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Abstract: The need for thin foil welding is increasing significantly, particularly in the electronic
industries. The technologies that are currently available limit the joining processes in terms of
materials and their geometries. In this paper, a series of trials of fusion welding (bead-on- plate) of
commercially pure titanium (CPTi) foils were conducted using a blue diode laser (BDL) welding
method. The power used was 50 W and 100 W for 0.1 mm and 0.2 mm thick foils, respectively.
Following welding, various samples were prepared to examine the weld profiles, microstructures,
hardness, tensile strength, and fracture surface characteristics. The results showed that the base
metal (BM) had an annealed microstructure with equiaxed grains, while the weld zones contained
martensite (α’) with large grains. The hardness increased in both regions, from around 123 HV
to around 250 HV, in the heat-affected zone (HAZ) and fusion zone (FZ) areas. The tensile tests
revealed that the strengths of the welded samples were slightly lower than the unwelded samples,
i.e., UTS = 300–350 MPa compared with 325–390 MPa for the unwelded samples. Fracture took
place within the BM area. All of the samples, welded and unwelded, showed identical fracture
mechanisms, i.e., microvoid coalescence or ductile fracture. The weld zone experienced very small
strains (elongation) at fracture, which indicates a good weld quality.

Keywords: blue diode laser (BDL) welding; digital image correlation (DIC); commercially pure
titanium (CP Ti); bead-on-plate; mechanical properties; fracture surface

1. Introduction

The blue diode laser (BDL) is one of the laser technologies that is commonly used
in applications such as lights for projectors and general lighting. However, many more
potential applications are possible in the near future if the laser’s power and brightness can
be increased [1,2]. A new generation of blue diode laser (BDL) has recently been developed
at the Joining and Welding Research Institute (JWRI), Osaka University, in collaboration
with Shimadzu Corporation, Japan. The welding machine has a power of up to 100 W and
an energy density of 1.3 × 106 W/cm2 at the end of the output fiber. This new device uses
a GaN-based diode [1] and is expected to be used as a light source for various applications,
including welding of the so-called difficult-to-weld metals such as gold, copper, and other
reflective metals as well as in 3D printing of such metals because blue light can be efficiently
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absorbed by these metals [1,2]. Given its very small spot beam size, BDL technology can
also be applied extensively to thin foil manufacturing, such as in cutting and/or welding
processes. Joining (welding) of thin foils has always been required, for example, in battery
cell applications [3]. In addition, with a very small spot size, the heat distortion is also
minimized, which means post-weld heat treatment to remove residual stresses may not
be required [1]. Furthermore, it is also expected to contribute to reducing the processing
time and electrical power consumption in these applications, which is not possible with
conventional modules. More details about the BDL machine developed at the JWRI can be
found in the paper by Tojo et al. [1].

The need for thin foil welding is increasing significantly, particularly in electronic
industries. The technologies that are currently available are limiting the joining processes
in terms of materials and their geometries. Several welding experiments on thin foils have
been reported where the infra-red or direct laser was utilized, but none have reported
on titanium foils. Ventrella and co-authors [4] used infra-red laser technology to weld
0.1 mm thick stainless steel 316 L foils. Following the experimental work and analyses,
they concluded that the quality of the thin foil weld was good in terms of the mechanical
properties. Abe et al. [5] utilized a direct diode laser to weld 0.05 mm SS304 stainless
steel without any spatter and reported a nearly equal strength as the un-welded samples.
Kim [6] reported their findings following welding of a 0.05 mm thick AM350 stainless
steel foil onto SS304 stainless steel with a thickness of 1 mm. They concluded that the
beam diameter played a significant role in thin foil welding, and further recommended
that a smaller beam diameter would be preferred. Pakmanesh et al. [7] performed a lap
joint of a 316 L stainless steel foil using a pulsed Nd:YAG laser to optimize the process
parameters. It was concluded that the underfill and undercut increased with the increased
power. On the one hand, the underfill increased with a reduced frequency; however, on
the other hand, the undercut increased with an increased high frequency. The authors
managed to overcome the presence of these defects by superimposing different responses.
The above-mentioned welding methods are, however, not suitable for bright and reflective
metals such as copper, and gold; therefore, the development of new technology is still
needed.

Limited articles have been published on blue laser or blue diode lasers related to
welding, cladding, and materials processing, and they are summarized in the following.
Das et al. [3] performed welding of multi-layered stainless steel (SS316L) by stacking
20 layers of micro-foils with a thickness of 0.025 mm onto a 0.2 mm thick SS316L foil
sandwich and welded them together. They suggested that this welding technique is
suitable for industrial needs, especially for electrical micro joining, as it results in free
cracks, low porosity, and low spatter. Zediker et al., conducted welding on copper using a
blue laser with a power of 500 W and a spot size of 215 μm. They were able to perform
welding at an angle of 90◦. The authors reported that neither porosity nor spatter was
found [8]. In addition, Zediker et al., performed a full penetration bead-on-plate welding
on copper with a power of 600 W and a spot size diameter of 200 μm. They concluded that
the shorter wavelength, such as that of the blue laser, is well absorbed by copper [9]. Wang
et al., used a blue diode laser of 250 W for material processing for successful laser irradiation
on a steel sample [10]. Suwa et al., developed a blue laser for processing copper foils and
melting copper powder, with a power of 100 W and a core diameter of 100 μm. The blue
laser is called BLUE IMPACT, and they stated this new laser technology can improve the
manufacturing quality of copper for electronic and automotive applications [11]. Another
blue laser that was recently developed was reported by Konning et al., at Coherent DILAS.
The authors reported two types of modules, both with a wavelength of 450 nm—one
module with 500 W power and a 200 μm core diameter, and the second with 550 W power
with a 400 μm core fiber. The intention of this newly developed laser technology was
for material processing [12]. The BDL technology at JWRI has been successfully used for
cladding pure copper on a stainless steel (SS304) substrate [13,14]. Hummel et al. [15]
conducted a feasibility study by conducting micro-welding of copper using a diode laser
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with a wavelength of 450 nm (no other detail was provided, but presumably a BDL) and
150 W of power. The thickness of the copper samples ranged from 150 μm to 1 mm. It was
concluded that the butt and lap joints could be satisfactorily achieved up to a thickness of
500 μm with a speed of up to 10 mm/s. Xu et al. [16] compared the cladding characteristics
of copper on martensitic stainless steels using TIG and diode laser methods. They found
out the laser cladding had fine microstructures, a narrow heat-affected zone, and excellent
wear resistance compared with the TIG method. Separately, Boese et al. [17] reviewed blue
laser technology with added power and brightness, and suggested that this technology
allowed for welding copper samples and that it also improved the ability to weld dissimilar
metals, for example, copper to stainless steels or copper to aluminum alloys.

In this paper, the results from the recent investigation on the welding of CP Ti foils
using the BDL welding method are presented. The purpose of this work was to establish if
BDL could be applied to the welding of thinner metallic foils and higher welding speeds.
At this stage, the focus of the work was on relatively less-bright metals such as titanium
to identify the possible parameters for the subsequent welding of the thin copper or gold
foils. The microstructure and the strength of the welds were examined. In addition to the
hardness and tensile testing results, a digital image correlation (DIC)—a post-processing
feature following the tensile testing—was also conducted to gain a better understanding of
the weld response to tensile stresses. The fracture surfaces from the tensile testing were
also examined with the scanning electron microscope (SEM) and are reported in this paper.

2. Experimental Procedures

2.1. Materials

The material used in this investigation was commercially pure titanium (CP Ti) Grade
2 foil with a thickness of 100 μm and 200 μm. The nominal composition of the material is
given in Table 1.

Table 1. Chemical composition of commercially pure titanium (CP Ti) in wt.%.

Material Ti Fe H N O C

CP Ti Balance <0.3 <0.015 <0.03 <0.25 <0.1

2.2. Welding Procedures

Bead-on-plate using a blue diode laser welding technique was performed at the Joining
and Welding Research Institute (JWRI), Osaka University, Japan. Prior to welding, the foils
were cleaned thoroughly with ethanol to ensure they were free from dirt, grease, and other
surface contaminations. The system employed up to six diode laser modules with a single
module power of around 20 W. The focal spot of the laser light had a top-hat profile of
100 μm diameter. The welding was performed without any filler metal (autogenous) with
the following parameters: 50 and 100 W of power and a welding speed of 20 and 30 mm/s
for the 100 μm and 200 μm thick foils, respectively, and a wavelength of 450 nm. Note
that the speed used in this investigation was 2–3 times higher than what was reported
previously [9]. Pure argon gas (purity of up to 99.9%) was used as shielding with a flow of
25 L/min. The welding heat input was estimated to be between 1 and 5 J/mm.

The schematic diagram of the BDL welding used in this investigation is given in
Figure 1. More details about the BDL system at JWRI have been provided by Sato et al. [13]
and Asano et al. [14].

2.3. Metallography

For the microstructural and microhardness examinations, metallographic samples
were prepared from the welded specimens. The samples were cut in the normal to the
welding direction. They were mounted in a conductive bakelite resin. The mounted
samples were ground using SiC paper up to 2400 grit size and were polished down to
0.05 μm using colloidal silica on polishing cloths. The polished samples were etched with
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Kroll’s reagent (100 mL H2O + 2 mL HF + 5 mL HNO3) and were examined using an
Olympus BX51M optical microscope to characterize the microstructures.

Figure 1. Blue diode laser (BDL) welding set up.

2.4. Mechanical Testing
2.4.1. Microhardness

To produce the hardness profiles, micro-hardness tests were conducted on the polished
and etched samples using a Vickers machine (Leco AMH 55, St. Joseph, MI, USA) with a
load of 50 g and a dwell time of 10 s. Indentations were made on the base metal (BM), heat-
affected zone (HAZ), and the fusion zone (FZ). The results were then plotted to determine
the hardness profiles.

2.4.2. Tensile Testing

Tensile testing was conducted on dog bone-shaped samples using the Shimadzu
Universal Testing Machine model AG-IS (Shimadzu, Kyoto, Japan) with a crosshead speed
of 0.07 mm/s. Three samples were tested for each welding condition. The dimensions of the
samples are shown in Figure 2. The tensile testing machine used was equipped with a digital
image correlation (DIC) system with a couple of 5.0 Megapixel CCD cameras. This non-
contact technique was employed to measure the overall strain, its distribution, and the local
strain gradients at the fracture locations. The post-processing of the DIC was performed
and analyzed using the VIC-3D system (Correlated Solutions, Irmo, SC 29063, USA).

Figure 2. Schematic diagram of the dog-bone sample with dimensions (in mm).

2.4.3. Fracture Surface Examination

A scanning electron microscope (SEM), Hitachi SU70 (Hitachi High-Technologies
Corporation, Minato-ku, Tokyo, Japan), was employed to study the fracture surfaces
following tensile testing. The samples were prepared using ultrasonic cleaning for 10 min
using ethanol prior to the SEM examinations.

3. Results and Discussions

The general appearance of the CP Ti foils with weldments are shown in Figure 3.
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Figure 3. Welded CP Ti foils: (a) 100 μm thick and (b) 200 μm thick.

A full penetration bead-on-plate was achieved for both foils (Figures 3 and 4) with
the parameters indicated in Section 2.2. The weldments showed a V-shaped configuration
for the FZ and HAZ zones (Figure 4). The width of the weldments was up to 450 μm
and 200 μm on the face and the root surfaces for the 100 μm thick foil, and up to 700 μm
and 250 μm for the 200 μm thick foil for the face and root surfaces, respectively. It is also
worth mentioning that there was very little distortion during metallography handling of
the weldments. The slight bend of the 0.1 mm sample (Figure 4a) might be due to the
handling of the sample after welding or during the metallography sample preparation.

Figure 4. Optical micrographs showing weld profiles: (a) 100 μm thick welded with 50 W of power
and at a speed of 20 mm/s, and (b) 200 μm thick welded with 100 W of power and at a speed of
30 mm/s.

The microstructure of the base metal showed an annealed structure with equiaxed
grains (Figure 4). They were approximately between 5 and 10 μm in diameter. In the FZ
area, the grains were fairly large, i.e., up to 20 μm in width and 100 μm in length. The grain
size in the HAZ was smaller than for the grains in the FZ, but larger than in the BM area. A
few cases of twin grains were also observed within the base metal and the weld zones. It
was also noted that the weld zones, particularly in FZ (Figure 5), contained the α’ structure
(martensite), which is the main strengthening element in titanium alloys, including the
high-grade CP Ti used in this investigation [18–25]. In addition, lamellar α phases were also
present in the weld zone, especially in the FZ area [18,23,24]. More detailed information
regarding the microstructures of CP Ti welds can be found in Danielson et al. [18] and
Lathabai et al. [22].
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Figure 5. High magnification optical micrographs showing the weld centerlines and martensite (α’)
phase on the (a) 100 μm thick foil welded with 50 W of power and at a speed 20 mm/s, and the (b)
200 μm thick foil welded with 100 W of power and at a speed of 30 mm/s.

The results from the microhardness testing showed that HAZ and FZ had higher
hardness compared with the base metal (Figures 6 and 7). This probably is due to the
presence of α’ (martensite) in WZ. The presence of α’ is associated with a fast cooling rate
because both samples were fairly thin. Danielson et at. reported an increase in the weld
zone area due to a high oxygen content [18]. In addition, the hardness of the 100 μm thick
foil on the HAZ area increased earlier than that of the 200 μm thick foil due to its thinner
size; hence, it had arguably faster cooling rates and more martensite (α’) compared with
the later foil.

Figure 6. Hardness indentations on metallographically prepared samples: (a) 100 μm and (b) 200 μm
thick foil samples.

Figure 7. Hardness profiles of the welded samples for two different foils.
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The tensile testing results are presented in Table 2. The results from the DIC analysis
are presented in Figures 8–11.

Table 2. Tensile data of both the welded (BOP) and unwelded samples.

Material Thickness (μm) Power (Watt)
Welding Speed

(mm/s)
Yield Strength (MPa) Tensile Strength (MPa)

Elongation
(%)

Fracture
Location

CP Ti (BOP) 100 50 20 140 300 20 BM
145 306 20 BM
148 305 22 BM

CP Ti (BOP) 200 100 30 310 355 23 BM
300 350 25 BM
301 350 25 BM

CP Ti
unwelded

100 N/A N/A 170 325 24 N/A
200 N/A N/A 320 390 28 N/A

Figure 8. Pictures from digital image correlation (DIC) of CP Ti, 100 μm, 50 W, and 20 mm/s during
tensile testing showing sample conditions at various percentages of strain (a) at 0%, (b) 5%, (c) 15%,
and (d) 22%, which correspond to fracture. Note: the numbers associated with the images are local
strains × 100%.

Figure 9. Images from the digital image correlation (DIC) of CP Ti, 200 μm, 100 W, and 30 mm/s
during tensile testing showing sample conditions at various percentages of strain (a) at 0%, (b) 5%,
(c) 15%, and (d) 25%, which correspond to fracture. Note: the numbers associated with the images
are local strains × 100%.
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Figure 10. Diagrams showing (a) force−displacement curves and (b–d) stress−strain curves repre-
senting various stages/places during tensile testing on the 100 μm thick foil, with 50 W of power and
at a speed of 20 mm/s.

Figure 11. Diagrams showing (a) force−displacement curves and (b–d) stress−strain curves repre-
senting various stages/places during tensile testing on the 200 μm thick foil, with 100 W of power
and at a speed of 30 mm/s.

Figures 8 and 9 show the strains within the samples at various location along the gauge
length for the 100 μm and 200 μm thick foils, respectively. At an early stage, e.g., roughly
less than 5% strain (Figures 8b and 9b), it is obvious that localized strains (necking) started
to take place on each side (outside) of the weld zone, as indicated by the red color. Necking
continued within these areas until the strains reached around 15 to 17% before a localized
necking at a “single” location prior to fracture (Figures 8d and 9d). Figures 8d and 9d
present the strain experienced by the samples upon fracture, i.e., around 22% and 25%
for the 100 μm and 200 μm thick samples, respectively. The reason for the slightly higher
percentage of strain (i.e., higher elongation) on the 200 μm thick samples could be due
to their thicker sizes, which may delay the localized strain taking place. All of the tested
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samples fractured outside the weldments, which indicated a good weld quality and strong
joints (also shown and confirmed by the high hardness in the weld zones).

Following the tensile testing, the DIC results were post-processed, and various rela-
tionships were derived including force vs. displacement, stress vs. strain, stress vs. strain
at the necking zone, and stress vs. strain at the weld zone (Figures 10 and 11). These
diagrams provide detailed information about the loads, displacements, stresses, and strains
across the gauge lengths, weld zones, and fracture locations. The maximum forces recorded
during the tensile testing were around 180 N for the 100 μm thick foil and around 420 N
for the 200 μm thick foil. The displacements of the samples were found to be around 5 mm
and 6.2 mm for the 100 μm and 200 μm thick foils, respectively. The unwelded foil samples
had higher strengths (UTS) and elongations than the welded samples, which was, arguably,
due to the uniform stress and strain distribution along the entire sample’s gauge length.
Additionally, the unwelded foil samples presented uniform strength distribution within the
entire gauge, resulting in one localized deformation site (necking). For the welded samples,
the presence of weldment (shown by the fine weld line) in the middle of the gauge length
limited the stress and strain distribution to a much more limited volume in the test sample.
In other words, the much smaller actual gauge size is found on each side of the weldment.
Hence, relatively the early fracture resulted in slightly lower strengths and elongations
compared with the unwelded samples. More detailed information about the strengths
(both the yield and ultimate tensile strengths) can be seen in Table 2.

The strains deduced from the DIC system are presented in Figures 10b–d and 11b–d.
The average strains (measured on the whole gauge length) showed 0.22 (22%) and 0.25 (25%)
for the 100 μm and 200 μm thick samples, respectively. Within the necking zone, the 100 μm
thick samples experienced a 0.46 (46%) strain compared with the 0.61 (61%) strain on the
200 μm thick samples. The DIC may also provide strains specifically in the weld zone area.
The strain within the 100 μm thick samples was around 0.026 (2.6%), while the 200 μm thick
sample had a strain of around 0.085 (8.5%). The weld zones area clearly did not experience
significant strains compared with the other areas of the samples, which indicates a good
weld quality (weld defects, if any, were not detected) and strong joints.

As indicated in Table 2, fractures for all of the welded samples occurred at the base
metal (BM) locations. The examination of the fracture surfaces using scanning electron
microscopy (SEM) showed a relatively highly ductile behavior with the presence of dimples
throughout the surfaces (Figure 12). No indication of weld defects, such as porosity, gas
bubbles, or lack of penetration, was observed. The presence of dimples on the fracture surface
indicated a micro-void coalescence mechanism present for both specimen thicknesses.

Figure 12. SEM micrographs showing fracture surfaces of (a,b) 100 μm, 50 W, and 20 mm/s, and (c,d)
200 μm, 100 W, and 30 mm/s.
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4. Summary

Based on the performed investigation, the following can be concluded:

1. The blue diode laser (BDL) can be successfully used to perform welding on thin
metallic foils such as CP Ti with thicknesses of 100 μm and 200 μm, and with a speed
of up to 30 mm/s.

2. Although the samples were fairly thin, there was no distortion observed on the welded
samples associated with the BDL process.

3. The weld zone (FZ and HAZ) displayed a high hardness (strengths) compared with
the base metal (BM). This is due to the formation of α’ (martensite) within the HAZ
and FZ.

4. Based on the DIC results, the strains observed were concentrated within the BM
where the fracture eventually took place. The samples fractured with a microvoid
coalescence (ductile) mechanism where dimples can be observed throughout the
fracture surfaces. This implies good weld quality and strong weld joints.
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Abstract: The purpose of this work is the study of laser cleaning of historical paper. The effect of laser
exposure of the paper reflectance, fracture resistance and acidity was investigated. The paper surface
roughness before and after laser treatment was analyzed by optical and scanning electron microscopy.
It was shown that use of multi-pulse micromachining in combination with high-speed scanning of
laser beams provides high safety for paper cleaning. The optimal parameters of laser radiation for
effective and safe cleaning are a power density of about 2 × 105 W/cm2 at a wavelength of 1.06 μm,
pulse repetition rate is 20 kHz; and a beam scanning speed of 200 mm/s–500 mm/s. The selective
laser cleaning method for books and documents was proposed. Selective cleaning is achieved by
means of high-precision control of the trajectory of movement of laser beams.

