod-type forging on a robotized station will be
realized with the application of an additional rolling operation, which was developed in
order to reduce the diameter of the charge material from 20 mm to 18 mm. Special attention
in the simulation was paid to the rolling operation, for which a dozen or so variants were
created. During the deformation process, the tips of the bar were not deformed as they
were to be held by the robots. The conditions assumed in the calculations of the forging
process on the automatized station were exactly the same as those for manual forging, only
the length of the bar was larger, and the shape of the die was adjusted in a way that would
enable a non-collision placement of the robot’s grippers between the upper and lower die.
Also, in the roughing operation, one blow of the hammer was applied. The conditions
in the calculations were assumed for a process of forging in three-pass dies. The number
of blows: RX—the rolling pass—one blow; 1X (the roughing pass) with the energy of
10.5 kJ—one blow; 2X (the finishing pass): 6.2 kJ—one blow. The forging temperature
and the charge temperature was 1320 ◦C. The cycle time was 12 s divided into cooling
6 s + forging in three operations. The machine was a hydraulic hammer with 16 kJ of
energy. The tool temperature was 250 ◦C. The lubrication was water with graphite. The
heat exchange was an average of 10 kW/(m2·K). The simulation results for a Ø 18 mm
diameter bar are presented in Figure 6 (models A and B).
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Figure 6. Contact with the tools in the pre-roughing operation, a 14 mm diameter bar: (a) model
A—1.2 mm opening and (b) model B—1 mm opening.

For models A and B, we can see certain differences in the construction of the tools
in the pre-roughing operation. Modification A has no bridge for the flash, whereas, in
modification B, we can see the shape of a bridge (the color red denotes lack of contact with
the die). Modification A has stronger friction forces on the flash, which can bring a more
advantageous result in successive forging operations. The shape of the pass was previously
filled, so a 1.2 mm opening was used, whereas, in modification B, a 1 mm opening was
chosen (Figure 6b). The difference in the dimension of the forging measured in the direction
of the hammer’s stroke is in favor of solution A, as it is 0.2 mm bigger (Figure 6a). The
results of the simulation in the roughing operation show that, regardless of the shape of the
used flash, the filling of the pass is fully realized for a 14 mm diameter bar. For this reason,
further works were initiated in order to perfect the technology, with the final assumed
solution from model A. The approximate forming forces and the forging energy are shown
in Figure 7 for the pre-roughing operation. The energy was about 5 kJ and the forging force
was maximally 250 tons.

Figure 7. Force and energy of the blow—pre-roughing operation, variant B, a 1 mm opening.

A comparison was also made of the forces and energies of formation in the manual
and automated forging technology in the roughing and finishing operation (Figure 8). In
the roughing operation in the manual forging process, the hammer performs two blows,
whereas in the case of adding the rolling operation and the application of a smaller diameter
bar, i.e., 18 mm, we need one blow with the energy of about 10 kJ.
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Figure 8. Comparison of the force–energy parameters for forging technology: (a) manually and (b) robotization.

The forming force can be lower in the case of the technology in three operations, and,
for exemplary results, it equals about 500 tons, previously being over 800 tons. In turn, the
energy needed to deform the detail in the finishing operation is lower in the simulation
and equals 4.5 kJ, while in the case of manual forging, it is over 6 kJ. However, the force
increased from 700 to 800 tons.

During the process, the temperature increases as a result of a change in the plastic
deformation work into heat and, in the roughing operation, it equals about 945–1145 ◦C,
which is presented in Figure 9. The plastic deformation in this operation equals maximally
about 5—the highest takes place in the area of the changes in the cross-section.

Figure 9. Results of the simulation after the roughing operation—distributions of (a) the temperature
field and (b) the deformations.

The temperature at the end of the forging process after the finishing forging equals
about 890–1100 ◦C (Figure 10). The highest temperature is on the side of the upper die. On
the cross-section, we can see a big difference in the temperature field distribution.

Figure 10. Results of the simulation after the finishing operation—distributions of (a) the temperature
field and (b) the deformations.
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The maximal plastic deformations increase only slightly. The deformation process
runs properly. The formed lap occurs on the flash beyond the detail and does not affect the
quality of the obtained products.