Keywords: laser cleaning; paper; books; documents; contaminants; cultural heritage; restoration

1. Introduction

The use of laser technology in the field of preservation of cultural heritage (CH) is
a new but rapidly developing scientific and technical direction. Most often, lasers are
used to determine the chemical composition, structural diagnostics, and documentation of
works of art. These applications are based on the use of laser spectroscopy, interferometry,
holography, and 3D scanning [1–3]. The restoration exploits laser cleaning technology,
which allows solving the problems of removing natural layers and anthropogenic pollution
from the surface of CH objects. However, despite the fact that lasers were first used in
restoration almost 50 years ago, to date, only the technology of cleaning the stone has been
developed. Laser restoration of other, primarily organic materials is still in the process
of conducting exploratory research [3–19]. This is due to the fact that in the process of
laser treatment, damage to their surface may occur, which is unacceptable according to the
canons of restoration.

This article is devoted to the development of technology of cleaning of books and
documents in the paper base. Cleaning paper sheets of dirt is a necessary and very time-
consuming operation in the restoration of books and documents. Wax stains, soot and dust
pollution, biological lesions, the so-called “fly ash”, etc., are subject to removal. However,
traditional methods of restoration cleaning do not always give satisfactory results. Thus,
mechanical cleaning (based on the use of an eraser, rubber crumb or abrasive sandpaper
with fine grain) violates the integrity of the surface structure of the paper, and reduces
the thickness of the sheets, which ultimately negatively affects their mechanical strength.
In addition, some of the removed dirt remains in the upper layer of the damaged paper
surface in the form of dust. It should also be noted that there are often cases when the
physical condition of books, especially the dilapidation of the lower corners of the book
block sheets, in principle does not allow the use of mechanical cleaning. As an alternative
to mechanical cleaning, water washing and chemical treatment with organic solvents and
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enzymes are sometimes used. Although such methods may be effective, they cannot be
used to clean handwritten documents, as well as books with unstable printing ink.

For these reasons, the search for alternative methods of restoration of books and
documents is currently relevant. One possible approach to solving this problem may be the
use of laser cleaning. The first experimental works on the use of lasers for this purpose was
carried out in the late 1990s [4,5], but is still being carried out by a few scientific groups
in Europe [6–18]. These works show the possibility of using a laser for cleaning, but the
method is not yet widely used. For this, it is necessary to develop appropriate technologies
and specialized laser systems suitable for a wide range of contaminants.

Therefore, the purpose of this work is to develop a method for laser cleaning of
documents and books with different types of paper.

2. Experimental

Model samples of paper that differed by chemical composition as well as fragments of
historical documents and books of XVI-XIX centuries were used in experiments (Table 1).

Table 1. List of samples.

Label Paper Composition Dating

Model samples

B-2 100% sulphate cellulose XX century

B-5
100% sulphate cellulose,

kaolin filler,
ash content–5.2%

XX century

B-6 100% Linen half-mass XX century

B-19 100% sulphate cellulose,
kaolin filler, ash content–4.6% XX century

B-25 100% cotton half-mass,
kaolin filler, ash content–9.3% XX century

Pag paper 100% flax fiber, sizing-starch XX century

Historical paper

Russian typographic book beginning of the XIX century

Russian handwritten book XVII century

Arabic manuscript Late of 19th century

Arabic manuscript Medieval

A pulsed ytterbium fiber laser generating at the wavelength of 1.06 μm was used for
paper cleaning.

For all paper samples, reflection spectra were measured, whiteness of the paper, its
acidity (pH) and fracture resistance were determined. Measurements were taken before and
after laser cleaning. Reflection spectra were measured on a LAMBDA 900 spectrophotome-
ter (manufactured by PerkinElmer LLC, Santa Clara, CA, USA) in the wavelength range
of 300–2500 nm with a scanning step of 1 nm. The whiteness of the paper was measured
on an FMSh-56 M ball photometer. An electron scanning microscope JSM-35 (JEOL Ltd.,
Tokyo, Japan) was used for surface study.

3. Results and Discussion

3.1. Choosing a Laser for Paper Cleaning

Laser cleaning of paper is based on the use of physical effects, which is called pho-
toablation. Photoablation is the contaminant particles’ ejection by photons as a result of
their absorption by dirt material to be removed in the process of cleaning. The concept of
the use of laser radiation for selective removal from the surface of an optically absorbing
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different substance, for instance, a secondary encrustation, was first demonstrated in 1965
by Arthur Schawlow, one of the laser inventors, who evaporated selectively absorbing
black pigments of printing ink from a strongly reflecting white sheet of paper [20]. Later, in
1972 John Asmus first demonstrated the laser cleaning of Cultural Heritage objects [21].
Nowadays, basic physical principles of laser cleaning are well known and described in the
scientific literature (see, for instance [2,22,23]).

The first step towards the development of laser technology for paper restoration is
the choice of such laser radiation parameters that allow for high efficiency in cleaning
books and documents. However, laser output parameters must be so they do not cause
any negative consequences (including carbonization as well as changes in color, acidity,
porosity and other physical and chemical properties of the paper). When choosing the type
of laser and its output characteristics, it is necessary to keep in mind that paper is a very
fragile, easily damaged material. It is a porous-capillary body in the form of a “carcass”
formed by cellulose fibers connected to each other by chemical hydrogen bonds. Under
the influence of heat, mechanical stresses and chemical reagents, the paper fibers are easy
to damage.

It is known from the scientific literature that various types of lasers were used for
paper cleaning, including excimer lasers (in particular, the XeCl laser with a radiation
wavelength of 308 nm and the KrF laser with wavelength of 248 nm), as well as a solid-state
Nd: YAG laser operating either at the main wavelength or at the wavelengths of the second,
third and fourth harmonics (with wavelength of 1064 nm, 532 nm, 355 nm and 266 nm,
respectively) [2,4–13]. In all cases, pulsed laser radiation was used. In particular, when
working with a solid-state Nd:YAG laser, a Q-switched generation regime with a pulse
duration of 10 ns–30 ns is usually used. As for the pulse repetition rate, it is usually in the
range 1 Hz–100 Hz (maximum—1 kHz).

In order to choose the optimal laser wavelength for efficient and safe cleaning of books
and documents, the spectral characteristics of the paper measured at the initial stage of our
work. Measurements of the reflectance spectra give information on the spectral bandwidth
where paper has maximum absorption. Since paper is a scattering medium, we used an
integrating sphere. Results of these measurements are shown in Figure 1.

 
Figure 1. Reflection coefficient of paper versus laser radiation wavelength (for sheet of a Russian
typographic book of the beginning of the XIX century made of wood pulp).

Then, we measured the reflectance of paper sheets of historical books and docu-
ments These measurements were conducted using a LAMBDA 900 spectrophotometer
(manufacturer—PerkinElmer LLC, Santa Clara, CA, USA). A diaphragm with a diameter
of 10 mm was used to select the measurement area. The area included typical paper con-
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taminations: traces of silicate glue and rust, dust and dirt stains, grease stains, moisture
traces, etc. Obtained spectra are presented in Figure 2.

 

Figure 2. Reflection coefficient of paper with contaminants versus laser radiation wavelength.

From Figures 1 and 2, one can see that all the recorded spectra are identical to each
other, and the differences are only in the absolute values of the reflection coefficient, which
depend on the specific type of surface contamination. The most important finding is that
the paper has the lowest reflectance values in the UV region of the spectrum. Consequently,
the use of short-wave lasers for cleaning books and documents can be dangerous for
their state of preservation due to the significant absorption of radiation energy by the
paper. Indeed, the authors of some works (see, for example, [5]) reported damage to paper
during its cleaning by an excimer laser with a radiation wavelength of 308 nm. From the
graph in Figure 1 it is also clear that the maximum value of the reflection coefficient of the
paper is in the range of 900 nm–1100 nm. Therefore, it is advisable to use lasers with a
wavelength of radiation in this spectral region, and the best “candidates” for this role are
solid-state neodymium lasers, as well as fiber ytterbium lasers with wavelength of about
1 micrometer. It is obvious that when using such lasers, the effect of their radiation on the
surface of the paper cleaned of impurities will be insignificant, which ensures its safety
during laser processing.

As for paper with contaminants on the surface from Figure 2, one can see that in the
wavelength range of 900 nm–1100 nm, samples with dust contamination and under the
lobes have lower reflection coefficients (about 35–60%) than samples with grease, silicate
glue and stains of unknown origin (about 60–70%). In this case, the maximum value of the
reflection coefficient (about 80%) has a sample with fat spots. It is clear that using lasers
with a wavelength of about 1 micrometer with enough one can remove contaminants if the
intensity of radiation will be enough high.

Another important parameter of laser radiation in the treatment of materials is the
pulse repetition rate. Since at a fixed level of the average laser output power, an increase
in the frequency leads to a decrease in the energy density of a single pulse, it is obvious
that this allows for a higher “delicacy” of paper processing by reducing the thermal energy
generated as a result of its absorption of laser radiation. It is for this reason that, unlike
other scientific groups involved in study of laser paper cleaning, the authors of this work
decided to check the possibility of using very high values of the repetition rate of laser
pulses (at the level of tens of kilohertz). With all the above parameters, the effect of the laser
on the paper becomes similar to the so-called multi-pulse laser micro-processing, which is
widely used in industrial processing of materials. For the first time, the idea of using this
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approach in the restoration of paper was expressed by one of the authors of this article in
2007 [24].

However, it should be noted that to ensure maximum safety of paper processing, it is
important not only to reduce the pulse energy density, but also to eliminate the cumulative
effect of the thermal effect of laser radiation. Local temperature increase, which can occur
during prolonged exposure to the same area of the surface, may cause negative effects—color
change and even charring of the paper. To avoid this, it is necessary to ensure a very fast
and uniform movement of the laser beam on the surface of the paper sheet. This problem
can be solved by using high-speed laser beam scanning systems. For this purpose, you
can use, for example, 2-coordinate scanners based on galvanometric mirrors, which are
used in lasers for marking and engraving. In this case, each time the laser beam passes
over the surface of the paper sheet, very thin layers of dirt will be removed. If the cleaning
level is insufficient, the processing can be continued by re-scanning the entire sheet or its
individual sections.

Based on the above considerations, in the experiments on paper cleaning, a pulsed
solid–state fiber ytterbium laser was used. It has the following output characteristics:
radiation wavelength—1.06 μm; maximum average power—10 W; pulse duration—10 ns;
maximum pulse repetition rate—100 kHz.

3.2. Characterization of Paper before and after Laser Cleaning

The scheme of the experimental setup is shown in Figure 3a. The laser beam was
focused onto the surface of paper and the sample was scanned (the spot diameter of focused
laser beam was about 50 μm). The general view of the experimental setup in the process of
laser cleaning of paper is shown in Figure 3b.

Laser processing parameters have been determined to ensure the safe and efficient
removal of contaminants from the paper surface. Safe cleaning does mean the absence of
such negative side effects as charring (carbonization), discoloration and roughness change
of the paper surface. The maximum removal efficiency without paper damage was obtained
at an average power of 4 W, while the pulse repetition rate was 20 kHz. Thus, the power
density in the spot was about 2 × 105 W/cm2. The beam scanning speed was varied in the
range of 200 mm/s–500 mm/s, and the laser processing area was 4 × 6 cm2.

At the first stage, there was a study of the effect of laser processing on the physical,
mechanical and chemical properties of paper and its wear resistance. The following parame-
ters of paper properties were determined: fracture strength, pH value of aqueous extraction
and whiteness. In the field of book restoration, exactly these parameters characterize the
safety of any restoration treatment. Accelerated thermal aging of the studied samples
(105 ◦C, 72 h) was carried out to study the effect of laser processing on the durability of
paper. To reduce the thermal effect of the laser on the paper, high-speed scanning in two
mutually perpendicular directions was used. The paper samples were lasered on both
sides of the sheet. The values of the index of resistance to destruction of paper samples of
various compositions after laser processing of its surface (on both sides) are presented in
Table 2.

The maximum effect of laser cleaning on the mechanical strength of paper was in
samples B-2 (from 100% sulfate pulp) and B-6 (from 100% half-mass of flax). For these
samples, the average value of the number of double kinks (ndk) decreased by 12–20%, and
the decrease in fracture resistance occurs only in the longitudinal direction. For other types
of paper (B-5, B-19, B-25 and Pag paper), the fracture resistance index does not decrease
after laser processing.

A slight increase in the ndk in the transverse direction was also observed. The nature
of fracture resistance in mutually perpendicular directions is different, in the longitudinal
direction it is determined by the strength and elasticity of the fiber, and in the transverse
direction it depends on the strength of the interfiber bonds. Heating to a temperature
of 220 ◦C leads to dehydration, which reduces the elasticity of the paper and leads to a
decrease in the tear resistance of the paper. This is proved by a small weight loss associated
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with the dehydration of cellulose fiber, which was observed during DSC analysis in [25]. At
the same time, the removal of hygroscopic water should lead to strengthening of hydrogen
bonds, which make the main contribution to the energy of interfiber bonds in paper. Laser
exposure leads to heating of the paper and similar processes can be observed in this case.

(a) 

 
(b) 

Figure 3. Experimental setup for laser treatment of paper: (a)—diagram of experimental setup;
(b)—general view.

Table 2. The effect of laser processing on the physical and mechanical properties of paper (index-
fracture resistance).

Paper Composition

Fracture Resistance (Number of Permissible Double Kinks)

Control After Laser Treatment

Longitudinal
Direction

Transverse
Direction

Average
Value

Longitudinal
Direction

Transverse
Direction

Average
Value

B-2 100% sulphate cellulose 208 160 184 150 174 162

B-5
100% sulphate cellulose,

kaolin filler,
ash content–5.2%

14 31 22 13 36 24
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Table 2. Cont.

Paper Composition

Fracture Resistance (Number of Permissible Double Kinks)

Control After Laser Treatment

Longitudinal
Direction

Transverse
Direction

Average
Value

Longitudinal
Direction

Transverse
Direction

Average
Value

B-6 100% Linen half-mass 630 274 452 469 284 376

B-19
100% sulphate cellulose, kaolin

filler, ash content-
4.6%

134 92 113 170 97 134

B-25
100% cotton half-mass,

kaolin filler, ash content-
9.3%

10 7 8 10 8 9

Pag
paper

100%
flax fiber, sizing-starch 9 9 9 9 9 9

The whiteness and acidity index values of paper samples before and after laser treat-
ment (Table 3) show that paper properties (related to whiteness and pH) do not change.

Table 3. The effect of laser treatment on the whiteness of the paper and the value of the acidity index (pH).

Cipher of
Sample

Control After laser Treatment

Whiteness,% pH Whiteness,% pH

B-5 73.0 5.1 72.0 4.8

B-19 72.0 7.2 72.0 7.0

B-25 83.0 7.3 82.0 7.6

Rag paper 58.0 4.9 58.0 4.9

Analyzing the data of accelerated thermal aging of the samples, it can be concluded
that laser processing did not affect the durability of the paper. Changes in fracture resistance,
brightness, and pH values of the laser-treated and control samples were identical (see
Table 4).

Table 4. Changes in the physical, mechanical, optical, and chemical properties of control paper
samples and laser-treated paper samples after thermal aging (100 ◦C, 72 h).

Cipher of
Sample

Thermal Aging

Control After Laser Treatment

Fracture Resistance (n.p.k.)
White,

%
pH

Fracture Resistance (n.p.k.)
White,

%
pHLongitudinal

Direction.
Transverse
Direction

Average
Value

Longitudinal
Direction.

Transverse
Direction

Average
Value

B-5 9 20 14 69.0 4.9 7 22 14 69.0 4.8

B-19 168 116 142 70.0 6.9 192 113 152 69.0 7.0

B-25 10 8 9 82.0 7.6 10 7 8 81.0 7.4

Rag paper 4 5 4 55.0 4.5 4 6 5 55.0 4.5

Visual inspection of the cleaning areas (using an optical stereomicroscope) showed
that as a result of a single laser treatment, a significant part of the contamination is removed
without disturbing the microrelief of the paper surface and its color characteristics. After
completing a series of test tests on model images that demonstrated the safety of the
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selected laser and its output characteristics on the properties of paper, experiments were
conducted on laser cleaning of original historical documents—a sheet of a handwritten
book of the XVII century, as well as a page of a Russian typographic book of the early
XIX century with typical types of contamination. As a result of laser treatment, the main
surface contamination was removed in both cases. The condition of the paper before and
after laser cleaning, as well as when working with model samples, was monitored using
an optical microscope. Additionally, an scanning electronic microscope (SEM) JSM-35
was also used. Optical microscopic and SEM images shown in Figures 4–6 allow us to
conclude that laser processing does not lead to a violation of the surface morphology and
structure of the cellulose fibers of the paper. In addition, there are no changes in its color. It
was confirmed by means of colorimetric measurements including the original measuring
technique described in one of our recent publications [17].

 

Figure 4. Flyleaf of a Russian typographic book (the beginning of the XIX century) with characteristic
surface contamination: (a)—before laser cleaning; (b)—after laser treatment (light yellow rectangle in
the lower right part of the sheet).

 

Figure 5. Page of a Russian handwritten book of the XVII century with characteristic surface contam-
ination: (a)—the initial state; (b)—the lower right corner marked with a pencil—the experimental
area for clearing with a laser; (c)—the same section of the page after laser processing.
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Figure 6. Images of the surface of a sheet of handwritten paper book obtained on an electronic
scanning microscope: (a)—the initial state, (b)—after cleaning with a laser.

It should be noted that Fourier Transform Infrared spectroscopy makes it possible to
control the chemical changes of paper after laser treatment at the molecular level, but in
our work such measurements have not been conducted since from scientific literature it is
known (see, for instance [11]) that with the right choice of laser exposure, such a negative
side effect can be prevented.

Therefore, our experiments confirmed high efficiency and safety of laser cleaning
of paper.

3.3. Selective Laser Cleaning

Consider the security of such processing for the entire page, which may include text
and pictures. Since the absorption of carcasses and ink differs from the absorption of paper,
it is necessary to study the effect of laser cleaning on such objects.

The preliminary experiments were carried out on a sheet of modern Russian strong
paper “type 1000” on which typewritten text was printed in black ink. Laser cleaning
removed the text from the paper, along with the dirt.

Then, a fragment of a sheet of a medieval Arabic handwritten book with text written
in multi-colored ink (red and black) was cleaned. The text in red ink has not changed.
Removal of surface dirt from the paper also led to partial removal of black ink (Figure 7).

  

Figure 7. Images of a sheet of medieval Arabic manuscript: (a)—a general view, (b)—a fragment (a
light rectangle in the middle at the top) cleaned by a laser.
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From a later Arabic manuscript (19th century), both black and red ink were partially
removed by laser treatment (see Figure 8). That is, if a pencil, iron gall and soot ink were
used to write books, then special protection measures must be taken during their laser
cleaning. Aniline ink does not require any special protection procedures.

 

Figure 8. A fragment of an Arabic manuscript page after laser processing (the white square shows
the area processed by the laser).

To ensure the safety of paper documents, it is necessary to exclude the effect of
laser radiation on text and drawings applied by handwriting and printing. Thus, for the
restoration of books and documents, it is necessary to use selective laser cleaning.

It should be noted that the idea of selective purification has already been described
in [26]. Laser cleaning the BAM (Federal Institute for Materials Research and Testing, Berlin,
Germany) prototype (designed by W. Kautek) was based on the use of a Nd:YAG laser
(generating at 1064 nm or 532 nm) with a maximum repetition rate of up to 1 kHz and an
energy density of ~10 J/cm2. Increasing the repetition rate to 35 kHz while maintaining a
power density of 10 J/cm2 allowed us to reduce the energy of a single pulse, which is safer
for paper heating.

The method of selective cleaning by zones was developed on model samples, which
were sheets of modern office paper with laser-printed text. Coal dust was applied to the
surface of the paper to simulate contamination. To remove from the processing area areas
containing text, their inverted vector image (mask image) was sent to the scanning system
operation control program. The mask image was created by cropping the original sheet
image with text and converting it using CorelDRAW X7 (designed by Corel Inc., Ottawa,
ON, Canada).

With laser cleaning, it is necessary to ensure a very precise alignment of the processed
area of the paper sheet with the scanning field in order to avoid the risk of damaging text
and graphic information. For this, a combination of special fiducial marks (previously
applied to the processed area of paper) and the so-called overall frame was made. Reference
marks are applied to the treated surface to align it with the working area of the laser.

During the experiments, an artificially polluted sheet of paper was treated with a
focused laser beam. The results of laser processing of the model sample sheet are shown
in Figure 9. As one can see from these photos (on the left—a sheet of paper in its original
state, on the right—after laser cleaning), the contamination was successfully removed, but
the typographic text remained unchanged. This confirms the effectiveness of the proposed
technical solution.

At the final stage of the work, experiments were carried out on the selective cleaning of
authentic historical documents. In particular, a page of an early 20th-century Arabic book
was used for this purpose. A small area of the text sheet was selected for cleaning. After
completing all the preparatory technological stages (it is described in details in [17]), it was
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necessary to accurately position the processing area selected on the book sheet relative to
the laser working area. The processing area was a rectangle drawn in pencil (see Figure 10).

 

Figure 9. A model sample of paper with simulation of contaminants on the surface: (a)—before
cleaning, (b)—after laser treatment.

 

Figure 10. A fragment of antique Arabic manuscript: (a)—before cleaning, (b)—after laser treatment.

As can be seen from Figure 10, during the experiment it was possible to successfully
perform selective cleaning—the book sheet was cleared of surface contamination, but the
original text was saved in the laser processing zone.

The analysis of the cleaning was evaluated visually. Figure 11 shows a photo of a small
fragment of a book sheet with typographic text before and after cleaning. It clearly shows
that the integrity and readability of the letters of the typographic text is well preserved
during the laser processing.

 

Figure 11. A small fragment of antique Arabic manuscript: (a)—before cleaning, (b)—after laser treatment.

4. Conclusions

Based on the experimental results obtained, the following main conclusions can
be drawn:

1. Laser cleaning of paper using a pulsed IR laser with wavelength of about 1 μm
provides high efficiency and safety of divestment of historical books and documents.

2. The use of multi-pulse micromachining in combination with high-speed scanning
of laser beam provides high safety for paper cleaning. The optimal parameters of
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laser cleaning of paper are: pulse duration—about 10 ns; average power—of about
4 W (power density of about 2 × 105 W/cm2); pulse repetition rate—about 20 kHz;
scanning speed—200 mm/s–500 mm/s.

3. To ensure the safety of books and documents during laser cleaning, it is necessary to
exclude the impact of laser radiation on the text and drawings to avoid their damage.
It can be achieved using a high-precision laser beam scanning system that allows you
to display typographic text and graphic information from the laser processing area.
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Abstract: Al-Sn binary system is a miscibility gap alloy consisting of an Al-rich phase and a Sn-rich
phase. This system is traditionally applied in bearings and more recently found application as form-
stable phase change material (PCM) exploiting solid-liquid phase transition of Sn. A careful choice of
production process is required to avoid macro-segregation of the two phases, which have different
densities and melting temperatures. In the present study, the additive manufacturing process known
as laser powder bed fusion (LPBF) was applied to an Al-Sn alloy with 20% volume of Sn, as a rapid
solidification process. The effect of process parameters on microstructure and hardness was evaluated.
Moreover, feasibility and stability with thermal cycles of a lattice structure of the same alloy were
experimentally investigated. An Al-Sn lattice structure could be used as container for a lower melting
organic PCM (e.g., a paraffin or a fatty acid), providing high thermal diffusivity thanks to the metallic
network and a “safety system” reducing thermal diffusivity if the system temperature overcomes Sn
melting temperature. Even if focused on Al-Sn to be applied in thermal management systems, the
study offers a contribution in view of the optimization of manufacturing processes locally involving
high solidification rates and reheat cycles in other miscibility gap alloys (e.g., Fe-Cu) with similar
thermal or structural applications.

Keywords: phase change materials; Al-Sn; miscibility gap alloys; selective laser melting; powder bed
laser fusion

1. Introduction

Al-Sn binary systems are miscibility gap alloys (MGAs), i.e., they consist of two phases
which are immiscible in solid state. In more detail, the two phases are almost pure Al
and pure Sn. Thanks to their anti-wear performance, these alloys have been widely used
in bearings [1]. More recently, they were studied as form-stable phase change materials
(PCMs), specifically composite materials in which the Sn-rich active phase undergoing a
solid/liquid transition is mixed to a high-melting Al-rich phase [2,3]. The latter can provide
structural properties as well as modify thermal and other characteristics of the material.
PCMs can be used in thermal energy applications since they can store the latent heat
associated to an endothermic transition (e.g., melting) and release it when the transition is
reversed (e.g., solidification). Furthermore, the material can be used to limit the maximum
temperature of the system, at least within certain heat input limits.

Simple casting of molten MGAs results in both micro-segregation of the lower melting
phase at grain boundaries of the high-melting one, and in macro-segregation of the low-
melting phase in the last solidifying regions [4]. Contrarily, powder metallurgy and rapid
solidification processes can result in a more homogeneous and finer phase distribution.
Powder metallurgy has been applied either for Al-Sn based bearing materials by Zhu
et al. [1,5–7] and for metallic Al-Sn based PCMs by Confalonieri et al. [3,8,9] and Sugo
et al. [2]. With these kind of techniques, the homogeneous and fine phase distribution is
provided through compaction and sintering of homogeneous powder blends, which are
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not, or only partially, melted, thus preventing macro-segregation of low-melting phase. On
the other hand, rapid solidification methods involve complete melting of base material in
form of powders or homogeneous ingots. The following solidification with high cooling
rate entraps low-melting phase in the network created by primary nucleation of high-
melting one. Several techniques are reported in literature to obtain fast solidification of
Al-Sn based alloys, like laser alloying (Zhai et al. [4], Makhatha et al. [10]), high-velocity
oxyfuel (Marrocco et al. [11]), and melt spinning (Lucchetta et al. [12], Kim and Cantor [13],
Zhang W. et al. [14], and Zhang Z. et al. [15]). Confalonieri and Gariboldi [16] studied the
possibility of using laser powder bed fusion (LPBF) as rapid solidification process in which
a blend of Al and Sn powders is locally melted through a pulse laser. In laser-based powder
bed systems, a powder layer is first applied on a building platform, then a laser melts it
locally according to the input 3D model, and finally the platform is lowered; the cycle is
repeated until the part is fully built, embedded in the powder bed [17]. Confalonieri and
Gariboldi [16] observed that the extremely fine microstructure obtained for Al-Sn alloy
with LPBF was similar to the finest microstructures obtained from compressed ball-milled
powders [8,9]. This microstructure can provide high hardness and wear resistance [1], as
well as interesting thermal properties. In more detail, a fine distribution of Al-Sn phases
results in a relatively fast thermal storage followed by a more gradual heat release in
a wide range of temperatures, thus reducing thermal stresses during cooling [3,9]. The
advantage of using LPBF is, therefore, the possibility to couple a suitable microstructure
for conventional Al-Sn based MGA applications in bearings or as PCMs, with the design
freedom typical of an additive manufacturing technique compared to the limitations of
powder metallurgy involving compression and sintering.

The present paper aims to study the effect of LPBF process parameters on the proper-
ties of Al-Sn alloy with Al/Sn ratio equal to 80/20, in view of its application in thermal
storage and thermal management devices. Differently from typical LPBF applications, the
classical target of reducing discontinuities like pores and cracks is flanked by the need to
control phase distribution and to have a microstructurally stable material over several ther-
mal cycles. Once the relationship between parameters and microstructure is established,
the material designer can select the proper parameters according to the features required
by the specific application. The results of this study can also be helpful to produce other
MGAs through LPBF. For example, Fe-Cu based MGAs are investigated for their higher
thermal conductivity with respect to steels and high strength [18,19], as well as for the
possibility of using them as PCMs [2].

In addition to simple parallelepiped samples, a 3D lattice structure was produced to
prove the feasibility to print a complex structure. The microstructure of the materials was
investigated by electron microscopy. Material hardness was measured by Vickers tests. The
thermal stability was evaluated by experimenting possible operating conditions for PCMs.

Lattice structures could be used as a container for a low-melting PCM [20,21]. This
kind of hybrid system contains two PCM systems: a low-melting one, such as paraffin
(melting temperature range: 6–108 ◦C [22]) or fatty acids (with melting temperature in a
slightly narrow melting range), which stores latent heat in the temperature range of interest;
and a high-melting one (e.g., Al-Sn), which enhances thermal diffusivity to the overall
system thanks to the metallic network [23] and also can act as “safety system” by reducing
thermal diffusivity upon its phase transition if the system temperature increases too much.
The presence of the low-melting PCM, with high wettability on Al alloys could also avoid
the formation of Sn particles at the material surface.

2. Materials and Methods

Commercially pure Al (ECKA Granules Germany GmbH, Fürth, Germany) and pure
Sn (STAGNO 106, Metalpolveri S.r.l., Gussago (BS), Italy) powders were mixed to obtain
a blend with 20% volume of Sn, corresponding to about 40% in mass. Both powders had
high purity (>99.7% mass). Al powder had grain size lower than 45 μm, while Sn powder
contained also coarser particles (>106 μm: 0.1%, >45 μm: 15–45%, <45 μm: 55–85%). SEM
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micrographs of powders are shown in Figure 1. Before the mixing processes, powders were
sieved separately with a −63 μm mesh, to remove coarse particles and agglomerates. Then,
they were blended in a tumbler mixer (Adler T-0) with about 1/3 of empty space in the jar,
for 1 h at 20 rpm at room temperature.

 

Figure 1. SEM micrographs of Al (a) and Sn (b) powders.

LPBF process was carried out using a pulsed laser Renishaw (Wotton-under-Edge,
United Kingdom) AM 250 system equipped with a Reduced Build Volume apparatus
(powder bed 90 mm × 90 mm). Using a pulsed laser, powders are melted by discrete
and partially overlapped laser spots, which are exposed to the radiation for a given time
(exposure time) [24]. The process was carried out in protective Ar atmosphere to reduce
contamination from oxygen (oxygen content < 1000 ppm). A meander scanning strategy
was applied and the scanning direction was rotated by 67◦ after each layer completion. The
selected process parameters were in the range of typical values for Al alloys [24]. Layer
thickness (25 μm), laser power (200 W), and exposure time (160 μs) were the same for all
the samples. On the other hand, different values for hatch distances (dh), i.e., the distance
between the parallel adjacent scanned tracks, and point distance (dp), i.e., distance between
two neighbor points exposed to the pulsed laser, were selected, as reported in Table 1.

Table 1. Sample names and VED calculated accordingly to Equation (1).

Point Distance, dp [μm]

60 80 100 120

H
a

tc
h

d
is

ta
n

ce
,

d
h

[μ
m

]

60 A
356 J/mm3

B
267 J/mm3

C
213 J/mm3

80 D
267 J/mm3

E
200 J/mm3

F
160 J/mm3

100 G
213 J/mm3

H
160 J/mm3

I
128 J/mm3

L
107 J/mm3

120 M
107 J/mm3

N
89 J/mm3

Volumetric energy density (also referred as specific energy, and expressed in J/mm3)
can be evaluated according to Equation (1), by approximating the scanning speed (v) as the
ratio between point distance (dp) and exposure time (texp):

E =
P

dh·v·l ≈
P·texp

dh·dp·l (1)
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where P is the laser power, dh is the hatch distance, and l is the layer thickness. Calculated
values for each set of parameters are in Table 1. Two batches of samples were produced
(A-I1, L-N); powders for the second batch were dried in a desiccator with silica for about
24 h before LPBF.

Specimens are parallelepipeds, with size 8 × 8 × 4 mm3 for batch 1 (A-I1) and
10 × 8 × 4 mm3 for batch 2 (L-N). Furthermore, a longer sample (40 × 9 × 5 mm3), called
I2, that was cut in smaller pieces for testing, and two lattice structures (with geometry
shown in Figure 2 and produced with combination of parameters I) were added to the
specimens of batch 2.

Figure 2. Three-dimensional model of lattice structure.

Characterization of parallelepiped samples consisted of the analysis of microstruc-
ture and hardness. Samples were sectioned, mounted, and ground with abrasive papers
followed by polishing with diamond suspensions down to 1 μm. For microstructural
characterization, both Optical Microscopy (OM, Eclipse LV150NL, Nikon, Tokyo, Japan)
and Scanning Electron Microscopy (SEM, EVO 50, Zeiss, Jena, Germany) were used to
evaluate materials features at different scale levels. Micrographs were analyzed using
ImageJ software [25], measuring area fraction of pores, pore features, and crack density. In
more detail, analyzed pore features are [26–28]:

• Equivalent diameter (∅eq), i.e., calculated diameter of a circle with the same area as
the pore;

• Circularity, i.e., 4·π·area/perimeter2, which tends to 1 if the particle is round and
smooth, and tends to 0 if it has irregular surface and/or elongated shape;

• Solidity, i.e., ratio between pore area and the minimum convex area that can cover the
pore, which tends towards 1 if the pore has a convex shape, and tends towards zero if
the boundary is irregular.

Crack density (dcracks) is the average distance between cracks measured on a section
parallel to building direction at low magnification.

Vickers microhardness tests were done on samples built on the diagonal of process
parameter matrix shown in Table 1 (A, E, I, N). HV was measured along the sample
direction parallel to the building direction, using a Future-tech FM-700 microhardness
tester with a load of 4.91 N and a dwell time of 15 s. The test was repeated at least five
times per sample choosing indentation points randomly on the sample surface to obtain an
average value of hardness.

Analysis of lattice structures focused on evaluation of their behavior during thermal
cycling reproducing operative conditions. Therefore, one of the lattice structures underwent
100 thermal cycles between 180 ◦C and 280 ◦C at a heating/cooling rate of ~27 ◦C/min, in
protective Ar atmosphere to avoid oxidation of molten Sn. Photographs were taken before
and after thermal cycles to observe possible changes.
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3. Results

3.1. Low Magnification Analysis

Specimens printed with the two jobs are shown in Figure 3. The upper surface can
have accumulated material at corners of the parallelepipeds, as pointed out by arrows for
sample A in Figure 3. The accumulated material form peaks that are taller and wider as the
VED increases, especially in samples from A to E. On the other hand, the samples with the
lowest VED have an almost flat upper surface.

Figure 3. Photographs of parallelepiped samples before removal from support; arrows indicate
accumulated material at corners of upper surface in sample A.

Optical micrographs of samples with the related process parameters are shown in
Figure 4. At this relatively low magnification, Al and Sn phases are too fine to be distin-
guished; thus, specimens appear as consisting of a homogeneous grey metallic matrix with
black areas corresponding to discontinuities, i.e., pores or cracks.

Figure 4. Optical micrographs, process parameters (hatch distance and point distance) and features
of samples (porosity, circularity, solidity, equivalent diameter ∅eq, and crack density dcracks). Shown
sections are parallel to building direction (vertical).

The average area fraction of pores (later on simply referred as porosity) as measured
on OM micrographs ranges between 6% and 19%, with the highest value for the highest
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calculated VED (A) and the lowest ones for the lowest VED (N) and the central condition (E)
(Figures 4 and 5). The other specimens have porosity between 9% and 15%, but, as shown
in Figure 5, there is not a clear trend, neither considering the calculated VED variation
nor single parameter (hatch or point distance) variation. Average values of circularity
and solidity equal to about 0.7 and 0.8, respectively (Figure 4), show that pores tend to
have a spherical shape with smooth surface. Considering pore size, the average equivalent
diameter is between 30 μm and 50 μm for all samples (Figure 4).

Figure 5. Porosity for each sample as function of VED.

The most significant differences between specimens can be found in pore size distribu-
tion (Figure 6) and pore location in the plane parallel to build direction (Figure 4). In all the
samples, most of pores (40–50%) have equivalent diameter lower than 50 μm and the per-
centage of pores per size decreases as equivalent diameter reduces (Figure 6a). As shown
in Figure 6b, the standard deviation of equivalent diameter generally reduces with VED.
The high standard deviation of specimen I1, here represented with open symbol, is related
to the presence of interconnected big pores, considered as a single one by ImageJ software
during particles analysis. Figure 6b suggests that high energy samples have a wider pore
size range, between ~10 μm and ~100 μm, with respect to low energy ones, generally with
bigger pores concentrated near the external surface and in correspondence with the upper
surface peaks mentioned above (Figure 4). By reducing the VED, the standard deviation
of equivalent diameter reduces as well, i.e., pore size distribution becomes narrower, and
the arrangement of pores in the sample tends to be more homogeneous. Such features,
that were observed on longitudinal sections of the specimens, have also been confirmed
by analyses of transversal sections of samples. For sake of comparison, see OM image of
samples A, E, I1, and N in Figure 7.
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Figure 6. Pore size distribution described through: (a) percentage of pores per equivalent diameter
(each point corresponds to an equivalent diameter range ± 5 μm), and (b) standard deviation of
equivalent diameter as function of VED.

Figure 7. OM micrograph of samples A, E, I1, and N: section perpendicular to the building direction.

Vertical cracks (Figure 4) are generally parallel to the building direction, while cracks in
sections perpendicular to building direction (Figure 7) tend to form a continuous network.
In both sections, sample A (i.e., the one produced with the highest VED) displays few
small cracks, concentrated especially in the region close to the building platform. On the
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other hand, the number of cracks increases as VED reduces. Considering crack position,
they tend to concentrate in the middle of the sample at high energies, while they are more
spread within the sample and interconnected in transverse direction at low energies. The
minimum average distances between vertical cracks are 461 μm for sample D, while for the
other samples this value ranges between 565 μm and 1232 μm or even higher. The range is
compatible with the crack network distribution observed on transversal sections.

3.2. SEM Analysis

SEM micrographs of samples on diagonal of parameter matrix are shown in Figure 8,
with increasing VED from A to N sample. Sn (bright contrast) and Al phases (dark contrast)
can be distinguished in the SEM micrographs. The horizontal bands are formed by the
grains grown between consequent layers in the production process; at low energies, Sn-rich
zones are observed in these bands, highlighting the shape of molten pools. By decreasing
energy, a finer structure is observed. The size of the Sn particles dispersed in Al phase is
between ~2 μm and ~100 nm in sample A. In sample N, fine Sn films are formed along
with Sn particles. The film is ~100 nm thick and the small particles are ~100 nm in size.

 

Figure 8. SEM micrographs (BSE) of samples A, E, I2, and N at 3000× magnification.

In all the samples, round-shape Sn particles with diameter of ~15 μm are observed
(e.g., see sample N in Figure 8 and samples I and E in Figure 9). These particles seldomly
show inner porosities (Figure 9b). Focusing on cracks (Figure 9), it is possible to notice that
they can be partially or fully filled with Sn.
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Figure 9. SEM micrographs (BSE) of sample I (a) and sample E (b) showing cracks at different orders
of magnitude.

3.3. Vickers Microhardness

Results of Vickers microhardness measurements for samples on diagonal of parameters
matrix are shown in Figure 10. Samples from the first batch (A, E, and I1) have hardness
values of about 30 HV, while values for second-batch samples (I2 and N) are slightly above
40 HV.

Figure 10. Vickers microhardness numbers for samples on the diagonal of parameter matrix (i.e.,
those with same hatch distance and point distance). Orange series and blue series indicate samples
belonging to the first batch and to the second batch, respectively.

3.4. Lattice Structures

Lattice structures were produced using parameters I, i.e., hatch distance and point dis-
tance of 100 μm, correspondingly to those of sample I2. In as-built conditions (Figure 11a),
the obtained structure does not show evident deformations or discrepancies with the CAD
model. Poor surface quality is observed in the down-skin of horizontal trusses. After
100 thermal cycles between 180 ◦C and 280 ◦C, only a minimal deformation is observed in
one of the upper corners (dashed ellipse in Figure 11b). Furthermore, Sn droplets (pointed
out with arrows in Figure 11b) appear seldomly on surfaces.
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Figure 11. Photographs of lattice structures in as-produced conditions (a) and after 100 cycles across
Sn melting temperature (b). In image (b), the dashed ellipse highlights a deformed region of the
lattice, and the arrows point out Sn droplets.

SEM micrographs of the as-built lattice surface (Figure 12a) show the absence of
surface cracks in vertical trusses, which are 0.5 mm or 1 mm wide. On the other hand,
vertical cracks appear on horizontal trusses, which are 7 mm long. The distance between
cracks ranges from 250 μm to 700 μm, with an average value of ~400 μm. The lowest
average distances between longitudinal cracks can be found in the most highly constrained
regions, i.e., at lattice nodes where 1 mm thick trusses converge, and at the bottom part of
the lattice, in direct contact with the bulk Al substrate. After thermal cycling, lattice surface
shows relatively coarse Sn droplets with diameter of hundreds of microns (Figure 12b), as
well as small droplets with diameter below 50 μm and thread-like Sn whiskers (Figure 12c).