A detailed analysis was also made of the changes in the grain size during the forging
in the newly elaborated robotized technology, in order to provide a possibility to model the
microstructural changes during deformation and thus verify the usefulness of numerical
modeling for such tasks connected with a microstructural analysis. The initial grain size
was assumed at the level of 45 µm, based on the performed microscopic tests and analyses.
In the QForm program, the mean grain size (its diameter in µm) is defined as follows:

dµm = 1000

√
10−

ASTM+2.95
3.32 (1)

where ASTM can be read from the table below [38] (Table 1).

Table 1. Grain size referred to ASTM.

ASTM 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

Grain size (µm) 2 3 4 6 8 11 16 22 32 45 63 90 127 180 254 360

In turn, Figure 11 shows the grain size distributions in the final phase of the rolling
operation, with a full pocket right after the forging process and 2 s after the forging (this is the
time when the forging is replaced into the successive pass of the roughing forging operation).

Figure 11. Results of the simulation for the rolling operation: (a) the final deformation phase and
(b) 2 s after the rolling process.

Based on the presented grain size distributions in the final phase of the process, we can
observe that the largest mean grain diameters equaling 38–41 µm are localized in the areas
of the forging with the highest volume, that is where the material was the least deformed.
In areas of larger deformations, the grain is much smaller (Figure 8b). The case is similar for
the roughing forging operation, where the deformation is at the level of 2–4, which means
the grain size, as a result of microstructure reconstruction (dynamic recrystallization), is at
a similar level (Figure 12).

Figure 13 shows the results of the forging simulation for the fishing operation, which
included the distributions of deformation, temperature changes, and grain size right after
the forging and 3 min after the end of the process.

We can notice that, as a result of the dynamic processes, the recrystallization did not
take place in the analyzed time frame in the whole volume of the forging (Figure 12c), with
respect to the deformation distribution for the forging in the final forging phase. In turn,
we can see that, in the case of a longer time (Figure 13d,e), it has no significant effect on the
grain growth. Moreover, the obtained modeling results for the time of 180 s after forging
can be compared to the results of the microstructural tests for the forging after forging
on the robotized station, because, as we can see, throughout a longer period of time, no
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significant changes in the microstructure can be observed. The mean grain size obtained
from the numerical modeling equals about 35–40 µm (6 according to ASTM).

Figure 12. Results of the simulation for the roughing operation: (a) the total deformation distribution,
(b) the deformation distribution only in the roughing forging (since recrystallization), (c) distributions
of the temperature filed in the forging, and (d) grain size distributions.

Figure 13. Results of the simulation for the finishing operation—the final phase of deformation:
(a) deformation distributions, (b) temperature field distributions, (c) grain size distributions for this case,
(d) temperature changes 3 min after the forging, and (e) grain size distributions for an analogical process.

The presented results with the grain size, plastic deformation, and temperature distri-
butions demonstrate that, in reference to the results for the roughing operation, the changes

142



Materials 2024, 17, 1087

in the grain size and plastic deformations are not that big, which results from the fact that
the finishing operation is in a sense an operation of calibration. And so, the forging does
not undergo large deformations, which makes the effect of the time elongation on the gain
size and the plastic deformations small.

4. Trials under Industrial Conditions and Numerical Modeling Verification

During the robotization of the forging process, it was decided that, from the moment
of placing the heated material onto the die to the moment of it being moved to the hot trim-
ming operation, the formed element would be held on both sides by the robots’ grippers,
which would be moving synchronically during all the forging operations (Figure 14a). This
would ensure stable support in two points, which would prevent the material from sliding
out. The three robots assigned for the work would be performing the following tasks.

Figure 14. View of (a) an idea of the simultaneous work of both robots, (b) the simulation on
the robotized station in the RobotStudio program, and (c) the CAD model of forged elements, the
so-called “leaves”, with single forgings.

Robot R1 supports the heated bar, which has been moved out of the induction heater,
and places it above the lower die in such a way that the other end can be gripped by
robot R2. Both robots manipulate the forging during the forging process, after which robot
R1 releases its grip and the further manipulation takes place only by robot R2, which
intercepts the forgings connected by the flash and next, places them in the trimming press
tool through the side window. Figure 14b presents the preliminary forging tests performed
on the robotized station.