 

Figure 12. SEM micrographs (SE) of lattice structure surface before (a) and after (b,c) thermal cycling.
The schema shows micrographs position.
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4. Discussion

4.1. Effect of Process Parameters on Microstructure

Various process parameters affected microstructural features, as phase distribution,
discontinuities (pores and cracks) and topology of the upper surface. The main physical
principle that lies behind them is that the energy input (here considered in terms of VED)
during LPBF affects the local thermal history of the material. The laser scanning induces
fast melting and solidification of the material and the formation of steep thermal gradients
affecting also the already printed material, with a complex set of consequences on the
microstructure of MGA. As observed in a previous work by Confalonieri and Gariboldi [16],
Al-20%vol Sn alloy produced through LPBF has an extremely fine microstructure thanks
to the high cooling rate of the molten pool. This small size of microstructural features
is comparable with those observed for the same alloy produced through ball milling,
compression and sintering [3,8,9]. In addition, a similar microstructure was obtained
with LPBF by Zafari and Xia [19] for MGA Fe-20%vol Cu. During cooling, due to the
immiscibility of the two phases, Al grains solidify first, while Sn is segregated at grain
boundaries reducing primary grain growth [19]. If, due to high energy input, the cooling
rate is relatively slow and extensive remelting occurs during deposition of upper layers, Al
cells are relatively coarse and the structure appears generally homogeneous, see samples
A and E in Figure 8. As VED decreases, the microstructure becomes finer with Al cells
elongated in vertical cooling direction with Sn at boundaries; at the same, Sn agglomerates
form especially at the bottom of the melting pool, “trapped” during the fast solidification,
as previously discussed by the authors in [16]. Thus, low VED results in less homogeneous
microstructure. With this phase distribution, which was not significantly modified by the
upper layer deposition, the former molten pools can be more easily appreciated. These
various types of microstructures can affect thermal diffusivity of the system, leading to an
isotropic or anisotropic behavior accordingly [16].

Porosity changes significantly in each sample in terms of quantity, size, and location.
The investigated values of hatch distance and point distance do not have a clear effect
on porosity, which, in any case, seems to be more affected by the overall VED. To further
analyze the correlation between process parameters and porosity, an alternative description
of energy density values suggested by Ferro et al. [29] was applied (Equation (2)).

E =
C
(
P, texp,α,β,φ

)
dh

√
dp

=⇒ E ∝
1

dh
√

dp
(2)

This expression includes thermal transport phenomena (α = powder thermal dif-
fusivity, β = absorption coefficient, φ = spot size diameter). It relates the VED to the
inverse of the product between hatch distance and the square root of point distance, while
in Equation (1) the inverse proportionality of VED is with the product between hatch
distance and the point distance. Accordingly, considering that C parameter is the same
for all the samples, porosity and standard deviation of equivalent diameter are plot as
function of (dh × dp

0.5)−1 in Figure 13. Despite the change in VED dependency on hatch
and point distance, the plots show the same trends observed in Figures 5 and 6b, i.e., the
point series does not follow a clear law. The complexity in relating process parameters to
microstructural features can be ascribed to the peculiar features that characterize an MGA.
In more detail, it should be considered that heat transfer phenomena, especially at low
temperature, are significantly affected by the phase transition of low-melting phase and
thermal properties cannot be considered constant with temperature, thus heat transport
cannot be easily modelled.
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Figure 13. Porosity for each sample (a) and standard deviation of equivalent diameter (b) as function
of (dh × dp

0.5)−1, representing the alternative description of VED according to [29].

In the investigated MGAs the formation of pores can be ascribed to two main causes:
presence of gases in the molten pool and Sn particles detachment during specimen prepa-
ration (artifact). The presence of gas in the molten pool, which gives rise to spherical-shape
pores, can be related to several causes [30]. First, shielding gas (Ar in the present case) can
be trapped in the molten pool due to turbulence, which is more likely to occur at high VED.
At the same time, turbulence in the molten pool is known to concurrently lead to the forma-
tion of peaks on upper surface of specimens [30]. In addition, moisture initially adsorbed
by the powders can also be responsible for porosity [31]. Comparing samples I1 and I2,
produced with the same parameters in the two batches, it is possible to observe that the one
produced with dried powders (I2) smaller average pore size has a slightly lower amount of
porosity (almost 1% less). The last gas-related cause for porosity is the evaporation of Sn
due to the higher absorptivity of Sn with respect to Al and the high energies involved to
melt Al, since it is necessary to break the Al oxide layer and to compensate the high laser
reflectivity [32,33]. Despite the specific cause for pore formation, pore size tends to reduce
with VED, since gas expansion is lower as temperature decreases and turbulence of molten
pool is lower as well.

Gas pores tend to form closer to the external regions of the sample and to be bigger as
VED increases. In facts, the outer regions of the samples are the hottest, because (i) they are
affected by slower cooling rates, due to the fact that the surrounding unmolten powder has
lower thermal diffusivity than the compacted material, and (ii) the laser direction is inverted
following the meander scanning strategy, resulting in close consecutive laser pulses. This
phenomenon is clearly more emphasized as VED increases together with more turbulence
in the molten pool. On the other hand, lower VED values result in lower temperatures and,
consequently, lower porosity, that is spread more homogeneously throughout the analyzed
sections.

Vertical cracks are mainly caused by thermal stresses related to solidification shrink-
age [18]. Sn has a solidification temperature much lower than Al, which means that solid
and liquid coexist in a wide temperature range, thus promoting hot cracking. High VED,
causing slower cooling rates and less severe thermal gradients, reduces cracks, especially in
the inner part of samples that is more constrained. Moreover, as previously mentioned, the
outer areas of high-VED specimens are hotter than the core, so cracks tend to concentrate
in the middle of the sample, whereas cracks are distributed throughout the section in
low-VED samples.

Hardness of the alloy can be considered as constant for samples produced in the same
job. The difference between the hardness of samples of the two batches (+25% in batch

36



Quantum Beam Sci. 2022, 6, 17

2 samples), can be reasonably ascribed to the effect of moisture. Dried powder (batch 2)
shows less and smaller pores and higher hardness. Within samples of the same batch,
considering that coarse discontinuities (e.g., cracks and big pores) were avoided during
HV measurements, microstructural differences are probably too small to affect significantly
hardness. Comparing the obtained values with earlier studies, hardness values obtained
for the first batch (~30 HV) are close to values for cast and press-and-sintered Al-Sn alloys
with the same nominal composition [1,34]. Hardness of samples from the second batch
(~40 HV) are close to those of samples produced by ball-milled powder that are pressed-
and-sintered [3,9].

Summarizing, according to microstructural analysis, the effects of process parameters
are the following:

1. Excessively high energy density increases pore size and results in accumulation of
materials on the top surface corners;

2. Most of the parameter sets lead to coarse porosity located at the outer surface, espe-
cially in high VED conditions. As energy decreases porosity is more homogeneously
distributed in the sample;

3. High energy results in coarse and homogeneous phase distribution;
4. Low VED samples are more affected by hot-cracking.

Therefore, the best conditions, i.e., minimum number of pores and cracks are in the
middle-right of the parameter matrix (see Table 1), are for parameter sets E, C, F, and I,
since these process parameter sets have intermediate VED, balancing the effects of high
and low VED.

4.2. Lattice Structures

Lattice structures were obtained by LPBF and proved to keep their shape almost
unchanged after 100 thermal cycles across the solid/liquid transition of the Sn phase.
Cracks were observed on as-built lattice surfaces only on horizontal trusses and not on
vertical ones. Vertical beams are thin enough to avoid detrimentally high thermal stresses
and, so, to prevent vertical crack formation. On the other hand, horizontal segments,
show cracks with spacing comparable with that of bulk sample produced with the same
process parameter combination (I2). This means that the designer can act both on process
parameters and part geometry to reduce or avoid hot cracks.

After thermal cycling, Sn leaked out from the lattice surface. As previously seen for
ball-milled and compressed samples [8,9], a fine microstructure without coarse intercon-
nected particles, can help to reduce the risk of significant Sn losses. Nevertheless, the
significance of this phenomenon depends on the service condition of the material. Indeed,
a feature of interest can be the number of times the transition is activated in component life,
i.e., only once (e.g., for safety device) or cyclically, leading to the functional fatigue of the
material. Another feature to be considered is the environment where the Al-Sn component
works, since Sn leakage could or could not damage other structures in the system.

5. Conclusions

The present work analyzed the effect of LPBF process parameters on Al-20%vol Sn
alloy properties. Process parameters affect phase distribution, presence of discontinuities,
and geometrical features of samples, while they did not change hardness significantly. To
optimize each of these features, an intermediate VED with low hatch distance appears to
give the best results, reducing the risk of pore and crack formation.

Furthermore, a lattice structure was successfully produced and proved to be relatively
stable even after thermal cycling across Sn melting temperature. Such kind of metal
PCM structure could potentially replace homogeneous Al-alloy lattice, providing a “safety
function” to the part if temperature increases excessively. It could be inserted for instance in
a more complex thermal storage device where a low melting organic PCM (e.g., a paraffin
or a fatty acid) fills the Al-Sn alloy lattice, providing also mechanical strength and thermal
conductivity.
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Considerations on LPBF of Al-Sn alloy and thermal cycling of lattice structures could
be extended to other miscibility gap alloys.
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Abstract: Three-dimensional laser scanning is a novel measurement technique that is frequently used
for the documentation of cultural heritage (CH) objects. In the process of 3D scanning, one can obtain
computing 3D models of artworks to be documented. It allows one to produce detailed digitized
archives of important CH objects. Moreover, the use of 3D scanning enables the digital reconstruction
of architectural fragments, sculptures, and other artworks. One more important application of this
technique relates to the creation of molds and replicas for replacements of outdoor CH objects in
case their preservation requirements do not allow them to remain in their original place due to the
influence of environmental factors. One of the most effective ways of creating replicas is the use of
laser additive technologies. Therefore, the combination of 3D scanning and additive technologies is a
very promising way of preservation of CH. This paper describes several case studies concerned with
the combined usage of 3D laser scanning and additive technologies for digital reconstruction and
replication and of outdoor sculptures in St. Petersburg city. One of them is the reconstruction of the
zinc sculpture “Eva at the fountain” (XIX century, England), which was destroyed during WWII. Its
replica was created by means of laser stereolithography. Eventually, one more project is related to the
reconstruction of the fragment of the sufficiently damaged cast-iron XIX century monument. This
object was reconstructed using two laser technologies: direct metal laser sintering (DMLS), and laser
cladding (LC).

Keywords: laser additive technologies; 3D printing; 3D scanning; cultural heritage object; restoration;
reconstruction; end-to-end technologies

1. Introduction

In recent decades, one of the most serious challenges in the preservation of cultural and
historical heritage has been the rapid decay of exterior monuments due to environmental
deterioration, especially in large industrial megapolises. However, in addition to poor
environmental conditions, sculptures and other cultural heritage objects also suffer from
natural disasters and vandal attacks, which also result in damage and sometimes total loss.

In this context, the question on the need to reconstruct damaged CH objects or to
gradually replace them with copies with subsequent transfer of originals to closed museum
premises was on the agenda. According to the world practice, today, it is the only oppor-
tunity to preserve the most important monuments of the past for descendants, at least
their most valuable ones. Although the idea of replacing originals with copies has always
caused and still causes an ambiguous attitude in society and even among the museum
community, unfortunately, there is no other way to save CH objects from destruction
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nowadays. It should be noted that the idea of the replication of monuments is not new.
Michelangelo’s masterpiece, the famous marble sculpture of David, which has remained for
almost 370 years in Piazza della Signoria in Florence, was copied in 1873 when the original
David was moved for eternal storage in the Gallery of Academy of Fine Arts in the city.

However, nowadays, when museum curators, art experts, and restorers gradually
come to an agreement on the need for copying monuments in principle, the question arises
of what technologies may be used (and most importantly, are acceptable) when creating
copies. Over the years, copies of sculptural monuments were created from different
materials. In the 1980s, natural marble was used, and copies were made by “manual”
cutting of sculptures and bas-reliefs of stone blocks. Later, cement with marble powder
was used, but now various types of synthetic materials are used instead of cement. Such a
composition is called “artificial stone”. However, this approach, which has been widely
adopted in recent years, has many serious shortcomings. The most important of them is
that copies made of artificial stone are obtained as a result of forming the original sculpture,
and this inevitably leads to a significant physical and chemical impact on its surface.
Molding can lead to mechanical damages in the form of fractures and broken small parts
of monuments occurring during the mold removal. In addition, the impact of chemical
reactions of molding materials with the monument substrate can also be significant.

Now, there is a very attractive alternative to the above-mentioned approach. Inno-
vative 3D laser scanning technology in combination with stone milling machines with
numerical software control (CNC) is attractive way of replicating cultural heritage objects.
This allows copying sculptural monuments made of natural stone (marble, limestone,
granite, etc.). The main advantage of this method is that it is contactless and does not have
any negative impact on the original monument. Thanks to this, laser-based contactless
copying technology is now widespread in some European countries [1–3].

Ultimately, copying CH objects using natural stone is expensive, and it is not always
advisable to use this approach. A different approach can be used to replicate ordinary
artifacts and to create copies of lost fragments of works of art for modeling restoration
work. Such tasks can be resolved by means of using laser additive technologies. In recent
years, several research groups reported case studies where different 3D printing techniques
were used, but all known works are not systematic [4–6]. The purpose of this work is to
demonstrate the principal possibility of the application and benefits of the use of end-to-end
3D scanning technologies and the reproduction of scan results using CNC and 3D printers
with a laser source for repairing and reconstructing cultural heritage objects. In this paper,
we describe the results of cases studies on the reconstruction of CH objects in the city
of St. Petersburg.

2. Replication and Reconstruction of Sculptures

For the first time in Russia, the non-contact copying of sculptural monuments was
carried out by the scientists of St. Petersburg Electrotechnical University (ETU) in collabo-
ration with Italian colleagues in 2008–2010. It was the project on the replication of the XVIII
century Italian marble bust “Primavera” from the State-museum preserve “Tsarskoye Selo”
collection. This work began with the creation of a 3D computer model of the sculpture
obtained using 3D laser scanning. Then, the 3D model was forwarded to our colleagues in
Carrara in Italy, who have years of experience in the creation of replicas of historical objects
from natural marble using CNC machines. Firstly, they converted 3D model into CAD
model requiring for operation of CNC robotic machines. After that, they manufactured a
precise copy of the sculpture “Primavera” from a block of white Carrara marble by using a
CNC milling robotic machine. The detailed description of this project is given in [3,7], and
in Figure 1, one can see photos of the original, the process of carving the marble block, and
replica placed in the location of the original sculpture.
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(a) (b) (c) 

Figure 1. Marble sculpture “Primavera”: general view of original, June 2009 (a); process of manufac-
turing the replica by CNC machine (b); general view of replica, June 2010 (c).

One more project was conducted by the scientific group of the ETU in 2017 when
a copy of marble bust of XIX century of the Russian Emperor Peter the Great from the
State-museum preserve “Peterhof” collection marble bust was created. This sculpture was
given by Russian sponsoring organizations as a present to the French Academy of Sciences
in Paris in 2017 on the occasion of the 300th anniversary of the Peter the Great visit to
France. During the implementation of this project, 3D scanning of Peter’s bust was carried
out in the storage facility of the museum “Peterhof”, and then, the same as “Primavera”, its
copy was made of a marble block in Carrara, Italy by using a CNC machine (Figure 2) [8].

 

Figure 2. Fragments of sculpture “Eve”.

The results of the projects on copying marble sculptures of Peter I and Primavera
provide a convincing demonstration of the high efficiency of the contactless method for
creating physical copies of sculptural monuments made of stone. Its relatively low cost,
speed of execution and the full preservation of the original in the process are of such
significance that it will inevitably lead to its wide application in museum practice soon.

3. Reconstruction of Damaged Cultural Heritage Objects

Another interesting perspective in modern museum work is connected with the use of
3D scanning for the reconstruction of damaged and even completely destroyed monuments.
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3.1. Case Study of Zinc Sculpture “Eve”

One of the case studies of such works is the reconstruction of a totally lost sculpture
from the former estate Sergievka in the suburbs of St. Petersburg, which in the XIX century
was the country residence of the Duke of Leuchtenberg, the stepson of Napoleon Bonaparte.
The Duke of Leichtenberg collected antiquities and possessed the richest collection of master-
pieces. Unfortunately, almost all the items of this unique collection were lost during the Great
Fatherland War, as Sergievka was in the epicenter of combat activities. Among the many lost
masterpieces was a 19th-century zinc sculpture “Eve at the water spring”, the fragments of
which were discovered underground during construction works in 2007 (Figure 2).

They represented a pile of scattered fragments that did not allow carrying out the re-
construction of this monument by traditional methods of the museum work. However, the
use of 3D laser scanning technology, computer simulation, and 3D printing made possible
creating a replica of this sculpture, allowing us to judge what the original monument was
like (Figure 3). The replica was created from polymer material using additive technology
FDM (fused deposition modeling).

Figure 3. Replica of sculpture “Eve”.

The results of this project are described in the work [5], but it is worth mentioning that
the replication and reconstruction of works of art puts a serious issue on the agenda—what
is the accuracy of creating the physical copies of objects? In other words, how precise is the
correspondence between surfaces of the same object in its 3D model and replica obtained
using additive technologies? This issue is very important from point of view of authenticity
of any original CH object and its replica, but it is not considered in the scientific literature
in the papers devoted to the replication of sculptures.

We carried out an experimental study on the evaluation of the accuracy of the repli-
cation of the sculpture “Eve”. In those experiments, we used a laser scanner Surphaser
25SHX (scanning accuracy—2.5 microns) and did find that deviations in the surfaces of the
original 3D model and replica were in the range of ±0.7 mm. During a detailed analysis
of the 3D model of the replica, a “cellular structure” (resembling honeycomb) was clearly
visible on its surface, especially pronounced in the area of the sculpture’s back (see Figure 4,
where one can see the result of “overlapping” of 3D model of replica and 3D model that
was used for the creation of replica).
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Figure 4. The result of comparing the replica’s 3D model and the 3D model that was used to create
the replica.

This may be a consequence of the 3D printing technique used, in which, to reduce the
cost of replication, we decided to save used material (PLA plastic) by having the sculpture
be hollow inside (the volume filling was 10%). Because of this, local “minima” (deflections)
of the sculpture surface are observed in the places where the surface layer of the sculpture
is attached to the stiffeners, while the sagging areas correspond to local maxima. It was
these deformations that were detected by laser scanning.

Thus, the accuracy of reproduction of the sculpture “Eve” can be considered good, but
it must be borne in mind that when replicating sculptural monuments, distortions of their
geometric shape are possible.

3.2. Case Study of Cast-Iron Star

One of our most recent works relates to the reconstruction of CH objects created from
cast-iron. Nowadays, it is a typical conservation problem in CH preservation. There are
sculptures, objects of decorative art, grids around historical buildings, parks, and gardens
as well as just decorative elements on the facades of buildings. Many of them are highly
deteriorated and usually have severely damaged and lost parts (see Figure 5a). Until
recently, experts in the field of CH did not attach much importance to such items, and
as they fell into complete disrepair, they were replaced with copies. However, in recent
years, there has been a reassessment of values, and a new trend has emerged in the work
of restorers, which requires the reconstruction of objects damaged by corrosion instead of
replacing them with copies.

  
(a) (b) 

Figure 5. (a)—An example of a damaged cast-iron fence; (b)—cast-iron star for repairing.
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The authors of this article understand this problem and proposed its technical solution
based on the use of laser powder coating technology. In our work, we demonstrated the
principal possibility of the realization of such an approach.

The object of our studies was a small (10 cm) iron star that is a decorative element
of a XIX century cast-iron tombstone fence of the Alexander Nevsky monastery in St.
Petersburg. This object is highly deteriorated due to corrosion and has losses of some small
elements (see Figure 5b).

The main idea of our project was to recreate the losses of individual elements of the
star using a combination of 3D scanning technology, direct metal laser sintering (DMLS),
and laser cladding.

Firstly, we analyzed the chemical composition of the star using X-ray fluorescence
using XL3t-32280 equipment. The analysis results are shown in Table 1.

Table 1. The result of the chemical analysis of the part.

Element Fe Si Co Mn P Zn Pb Ti Ag Other

Content, wt. % 91.05 6.38 0.79 0.45 0.34 0.24 0.22 0.17 0.13 0.24

We did find that the main chemical element is Fe (its concentration is of about 91%).
Additionally, there are permanent impurities typical for gray cast-iron (the total concentra-
tion is only about 7.2%).

Secondly, we removed the corrosion from the star surface. For the removal of corroded
layers, we tried to use different treatment techniques: laser cleaning, sand blasting and
chemical treatment; the latter gave the best result (see Figure 6a).

  
(a) (b) 

Figure 6. (a)—star after chemical treatment; (b)—3D model with added rays.

Then, we carried out 3D scanning of the star using laser triangular scanner Konica
Minolta V-910 and created its 3D model. The next stage of our work was the computer
modeling. The missing ray of the cast-iron star was modeled with the Zbrush software.
The main distinguishing feature of this software is the ability to “sculpt” 3D objects. The
surviving cones were projected, processed, and “glued” to the main body of the star in the
parts where there were losses (see Figure 6b), where blue ends are reconstructed lost parts
of the star.

It was decided to separate those experiments into two stages: firstly, we created one of
the star rays, which we proposed to join with the star; the second stage of reconstruction will
be based on a reconstruction of the lost end of another star ray by direct metal deposition.
It is obvious that such a method of reconstruction is more complicated since the very
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precise movement of a laser beam is needed, and such a task can be solved by means of the
development of specialized software.

A separate ray of the star was grown by the DMLS method according to the CAD
model. We used a CW fiber Ytterbium laser with an output power of up to 80 W. Stainless-
steel powder 316 L20 (manufacturer—Hoganas, Belgium) with a granule size of 53 μm was
used for printing. The result of creating this piece can be seen in Figure 7a.

  
(a) (b) 

Figure 7. (a)—DMLS printed star ray; (b)—welded star ray.

We then applied direct laser deposition (DLD) [9,10] using the OKTA-Printer machine
developed at the Peter the Great St. Petersburg Polytechnic University (see Figure 8). The
essence of the DLD method is to directly feed a metal powder or composite powder mixture
into a molten bath formed by a laser beam [11–13]. The local action of heating the laser beam,
the selective effect, as well as the high accuracy of modern robotic manipulators allow using
this technology as an advanced and modern method for repairing and restoring products.
The main parts of the OKTA-Printer are the powder cladding head and the CAMAU robot.
For joining, we used a nickel alloy powder Inconel 625 (manufacturer—Hoganas, Belgium)
with a particle size distribution of 50–150 μm. It is one of the most popular alloys in laser
cladding and DLD [14,15]. To connect the two pieces, they were glued to each other with glue,
then welded in one pass on each side. The following parameters were used for welding: laser
spot width 1.5 mm, laser power 700 W, robot movement speed 1500 mm/s, and powder feed
20 g/min. The result of the stage of the star reconstruction is shown in Figure 7b.

Figure 8. OKTA-Printer implementing DLD technology.
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Using the DLD printer, an attempt was made to deposit the missing part of the star’s
ray on the material from which it is made. For this, a parallel piece was cut off and deposited
on it from the same Inconel 625 that was used for welding. As a result of the cladding, an
excessive absorption of laser radiation by the star material was detected, which leads to
melting and a geometry change in the substrate along the edges, even with a relatively low
heat input.

Furthermore, to assess the thermal effect on the structure of the star material, a
materials science study of the initial structure and structure after laser cladding was carried
out, and the transition zone was also investigated. Additionally, the microhardness was
measured at a load of 0.3 kgf with the same step of 200 μm to evaluate the change in
metal properties from the nickel alloy overlay to the cast-iron from which the star is made
(see Figure 9).

(b) 

(a) (c) 

Figure 9. (a)—hardness measurement in HV from cladding to cast-iron with a step of 200 μm,
the structure of the material was investigated using a Leica optical microscope: (b)—structure of
cast-iron-before cladding; (c)—structure of cast-iron with cladding.

Separate hardness measurements were made at four to five points for each area of
interest: cast-iron without surfacing is 240 ± 60 HV, with weld overlay 467 ± 76 HV,
hardness of deposited Inconel 625 corresponds to 462 ± 26 HV, hardness in the transition
zone is 601 ± 134 HV. Examination of the state of the interface on an optical microscope
(Figure 9c) showed a strong metallic bond of the cladding with the star material: there were
no cracks or pores at the interface.

Since there are no data on the percentage of carbon in the composition of the studied
cast-iron, we assume that the initial microstructure of the star material corresponds to the
structure of gray cast-iron on a ferrite base with lamellar-free graphite. Due to the thermal
effect of the laser beam, the hardness of cast-iron increased significantly, which can be
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associated with rapid heating followed by rapid cooling, which leads to the formation of
a pearlite structure, as well as the accumulation of thermal stresses. It was noted that at
more than 1 mm from the surfacing, the hardness of the cast-iron base was significantly
higher than the hardness of the same cast-iron without cladding. This indicates a large
heat-affected zone that is not typical for standard cladding materials. Usually, this area is
no more than 0.5 mm. This is most likely due to the size of the substrate itself and the low
heat-dissipation. For the experiment on direct restoration of the missing part, a substrate
with an area of 2 cm2 was used, whereas the substrates for cladding and DLD are usually
at least 100 cm2.

4. Conclusions

This article describes several case studies concerned with the reconstruction and
replication of CH objects in the city of St. Petersburg. It was shown that such tasks can
be effectively achieved by means of the combined use of 3D scanning technologies, CNC
milling, and laser additive technologies.

It should be noted that, as far as we know, our work on the reconstruction of the
cast-iron star was the first case study that demonstrated the principal possibility of the use
of direct metal laser sintering and laser powder cladding technology for the conservation of
cast-iron CH objects. Therefore, the combined use of 3D scanning, DMLS, and laser cladding
technologies has great potential for exact copying of the texture of metal monuments. The
main advantage of this approach is a slight thermal effect on the restoration object at
the joining of the reconstructed elements with a damaged object itself by laser cladding.
Direct reconstruction of damaged CH objects by the DLD method directly on the object of
restoration looks preferable, but it is much more complicated due to the unsuitability of cast
iron as a substrate, from which many CH objects are made. Nevertheless, it is no doubt an
interesting field for further scientific work, and the authors plan to continue their studies.
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6. Cekus, D.; Kwiatoń, P.; Nadolski, M.; Sokół, K. Quality Assessment of a Manufactured Bell Using a 3D Scanning Process. Sensors
2020, 20, 7057. [CrossRef] [PubMed]

7. Parfenov, V.A. Laser Techniques in Artworks Conservation in St.Petersburg. Rev. Cuba. Fis. 2016, 33, E29–E31.
8. Parfenov, V.A. Use of Laser Technologies for Restoration, Documentation and Replication of Sculptural Monuments in Saint

Petersburg. Insight Non-Destr. Test. Cond. Monit. 2020, 62, 129–133. [CrossRef]
9. Thompson, S.M.; Bian, L.; Shamsaei, N.; Yadollahi, A. An Overview of Direct Laser Deposition for Additive Manufacturing; Part

I: Transport Phenomena, Modeling and Diagnostics. Addit. Manuf. 2015, 8, 36–62. [CrossRef]
10. Masaylo, D.V.; Orlov, A.V.; Igoshin, S.D. Effect of Heat Treatment on the Structure and Phase Composition of a High-Temperature

Nickel Alloy Obtained by Laser Cladding. Met. Sci. Heat Treat. 2019, 60, 728–733. [CrossRef]
11. Masaylo, D.V.; Popovich, A.A.; Sufiyarov, V.S.; Orlov, A.V.; Shamshurin, A.I. A Study of Structural Features of a Gradient Material

from a Heat-Resistant Nickel Alloy Produced by Laser Cladding. Met. Sci. Heat Treat. 2019, 60, 739–744. [CrossRef]
12. Schwendner, K.I.; Banerjee, R.; Collins, P.C.; Brice, C.A.; Fraser, H.L. Direct Laser Deposition of Alloys from Elemental Powder

Blends. Scr. Mater. 2001, 45, 1123–1129. [CrossRef]
13. Leyens, C.; Beyer, E. Innovations in Laser Cladding and Direct Laser Metal Deposition. In Laser Surface Engineering; Elsevier:

Amsterdam, The Netherlands, 2015; pp. 181–192.
14. Todaro, C.J.; Easton, M.A.; Qiu, D.; Zhang, D.; Bermingham, M.J.; Lui, E.W.; Brandt, M.; StJohn, D.H.; Qian, M. Grain Structure

Control during Metal 3D Printing by High-Intensity Ultrasound. Nat. Commun. 2020, 11, 142. [CrossRef] [PubMed]
15. Abioye, T.E.; Folkes, J.; Clare, A.T. A Parametric Study of Inconel 625 Wire Laser Deposition. J. Mater. Process. Technol. 2013, 213,

2145–2151. [CrossRef]

49



��������	
�������

Citation: Ruzankina, I.; Parfenov, V.;

Vasiliev, O.; Zotov, O.; Zotova, A.

Laser Treatment as a New Approach

to the Passivation of Iron-Based

Historical Monuments. Quantum

Beam Sci. 2022, 6, 9. https://

doi.org/10.3390/qubs6010009

Academic Editors: Swee Leong Sing

and Wai Yee Yeong

Received: 20 January 2022

Accepted: 14 February 2022

Published: 16 February 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 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

Laser Treatment as a New Approach to the Passivation of
Iron-Based Historical Monuments

Iuliia Ruzankina 1,2,*, Vadim Parfenov 3, Oleg Vasiliev 4, Oleg Zotov 5 and Alexandra Zotova 5

1 Department of Mathematics and Physics, Univesita Cattolica del Sacro Cuore, I-25121 Brescia, Italy
2 Department of Chemistry, KU Leuven, Celestijnenlaan 200D, 3001 Leuven, Belgium
3 Department of Photonics, St. Petersburg Electrotechnical University, 197376 Saint Petersburg, Russia;

vaparfenov@etu.ru
4 LLC ‘Laser Center’, 195176 Saint Petersburg, Russia; tesla_90@mail.ru
5 Laboratory of Synthesis New Materials and Structures, Peter the Great St. Petersburg Polytechnic University,

195251 Saint Petersburg, Russia; zog-58@mail.ru (O.Z.); zotova_ao@spbstu.ru (A.Z.)
* Correspondence: ruzankinajulia@gmail.com

Abstract: This article is devoted to the study of the possibility of the passivation of iron-based metallic
materials. The experimental results obtained for the laser treatment of carbon steel model samples
by the radiation of repetitively pulsed and continuous-wave 1.064 μm Nd:YAG lasers are described.
It is shown that the laser treatment allows the formation of dense protection films, 62–77 microns
thick, on the steel surface. The films enhance the anticorrosion properties of the metal. Exposure to
laser radiation reduces the surface roughness (from Ra = 0.53 μm to Ra = 0.38 μm). Laser radiation
power densities of 10.2 × 105 W/cm2 and 10.7 × 105 W/cm2 for these two laser generating modes,
respectively, correspond to the optimum (in terms of the degree of corrosion resistance) modes of steel
treatment. The conducted studies show that the application of Nd: YAG lasers is a promising method
for the surface passivation of artworks created from steel and cast iron. One of the most promising
applications of the proposed method for the anticorrosion protection of iron is the passivation of the
surface of iron-based historical monuments.

Keywords: laser passivation; Nd:YAG laser; anticorrosion coating; steel; cultural heritage; historical
monument; artworks; restoration

1. Introduction

One of the most important practical tasks in modern museum work is the passivation
of the surface of cultural heritage (CH) objects made of iron, steel, and cast iron. In the
conservation of such objects, restorers frequently have to deal with the removal of corrosion
products. This is a very difficult task in itself, since the corrosion layer thickness of many
monuments (primarily archaeological objects) can be significant (up to 1 cm). However,
this problem is aggravated by the fact that the reoccurring formation of the foci of corrosion
on the surface of such objects is possible after the completion of the restoration process.
This puts the task of developing effective technologies for creating inhibitory (protective)
coatings on the surface of monuments on the agenda.

Corrosion inhibitors are the substances that, when in a corrosive environment in
sufficient concentrations, dramatically slow down or even stop the corrosive degradation
of metal. There are several different types of inhibitors; however, in terms of restoration-
related tasks, the most relevant is the application of coatings which enhance the resistance
of museum objects to the effects of atmospheric corrosion. Most often, wax and various
types of lacquers are used as inhibitors in the conservation of CH objects; but in recent years
special protective materials have emerged, including those made of inorganic materials [1].

According to the mechanism of action, inhibitors can be divided into two types: passi-
vating and adsorption. Adsorption-based corrosion inhibitors are adsorbed on the surface
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of a protected artifact, forming a film, and inhibit electrochemical reactions (sometimes
forming a thin monomolecular film is sufficient for this). Adsorption inhibitors are most
often surface-active agents, as well as organic compounds which, owing to their impact on
the artifact, additionally enhance the protective properties of the oxide film. The presence of
oxygen in a corrosive environment contributes to enhancing the protective effect of adsorp-
tion corrosion inhibitors. If the oxide film is unstable, then the adsorption of the inhibitor
on the metal surface will be hampered, with the oxygen having no additional impact.

Passivating corrosion inhibitors play an important role in the formation of a protective
film on the metal surface. Most often, passivators are inorganic compounds with oxidising
properties (nitrites, molybdates, and chromates). Passivating compounds are considered
more effective than most non-passivating ones. Thus, the passivation of metals involves
the transition of the metal surface into an inactive, passive state, which is associated with
the formation of thin surface layers of chemical compounds that prevent corrosion.

In modern technology, passivation refers to methods used to protect metals from
corrosion through chemical treatments or technological processes leading to the creation
of an oxide film on the treated surface. One of the most advanced approaches for the
creation of passivating coatings in industry is the laser treatment of metal surfaces. In
particular, from the scientific literature, the possibility of protecting metals from corrosion
as a result of the creation of patterned micro- and nanostructures on their surface under the
influence of radiation from solid-state lasers with pico- and femtosecond pulse duration has
been reported [2,3]. Such a pulse duration can be achieved in the so-called mode-locking
generation regime of lasers. However, the laser passivation of metals is still not applied in
the restoration of CH objects. One of the possible reasons for this is the fact that pico- and
femtosecond laser systems are very expensive, and only highly qualified professionals are
able to work with them.

In order to further develop methods for the laser restoration of metals in museums,
a study was conducted on the possibility of creating anticorrosive coatings on the sur-
face of iron objects using laser treatment. In this case, unlike in the above-mentioned
works, the authors of this article proposed and experimentally proved the possibility
of using continuous-wave and repetitively pulsed Nd:YAG lasers for this purpose [2,3].
Lasers operating in such generation regimes are much cheaper than mode-locked laser
systems and can be easily exploited even by professional restorers who do not have an
engineering background.

It should be noted that research on the possibility of the passivation of metal monu-
ments using pulsed Nd:YAG lasers is also currently being carried out by the scientific group
of S. Siano et al. [4,5]. In the works by S. Siano, experiments were carried out focusing on
the treatment of iron surfaces using a Nd:YAG laser that generated pulses at a fundamental
wavelength of 1.064 μm and operated in three different generating modes: Q-switched
mode, long Q-switched mode (LQS—Q-switched mode with increased pulse duration),
and Short Free Running mode (SFR—free-running mode with shortened pulse duration).
The treatment of the metal was performed using single laser pulses.

Even S. Siano et al. [4,5] themselves consider their results as preliminary, since they
explored the task of iron passivation only in relation to model samples and certain types
of historical monuments with the foci of corrosion on their surfaces. As a result of the
treatment of corroded areas by radiation from a laser operating in SFR mode (with a pulse
duration of 20 μs) and heating, the phase transformation of iron oxides occurred—iron
oxide (FeO) was converted to magnetite (Fe3O4). Although magnetite is a stable iron
compound that is affected by corrosion, such an approach to the problem of the passivation
of monuments seems to be rather controversial [6]. Firstly, it does not solve the problem of
the anticorrosive protection of “clean” (i.e., without foci of corrosion) surfaces. Secondly, the
formation of magnetite leads to the appearance of a grey-black colour on the laser-treated
surface areas, which may be unacceptable in terms of the aesthetic properties of CH objects.

The approach suggested by the authors of this article is more universal, since it allows
the formation of protective anticorrosion layers on “clean” surfaces of monuments made of
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iron and steel. In addition, in terms of the effect achieved, CW and nanosecond Nd:YAG
lasers are alternatives to the above-mentioned pico- and femtosecond laser systems but
are simpler to operate and maintain; this is very important from the perspective of routine
museum work. It should also be noted that the results obtained in this work are a further
development of research on the laser anticorrosion treatment of metals in general, which
the authors have devoted themselves to during the last few years [7–11]. This means that
the proposed approach is also very useful for iron treatment in industry.

2. Materials and Methods

In order to test the technology involved in the laser passivation of historical monu-
ments made of iron, small carbon steel plates were selected as the model samples (with
areas up to 5 cm2 and thicknesses of 3–5 mm). With electron microscopy, the following
chemical composition data were obtained: iron (Fe)—83.4%; carbon (C)—13.5%; silicon
(Si)—0.7%; manganese (Mn)—0.5%. In addition to these elements, alloying elements such
as nickel (Ni), chromium (Cr), copper (Cu), and cobalt (Co) were also present in the samples
in low concentrations. In Russia, a steel grade with such a chemical composition is called
Steel20. This steel was chosen for use in experimental studies due to the fact that many
historical monuments were created of ferrous metals, which are close to Steel20 in terms of
their chemical composition.

Our samples were treated using a Nd:YAG laser at a wavelength of λ = 1064 μm
in repetitively pulsed and continuously pulsed modes (Figure 1). A laboratory model
developed in the research institute “Polyus” (Moscow) was used in the experiments.

Figure 1. Photo of the optical layout of the Nd:YAG laser experimental setup: (1) Nd:YAG laser with
a wavelength of 1064 μm, (2) focusing lens, and (3) sample surface. The laser focuses a 1064 μm beam
onto the steel sample.

Laser radiation was focused on the surface of the samples using a special focusing
system. The beam was moved across the sample’s surface using a high-speed scanning
system based on galvanometer mirrors. The maximum output power of the laser in the
pulse-periodic treatment mode varied in the range of 3–20 W (which corresponds to a
radiation power density of about 1.5 × 105–11.2 × 105 W/cm2 and an energy density of
about 48–152 J/cm2) and in the continuous treatment mode varied in the range of 21–22 W
(which corresponds to a radiation power density of about 10.7 × 105–11.2 × 105 W/cm2

and an energy density of about 0.03–0.1 J/cm2).
The sample processing time was 1–5 s. The metal surface treatment took place at room

temperature (23 ◦C) and 55% relative humidity.
According to the calculations (as seen in Table 1), the average temperature on the sam-

ple surface in the laser treatment zone was: 300.3 ◦C (for a laser operating in a repetitively
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pulsed mode) and 308.1 ◦C (for a continuously pulsed laser). The speed of the laser beam
was 0.05 m/s in repetitively pulsed mode and from 0.01 m/s to 0.05 m/s in CW mood. The
laser spot diameter was 50 μm for both regimes.

Table 1. Nd:YAG laser parameters used to calculate the temperature.

Processing Mode Power Density, W/cm2 Temperature, ◦C V, m/s

Periodically pulsed
laser radiation

treatment

1.5 × 105 294.4
0.059.7 × 105 301.8

10.2 × 105 302.2
11.2 × 105 303.1

Continuously pulsed
laser radiation

treatment

10.2 × 105 313.6 0.01
10.7 × 105 306.7 0.01

11.2 × 105

302.7 0.025
315.7 0.01
307.3 0.025
303.1 0.05

When a body is heated by laser radiation, various processes are activated. When
determining the main parameters of this process, it is sufficient to estimate the threshold
radiation power density q0 (or threshold power Pn, threshold energy Wn). The threshold
radiation power density shows the value at which the specified changes begin to occur in the
irradiated material. The theoretical value qn is defined as the value of the incident radiation
power density, q0, at which the maximum temperature of the processed material reaches
the value T* corresponding to the beginning of this process. Threshold characteristics
can be determined from an expression that determines the temperature on the surface
of the body in the centre of the irradiated area in the form of a circle with a radius r0 at
the end of the exposure period. For irradiation in the volume absorption mode, these
expressions are presented in Equations (1) and (2). In the presented technological process
of laser processing, the treated surface is scanned with a laser beam. The results of thermal
exposure depend on the scanning speed used.

The temperature was calculated for the repetitively pulsed and continuously pulsed
treatment modes according to Equations (1) and (2):

T =
2q0A

√
Dτ

k
√
π

+ Ti, (1)

T =
2√
π

q0(1 − R)
K

√
2Dr0

Vsp
+ Ti, (2)

where: q0—laser radiation power density; K—thermal conductivity coefficient; D—temperature
conductivity; r0—spot radius; R—metal surface reflectance coefficient; k—thermal con-
ductivity; τ—duration of exposure; Ti—initial temperature; Vsp—speed of the laser beam
movement relative to the sample surface (scanning speed); A—absorptive capacity of the
material.

The values of all the variables used in the calculations are given in Table 2.

Table 2. Carbon steel parameters used to calculate the temperature on the surface.

R D, m2/s K, W/m·K r0, cm T0, K

0.63 1.172 × 105 50 0.0025 293

Using a JSM-5610 LV scanning electron microscope (Japan) equipped with the EDX
JED-2201 chemical analysis system, SEM images of the treated steel surface were obtained
and the elemental composition of the samples was determined.
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The change in the surface roughness of the metal was recorded using the contact mi-
croprofilometer HOMMEL TESTER T8000 (produced by Hommelwerke GmbH, Germany),
and a 3D model of the structure surface was obtained using the stylus profilometer KLA
Tencor: P-7 (produced by KLA-Tencor, Milpitas, CA, USA).