In order to verify the properness of the forgings produced on the robotized seat,
measurements of selected forged elements were made. In the first place, 3D scanning
was carried out of the test batch of the connecting rod forgings collected from the forging
process before the trimming. Presented below are representative scanning results. A cloud
of points in the form of a triangle grid was obtained, which, after the measurement data
equalization, was analyzed by means of the GOM software (version 2019). Figure 15 shows
exemplary 3D scanning results in the form of a colored map of deviations for one leaf
randomly selected from the whole series.

Figure 15. Results of 3D scanning of the K22 forging.
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Analyzing the data shown in Figure 15, we can notice deformation of the forging’s
leaf, which is formed as a result of the forging process. We can see that, in the central part,
which was used to equalize the data, the shape deviation is the smallest. In the case of the
seat on the left, a slight deformation of the forging occurs. In the case of the forging forged
on the right seat, we can see deformation of the external part of the forging at the level
of −0.91 mm. Such a bend should not significantly affect the dimension–shape precision
of single forgings. Nonetheless, detailed measurements of six selected leaves were made:
two from the beginning of the process, two from the middle, and two from the end of the
technological trials, and the obtained results are presented in Table 2.

Table 2. Results of the measurements of selected geometrical features for 6 randomly chosen forged
elements (for example, 1B denotes 1 forged leaf, 2—the number of a single connecting rod forging).

The First Attempt

Dd (mm)
30 ± 0.03

Dm (mm)
15 ± 0.2

Tm (mm)
12.5 ± 0.15

Td (mm)
17.3 ± 0.15

Deviation (mm)
Max 0.3

1A 30.02 15.08 12.71 17.22 0.099

1B 29.99 15.07 12.72 17.24 0.048

1C 29.98 15.08 12.74 17.14 0.144

2A 29.99 15.04 12.68 17.21 0.064

2B 29.98 15.06 12.70 17.25 0.080

2C 30.03 15.07 12.72 17.20 0.124

The second attempt

1A’ 30.01 15.07 12.58 17.22 0.079

1B’ 30.02 15.04 12.63 17.26 0.089

1C’ 29.98 15.04 12.58 17.23 0.162

2A’ 29.99 15.05 12.58 17.23 0.029

2B’ 29.98 15.06 12.67 17.28 0.060

2C’ 30.02 14.84 12.61 10.25 0.127

The last attempt

3A” 29.99 15.05 12.60 17.19 0.028

3B” 29.98 15.06 12.61 17.25 0.075

3C” 30.03 15.04 12.59 17.20 0.180

3A” 30.01 15.07 12.58 17.20 0.029

3B” 30.02 15.06 15.62 17.27 0.082

3C” 29.98 15.06 12.60 17.23 0.039

As we can notice, the obtained measurement for the selected geometrical characteristics
(Dm—the diameter of the small mesh; Dd—the diameter of the big mesh; Tm—the thickness
of the small mesh; Tg—the thickness of the big mesh; and D—the joggle), are basically
within the assumed dimension tolerances, which shows that the forging process in the
developed robotized system is appropriate with respect to the dimension–shape accuracy
of the forgings. Only for the first two leaves, the thickness results of the small mesh
demonstrated that it was slightly higher, yet for the consecutive randomly selected elements,
we can see that the process has stabilized, and all the geometrical features are in the
tolerance field.

Additionally, in order to verify the performed preliminary forging tests in the robotized
system, the initial material, i.e., steel 13CrMo4-5 (1.7335), was examined. The steel is
chrome–molybdenum steel, containing 0.70–1.15% Cr and 0.4–0.6% Mo, making it one of
the most noble and durable materials. Chromium steel has a relatively low carbon content
compared to other related grades that are also used for high-temperature applications.
The performed microscopy tests were carried out on a light microscope for microstructure
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verification. Figure 16 shows the results for the microstructure of the material as-delivered
steel 1.7335.

Figure 16. Microstructure of steel 1.7335—initial material for a connecting rod forging.

The microstructure of steel 16MnCr5 is a typical low-carbon ferritic–pearlitic mi-
crostructure with visible fine Fe3C precipitates in the form of coagulated particles, not
bound in the form of pearlite. It has a fine-grained structure. The measured hardness for
this material as delivered equaled about 218 HV. In turn, for a randomly selected forging
(from the middle part of the technological trials), metallographic tests as well as microstruc-
tural and grain size analyses were performed (in order to confront the results with those of
numerical modeling). From the forging, three samples for each test were cut out. Figure 17
shows the areas of the shearing line for the samples for micro-section preparation, on the
surface of which microstructural examinations were made as well as grain size evaluation
and hardness measurements HV1 were performed.