In addition, the microstructure of the material surface was examined using an optical
light microscope Leica DMI 5000 (produced by Leica Microsystems, Wetzlar, Germany).

3. Results

Figure 2 shows an image of the steel surface before treatment with a laser beam, which
was recorded using a scanning electron microscope JSM-5610 LV.

  
(a) (b) 

Figure 2. SEM image of the surface steel (a) before laser treatment and (b) after laser treatment (before
connection with chemical reagent).

Under the impact of a laser, anticorrosion layers were formed on the steel surface as a
result of the microstructure of a thin surface layer of the steel. Figure 2b shows an image
of the steel surface after the laser treatment obtained under a microscope. The effect of
laser radiation on the surface of Steel 20 contributed to a slight change in the chemical
composition. It was found that the laser treatment resulted in a local redistribution of iron
and carbon in the surface layer of the steel, leading to the formation of iron carbide (Fe3C).
This effect can be associated with the significant heating of the metal surface.

The changes in the surface roughness of the metal are presented in Table 3. The results
obtained allow us to conclude that a significant decrease in the surface roughness of the
steel under the influence of a Nd:YAG laser can be obtained using only continuous laser
radiation. In Table 3, the samples in which a decrease in surface roughness was observed
(from value Ra = 0.53 μm to Ra = 0.38 μm) are highlighted in green; the best result was
obtained for No. 7.

In Table 3, the values Ra and Rz are the arithmetic averages of the absolute values
of the deviations of the surface profile within the base length and the sum of the average
absolute values of the heights of the five largest profile protrusions and the five largest
profile dips within the base length, respectively.

Additionally, the microstructure of the surface of the model samples obtained using
an optical light microscope was examined. For metallographic studies, only these samples
were selected, the surface roughness of which significantly decreased as a result of laser
treatment (in Table 3, they are highlighted in green). For this purpose, the microspecimens
used for the qualitative and quantitative analyses of the structure of carbon steel were
created. The microspecimens were etched in a 5% solution of nitric acid with the addition
of water. Figure 3 shows a general view of the etched surface, and it can be concluded that
the steel under examination had a ferrite-pearlite structure.
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Table 3. The surface roughness of the model samples before and after laser treatment by Nd:YAG
laser.

№ Processing Mood
Treated Material

Ra, μm Rz, μm

1 Treatment with pulsed-periodic laser radiation 1.22 7.20
2 Continuous laser radiation treatment 0.47 2.86
3 Continuous laser radiation treatment 0.44 2.80
4 Treatment with pulsed-periodic laser radiation 1.40 9.05

5 Continuous laser radiation treatment 0.61 4.10

6 Continuous laser radiation treatment 0.60 3.71
7 Continuous laser radiation treatment 0.49 2.76
8 Treatment with pulsed-periodic laser radiation 1.12 7.65
9 Continuous laser radiation treatment 0.38 3.17
10 Continuous laser radiation treatment 0.51 3.62
11 Treatment with pulsed-periodic laser radiation 0.70 5.85
12 Continuous laser radiation treatment 0.40 2.72

Raw material 0.53 3.66

 

Figure 3. The surface of the etched micro-sections under a microscope at 100× magnification.

Among the analysed samples (Table 3), the best results were shown by samples No. 7
and No. 12.

Figures 4 and 5 show the microstructure of the steel surface treated with an Nd:YAG
laser. At the edge of the macrophotography in the cross-section of the micro specimen
in Figures 4 and 5, we can clearly see a white stripe, which is a corrosion-resistant layer
of steel formed as a result of laser treatment. The best results were obtained with strong
carbon diffusion.
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Figure 4. An image of the transverse structure of the microscope of the Nd:YAG laser-treated steel
surface obtained with an optical microscope. Sample No. 7.

 
mkm 

62.6 mkm 

Figure 5. An image of the transverse structure of the microscope of the Nd:YAG laser-treated steel
surface obtained with an optical microscope. Sample No. 12.

Sample No. 7 distinguishes itself by a pronounced dense protective layer with an
h = 77.9 μm thickness. A decrease and compaction of the grains is evident, which is a
positive result and indicates the high quality of the layer and its high corrosion resistance.
The disadvantages of this treatment mode (power density q = 10.2 × 105 W/cm2) include
the uneven temperature distribution across the sample; as a result, in some places, a
decrease in thickness to h = 31.5 μm and a porous structure are observed.

Sample No. 12 is distinguished by a uniformly distributed protective layer with an
h = 62.5 μm thickness. A decrease and compaction of the grains can be seen, which is a
positive result, as in sample No. 7. The disadvantages of this treatment mode (power
density q = 10.7 × 105 W/cm2) include the insufficiently dense anticorrosion coating
structure, similar to that of sample No. 7.

Samples with the best treatment results were subjected to corrosion testing. The
following solutions were chosen as the electrolyte for the electrochemical method used for
determining the corrosion rate: 3% NaCl and 3% Na2SO4. These solutions were chosen
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due to the fact that they simulate the occurrence of real aggressive conditions in the natural
environment during the storage and operation of historical monuments. The samples
prepared for testing were coated with a layer of hot adhesive compound made of rosin
with wax, leaving the untreated area of about 0.54 cm2, and afterwards were placed into the
abovementioned saline solutions. Figure 6 shows the results obtained from measuring the
electric potential over time on a steel surface not treated with a laser, which were adopted
as standard. The measurements were carried out using the IPC-Pro M potentiostat. As a
result of testing in both solutions, an active release of iron (Fe) into the environment was
observed, leading to active corrosion processes.

 
(a) (b) 

3% NaCl 3% Na2SO4 

Figure 6. Potentiostatic polarisation curves on the untreated laser surface of steel in (a) 3% NaCl and
(b) 3% Na2SO4.

It is impossible to create potentiostatic polarisation curves for the samples with pro-
tective coatings. However, as a result of these corrosion studies, it was found that the
coatings formed on the surface of the steel samples using an Nd:YAG laser do not transmit
electric current, and this confirms the fact that the obtained anticorrosion coatings have
high protective properties. This is an important advantage of the anticorrosion coatings
obtained by laser treatment.

4. Discussion

The conducted studies have shown the potential of enhancing the corrosion resistance
of steel through treatment with continuous and repetitively pulsed Nd:YAG laser radiation
generated at a wavelength of 1.064 μm. As a result of these experiments, the optimal
operating modes of the laser treatment were determined, including the level of radiation
power density at which the formation of a protective anticorrosion layer takes place. This
is around 10.2 × 105 W/cm2 and 10.7 × 105 W/cm2 for the continuous and repetitive laser
generating modes, respectively. Under such conditions, a protective anticorrosion coating
with a thickness of about 62−77 μm was obtained on the steel surface.

It should be noted that in the experiments an interesting effect was observed. As a
result of the laser processing of steel, various colour shades (including blue and light-blue
colours) sometimes appeared on its surface; see Figure 7.
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(a) (b) (c) 

Figure 7. Colour shades on the steel surface after laser treatment: (a) black; (b) blue; (c) gold.

This opens up possibilities for the use of Nd:YAG lasers to restore the artistic finishing
(colour appearance) of decorative art objects made of steel. The possibility of carrying out
this restoration task with the help of laser treatment has been discussed previously in one
of our articles [12].

Regarding the results obtained in this work, the main conclusion that can be drawn
on the basis of the experimental studies conducted lies in the fact that the laser treatment
of iron-based metallic materials using continuous-wave and repetitively pulsed Nd:YAG
lasers generated at a wavelength of 1.064 μm allows the problem of the passivation of the
surface of such materials to be solved. Therefore, the approach proposed in this article may
be considered as a promising way to passivate the surface of CH objects created from iron,
steel, and cast iron. However, it should be noted that this conclusion is preliminary and
needs experimental validation. Since, in these experiments, we used only model samples in
order to make our conclusions more general, it is necessary to conduct experiments on the
laser passivation of authentic historical artifacts, the surfaces of which are inhomogeneous
as a result of weathering and the removal of corrosion layers in the course of conservation
works. The authors do plan to carry out such studies in the near future in collaboration
with professional restorers.

Meanwhile, it is without doubt that laser treatment allows one to defend newly created
metallic artworks against corrosion.

5. Conclusions

The experimental results obtained regarding the laser treatment of carbon steel model
samples by the radiation of repetitively pulsed and continuous-wave 1.064 μm Nd:YAG
lasers are described in the present article. We can conclude that the laser treatment allows
the formation of dense protection films on the steel surface, which enhance the anticorrosion
properties of the metal. The application of Nd:YAG lasers is a promising means for the
surface passivation of artworks created from steel and cast iron. One possible explanation
for this may be that laser treatment results in the local redistribution of iron and carbon in
the surface layer of the steel, which leads to the formation of iron carbide (Fe3C). This effect
can be associated with the significant heating of the metal surface. It is known from the
scientific literature [13] that, under a temperature change in steel in the range of 600–100 ◦C
(which fits our case), the elements iron (Fe), cobalt (Co) and nickel (Ni) can form carbide
iron (Fe3C) due to chemical reactions with carbon. The specified microstructuring of the
steel surface can increase its corrosion resistance. The iron pillar of Delhi is an example of
steel with a high percentage of Fe being saved from corrosion.
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Abstract: In this research, a finite element (FE) technique was used to predict the residual stresses in
laser-peened aluminum 5083 at different power densities. A dynamic pressure profile was used to
create the pressure wave in an explicit model, and the stress results were extracted once the solution
was stabilized. It is shown that as power density increases from 0.5 to 4 GW/cm2, the induced
residual stresses develop monotonically deeper from 0.42 to 1.40 mm. However, with an increase
in the power density, the maximum magnitude of the sub-surface stresses increases only up to a
certain threshold (1 GW/cm2 for aluminum 5083). Above this threshold, a complex interaction of
the elastic and plastic waves occurring at peak pressures above ≈2.5 Hugoniot Elastic Limit (HEL)
results in decreased surface stresses. The FE results are corroborated with physical experiments
and observations.

Keywords: laser peening; finite element method; residual stress; Al5083

1. Introduction

Laser technology has been used excessively utilized in material processing and
manufacturing techniques such as forming [1], peening [2], additive manufacturing [3],
cladding [4], and welding [5]. Among them, laser peening (LP) is an innovative post-
processing technique used in the industry to mitigate surface-related failures such as
corrosion, fatigue, fretting fatigue, corrosion–fatigue, etc. This versatile technique is
also used to form complex shapes and structures [6]. Compared to other similar surface
engineering methods such as shot peening [7], water jet peening [8], and ultrasonic
peening [9], LP is advantageous as it generates deeper residual stresses with increased
thermal stability that is attributed to the lower amount of cold work [10]. However, to
achieve the full potential of this technique, a precise understanding of the peening process
along with the effects of different process parameters are required [11].

Many experimental studies have focused on parameter optimization of the LP pro-
cess and the effects of LP on the mechanical properties and material performance [12–15].
However, far fewer attempts have been made to fundamentally understand the wave
propagation and corresponding residual stress distribution [16]. This is, of course, antici-
pated as in situ monitoring of the residual stress distribution during peening is extremely
challenging if not impossible [11]. Thus, a hybrid experimental and simulation approach
enables an improved understanding of how adjusting various peening parameters af-
fects the pressure wave as it propagates through the material as well as the final state of
residual stresses.

The literature contains several studies focused on the numerical simulation of the
LP process. Braisted et al. [17] used a combination of explicit and implicit dynamic
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analysis algorithms in ABAQUS to study the residual stresses induced by the LP process
in Ti-6Al-4V as well as 35 CD4. Ding et al. [18] expanded their approach from 2D to
3D and implemented an HEL plastic model to study different LP processing conditions
in different metal alloys. Peyre et al. [19] also applied a finite element method (FEM)
along with the Johnson–Cook plasticity model to simulate the LP process through 2D
axisymmetric FE models for martensitic stainless steel and 7075 aluminum. These studies,
among others [20–23], provided improved insight into the LP process and contributed
immensely to the process optimization.

In this research, the effects of power density on the magnitude and distribution of
the residual stresses in the LPed Al 5083 were studied. Al 5083 is an emerging material
of choice for applications in aerospace and marine industries due to its high strength-to-
weight ratio as well as other outstanding attributes [24]. While this alloy is widely used
in different sectors, the literature has few experimental studies on LP of Al 5083, which
are mainly focused on its corrosion cracking behaviors [24,25]. However, no analytical
effort has been attempted to quantitatively understand the effect of the LP process on
the Al 5083 state of residual stress. This work provides the first combined experimental
and numerical analysis on the LP of Al 5083, with new insights on how the laser power
density affects the magnitude, depth, and distribution of the induced residual stresses in
the alloy.

2. 3D Simulation of the Laser Peening Process

A 3D FE model was created using ABAQUS software to investigate the impact
of a single layer LP with different power densities on Al5083 specimens. The overall
dimensions of the specimen were modeled to be 12 mm × 12 mm × 7 mm, where
an axisymmetric quarter of the block was only considered (Figure 1). Following the
experimental conditions discussed later, the simulations were carried out with four power
densities of 0.5, 1, 2, and 4 GW/cm2, which produce peak pressures (PPeak) of 0.72, 1.02,
1.44, and 2.44 GPa. Pressure loading condition was estimated based on the methodology
developed by Fabbro et al. [26–28]. Detailed explanation of the method is provided in
supplementary materials—Supplementary Information (SI), Section S1.1.

Figure 1. A three-dimensional model used in the FE simulation of the LP process.

The target material was assumed to be initially stress free and considered to be
elastic–plastic, homogeneous, and isotropic. It is known that in the LP process, the
material becomes deformed at an extremely high strain rate (up to 107 s−1); therefore,
the constitutive relations obtained from quasi-static conditions are not valid. As a result,
herein, the Johnson–Cook (JC) model, being capable of predicting the material response
to high strain rates and large deformations, was selected for the simulation. The JC model
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relates the strain hardening, the strain rate effects, and thermal effects to the flow stress in
material expressed as:

σ =
[

A + Bεn
p

][
1 + Cln

.
ε
.
ε0

][
1 −

(
T − T0

Tm − T0

)m]
(1)

where A, B, n, C, and m are the material constants; εp represents the equivalent plastic
strain;

.
ε and

.
ε0 are the plastic strain rate and the reference plastic strain rate, respectively.

A is defined as the yield strength; B denotes the strain-hardening modulus; n is the
strain-hardening exponent; and C accounts for the strain rate-hardening effect. T is the
temperature in Kelvin and T0, Tm, and m are the room temperature, the melting point
of material, and the power of thermal softening, respectively. Since in the LP technique,
the thermal effect of the process is negligible compared to the mechanical effects, the
temperature term in the JC model could be eliminated. The properties of Al 5083 used
here were adopted from Refs. [29,30] for the dynamic response of Al 5083 and are listed
in Table 1.

Table 1. Material properties and Johnson–Cook parameters of Al 5083 [29,30].

Material Properties

Density, ρ (kg/mm3) 2.7 × 10−6

Young’s modulus, E (GPa) 70
Poisson’s ratio, ν 0.3

Hugoniot elastic limit (HEL), (GPa) 0.57
Johnson–Cook parameters

A (MPa) 167
B (MPa) 596

C 0.001
m 0.859
n 0.551
.
ε0 1

To enhance the accuracy of the model as well as facilitate obtaining a converged
plastic strain distribution, a finer mesh was used in and around the pulse area where
elements of 0.05 mm × 0.05 mm × 0.03 mm were chosen (Figure 1). C3D8R, a continuum
solid eight-node reduced integration element, was chosen as the element type. To reduce
the analysis time, a coarser mesh was implemented outside of the critical region. Stress
waves reflected from the back and bottom surfaces can lead to an error in the analysis;
hence, to mitigate this problem, infinite elements (CIN3D8) were implemented along the
back and bottom surfaces (Figure 1) so that the stress waves were able to pass through. The
numbers of finite and infinite elements in the model were 873,375 and 26,925, respectively.

Each simulation included two steps. In the first step and following the experimental
procedure, a square laser spot (3 mm × 3 mm) with a very high pressure was applied on
the top surface of the specimen in a short time. In the second step, to assure obtaining a sta-
bilized solution, the stress results were given sufficient time to relax. ABAQUS/Explicit
was used for the analysis of both first and second steps. While previously a combi-
nation of dynamic explicit analysis and static analysis has been typically used in the
literature [16,31–33], it has been also shown that a pure explicit model can be also utilized
for both steps if the proper solution time is considered for each step [10,21,34,35]. Further
information about the calculation of solution times for step one (to ensure the occurrence
of all the plastic deformation in the material), and step two (to obtain the equilibrium of
stresses in the material) is provided in SI (Section S1.2).
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3. Experiments

3.1. LP Process

A Q-switched Nd:YLF laser was employed to do the laser peening on the AL5083
specimens. The spots had a square shape with dimensions of 3 mm × 3 mm. Specimens
were moved using a robotic arm for placing laser impact spots with 100 micron accuracy.
A de-ionized (15 M ohm resistance) water layer of ≈1 mm thickness acting as a plasma
tamper was flowed over the specimen to be peened. The laser energy passes through
the water layer, forms a plasma during the first nanosecond of the pulse, and heats the
plasma approximately to 13,000 K. By controlling the distance between the specimen
surface and the final imaging lens, the power density was adjusted to achieve a plasma
pressure, which was confined by the tamping layer that rises in pressure to above the
HEL of the material. It should be added that here, the laser spot was not focused on to
the target, so there is no issue of inexact focusing. In addition, breakdown in the current
system with the relay imaging was tested where water breakdown only occurred above a
power density of 12 GW/cm2, which is much higher than the power density values used
in this study. In this study, four power densities of 0.5, 1, 2, and 4 GW/cm2 with 18 ns
laser pulse duration were selected for the experiments. It is worth noting that given the
laser pulse properties and since the heat capacity of the metal is sufficiently high, only a
few dozens of microns of the metal experience the heating in the LP process.

3.2. Residual Stress Measurement

A portable X-ray diffraction (XRD) analyzer, Pulstec μ-X360 (Pulstec Industrial Co.,
Ltd., Hamamatsu, Japan) using the cosα method (detailed information of method are
described in the SI, Section S2) was utilized to characterize the surface and in-depth
residual stress. A low-intensity Cr Kα source was employed to irradiate a 2 mm diameter
spot for 30 s, while an image plate was positioned normal to the incident beam at a
sample-to-detector distance of ≈39 mm collecting diffracted X-rays. The X-ray incidence
angle was set to 25◦ and the X-ray tube voltage and current were 30 kV and 1.50 mA,
respectively. Since the XRD techniques are only able to measure the surface-level stress,
material was removed from the surface by an electrolytic polishing machine (Proto,
Proto 8818-V3, Proto Manufacturing Inc., Taylor, MI, USA) and a saline electrolyte (Proto
Electrolyte A, Proto Manufacturing Inc., Taylor, MI, USA) for in-depth residual stress
measurements. The material was carefully etched in four separate regions on each sample
corresponding to four different depths of ≈50, 100, 150, and 200 μm, which created
circular areas (5 mm diameter) suitable for XRD measurement (Section S2, Figure 2). The
precise depth measurement was performed on etched regions with a stylus profilometer
(Alpha-Step D-500, KLA-Tencor, Milpitas, CA, USA).

Figure 2. The circular etched regions (A–D) used for residual stress measurement on the four
different laser-peened samples (Samples S1–S4 were laser peened with power densities of 0.5, 1, 2,
and 4 GW/cm2, respectively).
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4. Results and Discussion

Figure 3 compares the numerical simulation results for the residual stresses along
with their experimentally obtained values. The stresses were measured at different depths
up to 200 μm. The experimental residual stress values for each point can be considered as
the average residual stress within the measured area that is exposed to the X-ray beam.
The simulation results were obtained from the average of the residual stress values of
nodes along a path from the center to the edge of a peened spot.

Figure 3. Comparison of residual stresses versus distance (in depth) from the LP face between simulation and experiment
for different power densities: (a) 0.5 GW/cm2, (b) 1 GW/cm2, (c) 2 GW/cm2, and (d) 4 GW/cm2.

As shown in Figure 3, only a slight difference in the compressive residual stresses is observed
with an increase in power density from 0.5 to 2 GW/cm2. However, at a power density of 4 GW/cm2,
a considerable decrease in the compressive residual stress values is observed for both simulation
and experimental results with a majority of the points having a value less than −90 MPa. While FE
analysis is able to successfully predict general experimental trends, there are differences between stress
values. The differences might be attributed to couple of factors. The main factor could be that the
μXRD patterns might not perfectly represent the global aluminum diffraction constants, since it was
mostly obtained from regions inside grains on very small diffracting crystallites [21]. In addition, the
experimental residual stress values were calculated from the whole surface of a peened spot, but the
simulated residual stress values were obtained from a line (from the center to the outer edge of the
spot). Additionally, for aluminum with a relatively low yield strength, XRD measurements might result
in even higher errors since the magnitude of the measured stresses are generally low. Another minor
contributing factor is the JC model and its sensitivity on several constants. While material properties
were obtained directly from the available data in the literature for Al 5083 that was modeled here,
inevitable slight differences may exist between current material constants and those of the reported in
the literature that might affect the FE results [10,17].

Figure 4a shows the 3D distribution of σxx residual stresses with a power density of 2 GW/cm2.
It can be seen that compressive and tensile residual stresses have been developed inside and in the
neighboring area of the peened spot, respectively. Figure 4b,c show the distribution of σxx on the surface
with different laser power densities along the x (at y = z = 0) and y (at x = z = 0) axes, respectively. The
residual stresses in the peened spot are compressive in both x and y directions. This indicates that
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all four power densities, 0.5 GW/cm2, 1 GW/cm2, 2 GW/cm2, and 4 GW/cm2, are able to generate
peak pressures that exceed the dynamic yield strength of the material and consequently cause plastic
deformation that results in the formation of compressive residual stresses [36].

 

Figure 4. (a) In-plane residual stress (σxx) distribution for specimen with a power density of 2 GW/cm2, (b,c)
Distribution of σxx along the x and y axes at the surface for different power densities.
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Surprisingly, the maximum value of the residual stresses is not predicted to be at the center of
the laser spot (Figure 4a–c). This phenomenon, called residual stress hole (or “stress empty”), was
reported for both square and circular spots [37,38]. The residual stress hole may in large part be due to
the concentration of the rarefaction waves that are generated by the edges of the peened area at the
spot center and reverse plastic deformation. Li et al. [39] explained this phenomenon in a similar way
where they attributed the formation of the stress hole to the removal of the compressive stresses at the
center of the spot due to the large pulses generated from the surface waves expanding radially to the
center of the spot. It was reported that there is a relationship between the magnitude of the stresses in
the residual stress hole on the surface and the wave peak pressure, PPeak.

As depicted in Figure 4b, there are spatially abrupt changes in the stress values at the edge of
the spot (x = ≈1.5 mm), which are more pronounced when the power density increased from 0.5 to 4
GW/cm2. It is notable that the residual stresses for the power density of 4 GW/cm2 in the x direction
transition from compressive to tensile to compressive when moving from the spot center to the outside
edge. Additionally, the magnitude of surface residual stresses for 4 GW/cm2 is lower than that for
other power densities (Figure 4b). However, along the y direction, more uniform residual stress profiles
were observed for all power densities (Figure 4c). There is an intensified peak in compressive stresses
around the boundaries of the pulse area, which is followed by a rapid reduction and conversion to
tensile stress outside of the spot (Figure 4c). For the power density of 4 GW/cm2 (PPeak = 2.04 GPa), the
residual stress drop at the center is more pronounced in comparison to the other three power densities
in both the x and y directions.

Figure 5 shows the variation of σxx and σyy with the depth. In order to avoid the effect of the
residual stress hole, a position with a distance of 0.75 mm from the center of the peened spot (x = 0.75
mm, y = 0) and located on the symmetry line was selected to collect residual stress variation in depth.
It should be also noted that the magnitude of the stress at other locations with close proximity to the
center is checked, and a negligible difference between the residual stress values was observed. It can
be seen from Figure 5a that at a power density of 0.5 GW/cm2, compressive stresses are formed up
to a distance of ≈0.42 mm from the peened surface, and tensile stresses are generated beneath that
(0.42 < z < 3 mm) to counter-balance the compressive stresses. With an increase in the power density
from 0.5 to 4 GW/cm2, the depth of the compressive residual stresses also increases (from 0.42 for 0.5
GW/cm2 to 1.40 mm for 4 GW/cm2). This was expected, as the depth of the compressive residual
stresses in an LPed specimen is closely related to the plastically deformed area [40].

The value and depth of the maximum residual stresses for the power density of 0.5 GW/cm2 are
135 MPa and ≈0.03 mm, respectively. The results show that σxx compressive residual stresses near the
surface achieve magnitudes as high as 140 MPa with increasing power density to 1 GW/cm2 (PPeak
= 1.02 GPa) at a depth of ≈0.06 mm (Figure 5a). With increasing the power density to 2 GW/cm2,
although the values of residual stresses decrease slightly, the residual stresses are almost constant (in
the range of 119.6–125.4 MPa) to the depth of 0.29 mm. Interestingly, while the compressive residual
stresses are observed at a greater distance from the surface for the power density of 4 GW/cm2

compared with lower power densities, the magnitude of compressive residual stresses on the surface
and sub-surface drops remarkably. Similar observations have been reported for A356-T6 alloy as well
as Steel 1045 previously [38,41]. As shown in Figure 5b, similar results were observed for the σyy
in-plane residual stress.

The observation here agrees well with the model developed by Peyre et al. [41] where the plastic
deformation rises linearly when the peak pressure increases from 1 HEL to 2 HEL and its maximum
limit is attained at around 2 to 2.5 HEL. Above that, the surface release waves focus and intensify
from the edges of the impacts, and this phenomenon leads to the modification of the residual stress
field. Therefore, while a power density of 4 GW/cm2 (PPeak = 2.04 GPa > 2.5 HELAl5083) generates
deeper residual stresses, its magnitudes are smaller remarkably in comparison to those that the power
densities of 1 and 2 GW/cm2 (PPeak = 1.02 and 1.44 G ∼= (2 to 2.5) × HELAl5083) can generate. This is in
agreement with the previously reported findings that materials can be optimally treated with PPeak in
(2 to 2.5) × HEL range [37,41].
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Figure 5. Variation of in-plane residual stress with depth (x = 0.75 mm, y = 0), (a) σxx, (b) σyy.

5. Conclusions

Herein, an explicit model was used to study the effects of four different power densities on the
laser peening of aluminum 5083. The magnitude of the generated residual stresses up to a depth of 200
μm was compared with the experimental results. Simulations show a residual stress hole in the middle
of the peened spot due to a plastic unloading wave. It was shown that with an increase in the power
density from 0.5 to 4 GW/cm2, residual stresses are generated deeper into the workpiece. At a power
density of 4 GW/cm2, the resulting peak pressure above 2.5 HEL reduced the near surface residual
stresses.

Supplementary Materials: The following are available online at https://www.mdpi.com/2412-382X/5/4/34/s1,
Figure S1: Temporal pressure profile, Figure S2: (a) History of the internal energy, elastically stored energy,
plastically dissipated energy and artificial strain energy during the first step (b) In-plane stress profiles (σxx) versus
distance from the center of spot at different calculation times during the second step (A dynamic state towards a
residual state). It can be concluded that a quasi-equilibrium state is reached above 100,000 ns. Figure S3: Debye
ring measurement schematic.
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Abstract: The benefits of laser welding include higher production values, deeper penetration, higher
welding speeds, adaptability, and higher power density. These characteristics make laser welding
a superior process. Many industries are aware of the benefits of switching to lasers. For example,
metal-joining is migrating to modern industrial laser technology due to improved yields, design
flexibility, and energy efficiency. However, for an industrial process to be optimized for intelligent
manufacturing in the era of Industry 4.0, it must be captured online using high-quality data. Laser
welding of aluminum alloys presents a daunting challenge, mainly because aluminum is a less reliable
material for welding than other commercial metals such as steel, primarily because of its physical
properties: high thermal conductivity, high reflectivity, and low viscosity. The welding plates were
fixed by a special welding fixture, to validate alignments and improve measurement accuracy, and a
Computer-Aided Inspection (CAI) using 3D scanning was adopted. Certain literature has suggested
real-time monitoring of intelligent techniques as a solution to the critical problems associated with
aluminum laser welding. Real-time monitoring technologies are essential to improving welding
efficiency and guaranteeing product quality. This paper critically reviews the research findings and
advances for real-time monitoring of laser welding during the last 10 years. In the present work,
a specific methodology originating from process monitoring using Computer-Aided Inspection in
laser-welded blanks is reviewed as a candidate technology for a digital twin. Moreover, a novel
digital model based on CAI and cloud manufacturing is proposed.

Keywords: real-time monitoring; Computer-Aided Inspection (CAI); laser welded blanks (LWBs);
digital twin (DT); Industry 4.0

1. Introduction

The transportation industry has dedicated a lot of engineering effort and innovative
research into reducing the weight of its products. Air pollution and emission of green-
house gases from the transportation sector have had detrimental environmental and health
effects for decades. For this reason, governments have enacted restrictive regulations on
automotive industries to prevent and control the spread of vehicular emissions. Strict
regulations have led car manufacturers to look for different solutions and new technologies
to solve the problem. One of the strategies that has been adopted in this field is to reduce
the weight of cars, leading to fuel consumption and carbon dioxide emission reduction.
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Quantum Beam Sci. 2022, 6, 19

Given that the body and other exterior components are a large portion of the car’s weight,
using light metal structures such as aluminum alloys in automobiles is an effective way to
lessen the overall car weight. Aluminum alloys are known for their superior properties,
such as strength-to-weight ratio, heat resistance, and corrosion resistance. Laser welding
is an effective method of joining materials with high accuracy, good flexibility, and low
distortion [1]. However, laser welding of aluminum structures is associated with a range of
difficulties due to excessive heat dissipation, the hydrogen solubility of molten aluminum,
and an oxide layer inclusion. Manufacturers are motivated by Computer-Aided Inspection
(CAI) to ensure high product quality and avoid production defects, which requires auto-
mated, rapid, and accurate inspection [2]. CAI commonly refers to automated inspection,
among other computer-aided applications extensively used in different industries [3]. By
using manufacturing standards and geometric dimensioning and tolerancing (GD&T) crite-
ria, CAI is not only able to detect laser welding defects but also to compensate for these
shortcomings. Advances in scanning technology, digital cameras, and controllers have led
to a significant increase in real-time monitoring of laser welding processes. A digital twin
(DT) aims to build a digital replica of a physical system in a virtual space, such that the
digital replica represents the same elements and the same dynamics of a physical system.
DT systems can be very helpful for understanding, analyzing, and improving a product,
service system, or production [4]. DT systems can also be used to inspect the process, to
enable visualization of the impact of variations [5]. Integration of real-time monitoring
and real-time simulation in a laser welding process ultimately leads to adopting a DT in
laser welding processes. To communicate data, information technology advancements,
like the Internet of Things (IoT) and Augmented Reality (AR), can be implemented to link
the physical system and its digital twin [6]. Real-time data collection, data analysis, and
physics-based simulation are basic phases in defect detection aimed at avoiding the occur-
rence of defects, and improving the quality of this cutting-edge technology. Thus, a critical
review of monitoring technology for the laser welding process is provided. Kong, et al. [7]
utilized spectrographic monitoring to control the laser welding process of galvanized
high strength steel in two cases, with zinc coating and without zinc coating, in a lap joint
configuration. Considering zinc vapor signals as the process feedback, welding defects
were identified by the presence of spatters induced by zinc vapor at the faying surface. A
series of experiments were conducted to investigate the effects of laser welding parameters
on the keyhole dynamics and weld pool, using a high-speed charge-coupled device (CCD)
camera with a green laser as an illumination source. The results revealed that welding
quality strongly depends on zinc vapor at the faying surface; a higher depth of penetration
was also observed in the case of removing the zinc coating. Sebestova, et al. [8] moni-
tored Nd: YAG laser welding by measuring plasma spectral emission lines to calculate
the plasma electron temperature. They found a relationship between electron temperature
and depth of penetration, which can be used as a controller to identify welding defects
and achieve desired penetration depth. Liu, et al. [9] studied laser hot-wire welding of
butt joints to assess the molten pool dynamics and the stability of the welding process. A
high-speed CCD camera and a spectrometer were used for real-time monitoring of the
process through visualization of the molten pool and calculation of the electron temperature
according to the Boltzmann plot method. Research established that the contribution of
a hot wire facilitates the formation of a molten pool, though laser beams were not able
to make the molten pool in butt joints with a large gap. Harooni, et al. [10] conducted
real-time spectroscopic monitoring of laser welding of AZ31B magnesium alloy in lap joint
configuration. Spectroscopic analysis was performed to study the correlation of the oxide
layer on welding sheets and the generation of defects in the interface of overlapped sheets.
In addition, a high-speed CCD camera, assisted with a green laser as an illumination source,
was employed to monitor the molten pool and the keyhole dynamics due to the oxide
layer. The results confirmed that the existing oxide layer on magnesium sheets leads to
the generation of pores in the interface area. Blecher, et al. [11] utilized inline coherent
imaging for real-time monitoring of keyhole depth in five different alloys. A compari-
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son of real-time keyhole depth measurements and metallographic depth measurements
proved that the proposed method was capable of time measurement of keyhole depth
except for aluminum alloys. Luo, et al. [12] improvised the acoustic signal monitoring of
laser welding by offering a plane microphone array with a time delay recognition. They
concluded that the welding process could be monitored and justified using the suggested
method even with background noises in the working environment, which had been an
obstacle to traditional acoustic signal monitoring. Mirapeix, et al. [13] proposed plasma
optical spectroscopy to identify aluminum in the laser welding of Usibor1500 tailor-welded
blanks. The estimation of aluminum was done by the line-to-continuum method in real-
time. A correlation was identified between aluminum content in real-time monitoring and
off-line tests like macrographs or tensile tests. However, the correlation found in the tensile
specimen test at lower aluminum contents was not clear because it was affected by other
parameters like seam geometry. Recently, our research team developed a new automatic
technique to address the distortion in real-time monitoring of aluminum laser-welded
blanks [14,15]. The research also provided experimental and numerical investigation of
different types of key process parameters and their impact on production quality in au-
tomobile applications [16–19]. Wang, et al. [20] developed a real-time monitoring system
for disk laser welding based on the feature selection method for pattern recognition, and
the Support Vector Machine (SVM) and Back-Propagation (BP) neural network for pattern
classification. Images of the plume and spatters were processed, and a sequential forward
floating selection (SFFS) algorithm was used for detecting the optimal feature subset. The
classification accuracy of BP and SVM were very close to one other; however, the accuracy
of SVM reached the maximum of 98.43 using 10 features. It should be noted that the overall
processing time remained a challenge for the proposed method. In another study, Wang,
et al. [21] used a combination of a Support Vector Machine and a Pearson product-moment
correlation coefficient to characterize disk laser welding quality. High-speed photography
was employed for image processing, and the area of the plume, the number of spatters,
and the horizontal coordinate of the plume centroid were selected among six features to
establish an SVM model with 93.58% classification accuracy. The authors concluded that
the proposed monitoring system could be used for real-time monitoring of high-power
laser welding. De Bono, et al. [22] evaluated two different monitoring methods of laser
welding: optical-based and laser interferometry monitoring methods. The optical-based
method investigated photodiodes signals of butt welding, and the laser interferometry
monitoring took advantage of the In-Process Depth Meter (IDM) sensor from Precitec in
stake welding. Photodiode data obtained at the wavelengths between 600 and 850 nm
deduced defects correlated to laser power and joint contamination and gap. However, for
detecting defects like porosities and cracks, photodiode data need to be decomposed by
orthogonal empirical mode decomposition (OEMD) theory. The data acquired by the IDM
sensor established a correlation between the IDM signal and the keyhole depth. Chen,
et al. [23] employed an SVM model for real-time monitoring in high-power disk laser
welding using 15 features of the metal vapor plume and spatters. A high-speed camera
was used to capture laser-induced metal vapor for image processing. SVM classification
using seven features reached a remarkably accurate 95.93% by 10-fold cross-validation.
The authors suggested that the centroid, perimeter, average grayscale value, and quantity
of the spatters were critical to improving welding quality. Pasinetti, et al. [24] proposed
in-line monitoring of the laser welding process by a smart vision system based on the
Industrial Internet of Things (IIoT) approach, to make an interconnection and remotely
control the process. Two different setups were used to fulfill two goals. The first setup,
called seam tracking, was targeted to keep the laser welding in an optimal position. The
second setup, called the keyhole monitor, aimed to detect incomplete keyhole penetra-
tion. The researchers suggested that the architecture used enables remote monitoring of
multiple welding units from a central unit. Lei, et al. [25] developed a multi-information
fused modeling system for predicting weld waist width and the weld back width by a
combination of Principal Component Analysis (PCA), genetic algorithm (GA), and neural
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networks (NN). Images were acquired by a modified optical fiber laser coaxial monitoring
system, and pre-processed by the PCA algorithm to effectively remove the redundancy
of extracted information. Two morphological features, in addition to laser power and
welding speed, were selected as input parameters of the NN. GA was used to optimize the
architecture of the NN. Considering the low errors of the developed model, and the short
processing time of less than 90 m, the authors proposed that it could be used for real-time
monitoring of the laser welding process. Zhang, et al. [26] employed a multiple-optical-
sensor system to integrate with a Deep Belief Network (DBN) that was optimized by a
genetic algorithm for online monitoring of the high-power disc laser welding process. The
multiple-optical-sensor system was able to deliver effectively a thorough insight into the
laser welding process. A deep learning model based on the DBN demonstrated more than
10% higher average accuracy compared to the back-propagation neural network (BPNN)
model. Haubold [27] offered a monitoring system for remote laser welding using two
parallel processing algorithms customized for identifying spatter number and size. The
reproducibility of spatter formation was investigated at four different settings of process
parameters for ten repetitions. Although a correlation between spatter number and the
corresponding standard deviation was established, no resolution for reduction of spatter
size and number was made. Shevchik, et al. [28] developed a hybrid monitoring system for
data acquisition and processing applied to titanium laser welding. The monitoring system
included optical and acoustic sensors combined with machine learning (ML) techniques.
M-band wavelets transformation was utilized to decompose optical and acoustic signals,
and the normalized energy of the frequency bands was extracted. The Laplacian graph Sup-
port Vector Machine (LapSVM) was used to correlate the extracted features with welding
quality. The proposed method displayed more than 85.9% classification accuracy, which
is notable given the low cost of data preparation. Accordingly, the researchers claimed
that the hybrid monitoring system could be used for the industrialization of laser welding
monitoring, and they also raised some concerns about sensors selection rather than sensors
combination. Zhang, et al. [29] put forward a vision-based monitoring system for laser
welding of tailor rolled blanks (TRB) through coaxial visual monitoring and Convolution
Neural Network (CNN) processing algorithms. The monitoring system was dedicated
to evaluating the penetration quality of the laser welding of TRB. Four statuses for the
penetration state were considered for the creation of an image dataset to train and validate
the CNN. They advised that with the 2 ms latency of the CNN for TRB, the proposed
monitoring system could be effectively employed for real-time monitoring applications.
Gonzalez, et al. [30] introduced ConvLBM to monitor laser deposition and welding pro-
cesses based on medium wavelength infrared (MWIR) imaging. ConvLBM employed a
Convolution Neural Network (CNN) to obtain features from MWIR. ConvLBM estimated
dilution for the laser deposition process due to its significance on the quality of the process.
Defect characterization was also achieved for the laser welding process by ConvLBM for
three different materials, proving the adaptability of the monitoring method for different
applications. Kaewprachum, et al. [31] employed an infrared camera for real-time moni-
toring of the laser welding process to apprehend fast dynamic heating phenomena. The
images were captured and analyzed to reveal the effects of laser power and welding speed
on the average molten pool temperature and the width of the molten pool. Infrared camera
measurements were validated by microscopic measurements, and a good correspondence
was observed, especially at high powers. Papacharalampopoulos, et al. [32] employed
a methodology as a candidate for process-level digital twins (DTs) in laser welding. A
simplified laser welding paradigm capable of displaying temperature profiles was studied
to assess the employed methodology. The proposed digital twin approach consisted of
decomposing spatial domains, adaptation to accuracy, adaptation to measurements, and es-
timation of inner state, providing intuitiveness to the operator, and real-time function. The
methodology was adopted to solve linear partial differential equations, and was validated
following measures ensuring the operational performance of a DT.
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To the best of the authors’ knowledge, the present work is the most comprehensive
attempt to present a DT for laser-welded blanks. A virtual system of the physical laser
welding system has been developed using CAI to monitor, quality control, and optimize
the laser welding process. The developed DT resides in the cloud, and it continuously
communicates with physical and virtual systems to provide appropriate commands to
operating processes and machines in real-time. In this DT, an evaluation of different
aspects of laser welding qualities has been made in order to give a product license to
laser-welded blanks.