Figure 17. Photographs of (a) the areas where the examined connecting rod was cut for the metal-
lographic test samples for the connecting rod and (b) the appearance of the microsections from the
cut-out samples and the mounted ones.

Figure 18 presents the microstructure test results for selected areas from the forging
together with the measurement of the grain size. In turn, Table 3 shows the collective results of
the microstructural analysis for a connecting rod forging. The microstructure was revealed by
way of etching with a 2.5% Nital reagent and the microstructure observations were performed
on the laser microscope Keyence VHX 6000 with magnifications of 100× and 200×. The
determination of the grain sizes in the microstructures of the analyzed connecting rod was
made by the secant method, with the use of the specialized software of the microscope.

Figure 18. Cont.
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Figure 18. Results of the microstructural tests for selected areas from a randomly collected forging of
a connecting rod: samples 3-Dd, 3-Ds, 3-Dm.

Table 3. Results of microscopic tests and hardness measurements.

Sample Microstructure
Grain of Former

Austenite PN-EN
ISO 643:2020 [49]

Hardness HB Decarburization
Zone

3-Dd
ferrite + pearlite,
ferrite present on
grain boundaries

4.5 175 None

3-Ds
ferrite on grain
boundaries +

pearlite + bainite
5 175 None

3-Dm
bainite + ferrite on
grain boundaries +
traces of pearlite

5 190 None

The obtained test results referring to the microstructure confirm that introducing pro-
cess robotization into the current technology has no negative effect on the microstructural
changes, as the grain size, as well as the hardness and microstructure, are according to the
requirements. In turn, referring to the grain size results obtained from the technological
trials to FEM, we can state that the grain size is one grade lower (5 according to ASTM,
that is about 65 µm) with respect to the modeling results (6 according to ASTM, that is
40 µm). On this basis, we can state that automatizing the current forging process realized
in a multiple system through a transfer from a manual to an automatized process brings
only advantageous aspects (dimension–shape precision and microstructure) as well as
additionally ensures stability and repeatability of the production process. This said, before
introducing the newly developed forging technology into series production, further tests
and investigations should be carried out under industrial conditions.

5. Conclusions

The study presents the results referring to an improvement as well as the possibilities
of introducing robotization into the currency-realized technology of precision forging on a
hammer to produce connecting rod forgings with the use of mainly numerical modeling.
Based on the analysis of the state of the art, it was proven that the available literature
provides hardly any thorough studies or solutions for robotized forging seats; what is
more, robotization cannot be treated as a universal solution. For this reason, the article
has proposed a solution of optimizing the presently realized process of forging connecting
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rod forgings with the consideration of the aspects of robotization, e.g., by way of devel-
oping an additional rolling pass, reducing the diameter and mass of the charge material,
and holding the charge/slug forging by robots’ grippers. The investigations included a
complex analysis of the present forging technology to determine the key areas requiring
improvement/changes and next designing a new tool construction and modeling the tech-
nology by means of the calculation package Forge 3.0 NxT through multi-variant numerical
simulations of the newly developed forging process. The obtained results have been ver-
ified under industrial conditions and correlated with respect to the forgings obtained in
the technology realized so far. The attempts at introducing robotization aimed mostly at
making the present manual process stable and repeatable, which would increase the quality
of the forgings and at the same time reduce the rejection rate as a result of eliminating the
errors produced by the operator. The obtained results of technological tests have confirmed
that the introduced and then implemented changes were proper and brought measurable
benefits. Both the dimension–shape accuracy and the hardness and microstructure are
according to the requirements. The additional rolling pass reduced the forging forces and
energy by over 30% and decreased the number of hammer blows by one, with respect
to the manual process, which should also translate to an increased hardness of the forging
instrumentation. This said, in order to ultimately verify the elaborated solution, it is necessary
to perform further examinations and tests including a much longer operation time. It should
also be emphasized that the presented results point to a big potential of the use of numerical
modeling methods, as it currently enables full analysis of the process (including simulation of
the microstructure development) as well as improvement of the given forging process.
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