2. Quality Control Based on 3D Geometrical Inspection

For developing a DT, the raw data of a physical system is collected to extract inspection
features and analyze the physical system in real-time. Computer-Aided Inspection (CAI)
can help to identify defects and abnormalities occurring in the geometry of a physical
system. A 3D scan measurement is one of the CAI tools which provides non-contact,
non-destructive, and accurate measurements of a physical system. In other words, it is a 3D
geometric inspection technology using data acquisition and data pre-processing to obtain
the size and shape of a physical part to display the part in digital space in three dimensions.
The 3D scanning provides an opportunity to immediately detect where the digital replica
does not match with the 3D CAD model. Three-dimensional scanning is a viable option for
the quality control of geometrical features of special welding jigs and fixtures. Using 3D
scanning, it is possible to identify where deviations occur, and to measure them instantly.
To better understand Geometric Dimensioning and Tolerancing (GD&T), manufacturing
standards such as ASME Y14.5 and ISO-GPS have been developed in the era of automation.
In addition, as part of its standards and requirements, the American Society of Mechanical
Engineers (ASME) also established rules, definitions, defaults, and recommended practices.
According to the ASME, parts and workpieces should be evaluated in a free state. Therefore,
it is necessary to consider the compliance and deformation of non-rigid parts during the
inspection. In response, definitions for geometric dimensioning and tolerancing of non-
rigid parts have been developed, based on the ASME Y14.5 and ISO standards. Figure 1
presents the types and tools of CAI algorithms. In fact, inspection 4.0 aims at intelligent
inspection by illustrating the basic work that can be implemented. Based on the compliance
behavior and inspection parameters, a digital inspection protocol can be implemented
onto the cloud, and the appropriate machine and inspection method will be selected. This
novel aspect will be presented in the upcoming parts of this article. Generally, components
are designed to fit into the right material and mechanical properties based on rigid and
non-rigid concepts in computer-aided modeling.

Regarding the compliance behavior of parts, rigid and non-rigid parts, CAI algorithms
are developed. CAI is primarily used for comparing the reference geometry, computer-
assisted design (CAD), with measured data, scan models [34]. Due to gravity and/or
residual stress, some mechanical components often have different shapes in the free-state
position compared to the state-of-use position. To make it possible to inspect different types
of parts, different registration methods have been developed to classify workpieces into
rigid and non-rigid ones. Furthermore, rigid registration is the primary step in computer-
assisted inspections of non-rigid parts. In conventional CAI software, it is assumed by
default that any data entered into the software is from a rigid part. Therefore, any deviation
between the input data and the nominal CAD model should be considered a potential
manufacturing defect [35]. Rigid registration has the primary goal of bringing CAD and
scan models into a common coordinate system without deforming either model. The model
is translated and rotated using an optimal transformation matrix without affecting its
shape [36]. Initial CAI approaches were introduced using a rigid registration algorithm
with Iterative Close Points (ICP) [37]. The ICP algorithm is known as one of the most robust
and efficient rigid registration approaches. Although various methods have been developed
over the years—including those described by researchers [38,39]—in different domains,
such as aeronautic inspections, the ICP algorithm remains a widely used registration
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approach [40], thanks to its statistically robust and reliable method of registering. A CAD
and a scan of a workpiece that is not presented in the same coordinate systems are shown
in Figure 2a, and the ICP algorithm applies the best geometrical fit in Figure 2b. In this
regard, the closest point in the reference set (CAD) is first identified for every point the
point cloud set contains. The transformation matrix (rotation and translation) is then
calculated, to move the CAD model towards scan data. This iteration is repeated until the
best geometrical fit is obtained.

 

Figure 1. Computer-Aided Inspection methods and tools [33].

  
(a) (b) 

Figure 2. CAD and scanned models (a) before registration (b) after rigid registration using ICP
algorithm [33].

Each iteration of the ICP registration minimizes the distance between the two models
by estimating and computing the transformation matrix that combines translation and
rotation. The Hausdorff distance is the main tool in this algorithm [41]. A distance measure
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is taken between the CAD mesh and the point cloud data acquired by scanning. In other
words, it is the maximum distance between every point of a non-empty set and some point
of another non-empty set. Equation (1) illustrates this, where dH (X, Y) is the Hausdorff
distance and (X, Y) are the two non-empty subsets.

dH(X, Y) = max
{

supx∈Xin fy∈Yd(x, y), supy∈Yin fx∈Xd(x, y)
}

(1)

The ICP algorithm has undergone a lot of improvements and upgrades, as it is one of
the most powerful and widely used algorithms. The ICP algorithm was also modified and
developed to decrease calculation time [42]. This method proposes a robust solution by
applying random sampling to the point clouds. The algorithm also knew the minimization
strategy [43] or measured the transformation in a way that minimizes its error. By using
the corresponding points in previous iterations of the ICP algorithm, and searching only in
the immediate neighborhood of those points, the closest points search was significantly
improved in terms of speed [44]. In addition, some techniques have been used to improve
the efficiency and speed of the registration process [45]. A variation of the algorithm has
also been implemented to enhance the conversion of the sets by taking color information
from the workpieces. Even though not all scanners are able to capture the color information
from workpieces, this algorithm can still be used. There have been many variants of the
algorithm explored and many improvements made by the ICP algorithm [43].

Since non-rigid workpieces have so much more parameters to consider, rigid registra-
tion needs to be accompanied by non-rigid algorithms, to take into consideration the part’s
deviation in its free state [46]. Scanning models cannot be compared to CAD models due to
the flexible deformation of parts in a free state. CAI methods can resolve this problem for
non-rigid parts where defects (e.g., geometric deviations from the CAD model) are sepa-
rated from the deformations caused by the compliance or flexible deformation of non-rigid
parts. Typically, non-rigid parts are dimensioned and inspected with over-constrained
inspection fixtures to compensate for the flexible nature of these components and to ensure
that the measurement setup accurately reflects the part’s assembly functionality.

3. Verification and Validation of the Methods in CAI

All Computer-Aided Inspection methods cited are based on scan data and compu-
tational calculations. It follows that verification and validation of the calculations are
imperative due to this aspect of the methods. Both rigid and non-rigid inspection methods
are prone to uncertainty in computational simulations and measurement errors due to
inaccuracies in data acquisition devices. Due to the technical limitations of devices, optical
effects (such as light fraction and reflectivity of surfaces), or the inaccessible features of
some parts, scanners are inaccurate. The results of CAI are influenced by these noisy data.
Simulation models can be assessed for accuracy, reliability, and robustness by applying
verification and validation (V&V) approaches [47]. Validation evaluates the consistency
of computed simulation results compared to the actual ones, while verification measures
the accuracy of the solution to a problem using a computational model. All numerical
methods, including CAI methods, must be thoroughly verified and validated because of
various sources of uncertainty in computer codes and simulations. Validating the result of
a numerical approach concerning input noise aims at evaluating a computational model’s
robustness. An effective computational model should be able to produce satisfactory
results despite the presence of noises in the input. A robust approach can still produce
acceptable results for noise-containing input data compared with noise-free input data.
Typically, the input noise in CAI methods comes from measurement noise that is inherent
to measuring data acquisition devices. Thus, it is necessary to study the robustness of
CAI methods, given the noise generated by scanning devices. A first development model
will be generated based on the CAI method, and real feedback will be received during the
production process. Furthermore, by combining the concepts of physical and simulation,
the human and machine interface theory can make a powerful and self-learning device.
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This smart connected modeling is the trigger for Industry 4.0 and intelligent manufacturing
by developing a digital twin model.

4. Digital Twins (DT)

Industry 4.0 is the latest revolution in the industrial era, and refers to the digitization
of manufacturing by merging physical and virtual (digital) worlds. Digital twins (DTs)
are a strategy within Industry 4.0, operating on the virtualization principle [48]. DTs
are digitalized integrated systems to monitor, analyze, and simulate the behavior of a
physical system. DTs are composed of three main components: the physical system,
the virtual system, and the communication layer that connects these two systems. The
communication layer is a linkage for data storage, data processing, and data mapping
functionalities [49]. The data from the physical and virtual systems must be stored and
processed in the communication layer. In this regard, the communication layer needs to be
capable of transmitting a big amount of data (big data) in addition to easy fault detection
characteristics. Internet of Things (IoT) technology can be used to make interactions
between different layers of the integrated systems for real-time data transmission. IoT
effectively maintains two-way synchronization of physical and virtual systems, to keep
the virtual system updated and to provide real-time control commands for the physical
system. The physical system changes are reflected in the virtual system; in other words,
the virtual system is updated by employing feedback from the physical system. Real-time
control commands are made based on the past and present conditions of the physical
system to take care of the consistency of the manufacturing process and the quality of
manufactured parts [50]. The constant synchronization between physical and virtual
systems through the communication layer ends up in a real-time quality control platform
which is also supported and updated by the physical system. As illustrated in Figure 3,
all sorts of information originating from physical and virtual systems—GD&T standards,
historical data, customer feedback, and fabrication protocols—are communicating with
the cloud network to provide enough material to make decisions. Continuous and online
communication between different physical and virtual data providers is only made possible
by the ability of IoT [51] to transmit large volumes of data.

Figure 3. The cloud network in a 4.0 manufacturing factory.

Smart welding is heading inevitably toward the Industry 4.0 paradigm. A schematic
of the DT model designed for intelligent laser welding leading to a product license for
laser-welded blanks is presented in Figure 4. In this DT, all data from the physical system,
including seam tracking, in-process depth meter, and weld inspect data, are communicating
with the cloud to update and support the cloud. There is a two-way network of interactions
between consequent stages of physical and virtual twins, to transfer and update informa-
tion, guaranteeing high-quality laser seam according to standards, process command, and
specifications defined in the cloud. The application of DTs might facilitate the provision of
production licenses for parts manufactured in different production sites, with no need to
re-inspect the parts.
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Figure 4. Digital twins model for Inspection 4.0 of laser-welded blanks.

In general, digital twins are efficient platforms for predicting every machine and
device’s performance, due to their intelligent data processing capability. In a virtual model
or DT, physical models of machine operations will be combined with sensor data collected
and processed from real assets during real-world operations. In this regard, operators of
laser welding machines will benefit from being able to predict structural failure and to plan
maintenance activities more effectively. This strategy will result in reduced maintenance
costs and operational downtime during welding. As shown in the following model,
aluminum sheets are prepared before welding to ensure there is no contamination on the
surface. Then, the clamping procedure is adjusted to apply an equivalent force on the
surface of the plates. To do so, alignment sensors are used to define the error, and the results
are sent to the cloud for future action. By using the validation method, all the process
parameters are set, and acceptance/rejection outcomes will be considered, to make a cloud-
based smart decision based on the DG&T criteria. If the alignment has been accepted,
automatic laser welding will start, and real-time monitoring will be done (seam tracking, in-
process depth penetration, weld inspection, etc.). Using sensors and artificial intelligence,
digital platforms and physical operations communicate data simultaneously. A cloud
platform should be able to process big data and refine it based on pass/fail production
criteria. Finally, a license will be issued for the quality assessment of each production. It
is worth mentioning that this model can be used in mass production as well as remote
manufacturing platforms in any location throughout the world. Thus, this model can be
considered the first step toward cloud manufacturing and connected production which can
be remotely accessible anytime.

5. Summary and Future Scopes

Investigation of the digital twins market reflects the challenges that have hindered
cost-efficient application of digital twins (DTs) in manufacturing. Some of these challenges
are due to the complex physics of manufacturing processes and production uncertainties,
which in turn leads to difficulties in capturing physical phenomena by a virtual replica. The
desire is to set up data-driven digital twins based on a hierarchical structure without any
conflict between the physical and virtual systems, which entails appropriate communication
and collaboration between them. However, the development of digital twins is still costly
due to the restrictions of communication platforms. The ability to predict, prevent and
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resolve problems and faults also requires the proper implementation of data analysis,
decision making, and problem-solving techniques.

In this regard, an overview of computer-aided process monitoring was reviewed,
based on the digital twins concept for lightweight laser-welded metals. Different types of
3D geometric inspection, Computer-Aided Inspection (CAI) methods, and tools in the man-
ufacturing industry, are presented and compared in this paper. CAI approaches address
automated inspection challenges and requirements for different types of manufactured
parts. The development of this process is essential in the production cycle of a part, and
therefore should not be ignored. In addition, as moving further toward Industry 4.0,
its concepts ought to be incorporated into geometric inspections allowing a comparison
between nominal data (CAD model) with respect to a manufactured part, to determine
whether it meets specifications without having to apply human judgment. An automated
cloud-based Inspection 4.0 is therefore applied. Another objective is to propose an auto-
mated production cycle that does not require human intervention. This survey presents an
agile approach allowing automation of the laser-welded blanks process. Applying CAI,
the process is automated along with the implementation of its DTs. This original model
allows remote monitoring of the process, increasing its precision by removing human
intervention, increasing productivity, and providing a proper decision-making tool. The
challenge now is to integrate artificial intelligence to delegate all redundant work to the
machines, and have them provide feedback and auto-maintenance at some point. More
research is also needed to develop cost-effective digital twins so that these solutions can
meet Industry 4.0 requirements.

Author Contributions: Conceptualization, A.A., S.S.K. and M.S.M.; methodology, S.S.K., D.G.M. and
K.B.; validation, S.S.K., M.S.M. and D.G.M.; formal analysis, A.A., S.S.K. and K.B.; investigation, A.A.,
S.S.K. and M.S.M.; resources, S.S.K. and D.G.M.; data curation, M.S.M. and K.B.; writing—original
draft preparation, A.A., S.S.K. and M.S.M.; writing—review and editing, S.S.K., A.A., D.G.M., K.B.
and M.S.M.; visualization, A.A., D.G.M. and K.B., supervision and project administration, S.S.K.
All authors have read and agreed to the published version of the manuscript.

Funding: We acknowledge the support of the Fonds Québécois de la Recherche sur la Nature et les
Technologies (FRQNT) [funding reference number 06351].

Institutional Review Board Statement: This article does not involve human or animal participation
or data, therefore ethics approval is not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data, material, and codes used in this paper are available.

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

References

1. Katayama, S. Handbook of Laser Welding Technologies; Elsevier: Amsterdam, The Netherlands, 2013.
2. Zhao, F.; Xu, X.; Xie, S.Q. Computer-Aided Inspection Planning-The state of the art. Comput. Ind. 2009, 60, 453–466. [CrossRef]
3. Minetola, P.; Iuliano, L.; Calignano, F. A customer oriented methodology for reverse engineering software selection in the

computer aided inspection scenario. Comput. Ind. 2015, 67, 54–71. [CrossRef]
4. Zhang, L.; Chen, X.; Zhou, W.; Cheng, T.; Chen, L.; Guo, Z. Digital Twins for Additive Manufacturing: A State-of-the-Art Review.

Appl. Sci. 2020, 10, 8350. [CrossRef]
5. Gaha, R.; Durupt, A.; Eynard, B. Towards the implementation of the Digital Twin in CMM inspection process: Opportunities,

challenges and proposals. Procedia Manuf. 2020, 54, 216–221. [CrossRef]
6. Papacharalampopoulos, A.; Michail, C.; Stavropoulos, P. Manufacturing Process Control through a Digital Twin: Encoding Issues.

In Proceedings of the TESConf 2020—9th International Conference Through-Life Engineering Services, Cranfield, Bedfordshire,
UK, 3–4 November 2020. [CrossRef]

7. Kong, F.; Ma, J.; Carlson, B.; Kovacevic, R. Real-time monitoring of laser welding of galvanized high strength steel in lap joint
configuration. Opt. Laser Technol. 2012, 44, 2186–2196. [CrossRef]

8. Sebestova, H.; Chmelickova, H.; Nozka, L.; Moudry, J. Non-destructive real time monitoring of the laser welding process. J. Mater.
Eng. Perform. 2012, 21, 764–769. [CrossRef]

79



Quantum Beam Sci. 2022, 6, 19

9. Liu, W.; Liu, S.; Ma, J.; Kovacevic, R. Real-time monitoring of the laser hot-wire welding process. Opt. Laser Technol. 2014,
57, 66–76. [CrossRef]

10. Harooni, M.; Carlson, B.; Kovacevic, R. Detection of defects in laser welding of AZ31B magnesium alloy in zero-gap lap joint
configuration by a real-time spectroscopic analysis. Opt. Lasers Eng. 2014, 56, 54–66. [CrossRef]

11. Blecher, J.J.; Galbraith, C.M.; Van Vlack, C.; Palmer, T.A.; Fraser, J.M.; Webster, P.J.L.; DebRoy, T. Real time monitoring of laser
beam welding keyhole depth by laser interferometry. Sci. Technol. Weld. Join. 2014, 19, 560–564. [CrossRef]

12. Luo, Z.; Liu, W.; Wang, Z.; Ao, S. Monitoring of laser welding using source localization and tracking processing by microphone
array. Int. J. Adv. Manuf. Technol. 2016, 86, 21–28. [CrossRef]

13. Mirapeix, J.; Vila, E.; Valdiande, J.J.; Riquelme, A.; Garcia, M.; Cobo, A. Real-time detection of the aluminium contribution during
laser welding of Usibor1500 tailor-welded blanks. J. Mater. Process. Technol. 2016, 235, 106–113. [CrossRef]

14. Aminzadeh, A.; Karganroudi, S.S.; Barka, N.; El Ouafi, A. A real-time 3D scanning of aluminum 5052-H32 laser welded blanks;
geometrical and welding characterization. Mater. Lett. 2021, 296, 129883. [CrossRef]

15. Aminzadeh, A.; Karganroudi, S.S.; Barka, N. A novel approach of residual stress prediction in ST-14/ST-44 laser welded blanks;
mechanical characterization and experimental validation. Mater. Lett. 2021, 285, 129193. [CrossRef]

16. Aminzadeh, A.; Nasiri, N.; Barka, N.; Parvizi, A.; Abrinia, K.; Moradi, M.; Sattarpanah Karganroudi, S. Statistical Analysis
of Laser-Welded Blanks in Deep Drawing Process: Response Surface Modeling. J. Mater. Eng. Perform. 2022, 31, 2240–2256.
[CrossRef]

17. Aminzadeh, A.; Sattarpanah Karganroudi, S.; Barka, N. Experimental and numerical investigation of forming defects and stress
analysis in laser-welded blanks during deep drawing process. Int. J. Adv. Manuf. Technol. 2021, 117, 1193–1207. [CrossRef]

18. Aminzadeh, A.; Parvizi, A.; Moradi, M. Multi-objective topology optimization of deep drawing dissimilar tailor laser welded
blanks; experimental and finite element investigation. Opt. Laser Technol. 2020, 125, 106029. [CrossRef]

19. Aminzadeh, A.; Parvizi, A.; Safdarian, R.; Rahmatabadi, D. Comparison between laser beam and gas tungsten arc tailored welded
blanks via deep drawing. Proc. Inst. Mech. Eng. Part B J. Eng. Manuf. 2020, 235, 673–688. [CrossRef]

20. Wang, T.; Chen, J.; Gao, X.; Qin, Y. Real-time monitoring for disk laser welding based on feature selection and SVM. Appl. Sci.
2017, 7, 884. [CrossRef]

21. Wang, T.; Chen, J.; Gao, X.; Li, W. Quality monitoring for laser welding based on high-speed photography and support vector
machine. Appl. Sci. 2017, 7, 299. [CrossRef]

22. De Bono, P.; Allen, C.; D’Angelo, G.; Cisi, A. Investigation of optical sensor approaches for real-time monitoring during fibre laser
welding. J. Laser Appl. 2017, 29, 022417. [CrossRef]

23. Chen, J.; Wang, T.; Gao, X.; Wei, L. Real-time monitoring of high-power disk laser welding based on support vector machine.
Comput. Ind. 2018, 94, 75–81. [CrossRef]

24. Pasinetti, S.; Sansoni, G.; Docchio, F. In-Line Monitoring of Laser Welding Using a Smart Vision System. In Proceedings of the
IEEE Metrology for Industry 4.0 and IoT, Brescia, Italy, 16–18 April 2018; pp. 134–139. [CrossRef]

25. Lei, Z.; Shen, J.; Wang, Q.; Chen, Y. Real-time weld geometry prediction based on multi-information using neural network
optimized by PCA and GA during thin-plate laser welding. J. Manuf. Process. 2019, 43, 207–217. [CrossRef]

26. Zhang, Y.; You, D.; Gao, X.; Katayama, S. Online Monitoring of Welding Status Based on a DBN Model During Laser Welding.
Engineering 2019, 5, 671–678. [CrossRef]

27. Haubold, M.W.; Zäh, M.F. Real-time spatter detection in laser welding with beam oscillation. Procedia CIRP 2019, 79, 159–164.
[CrossRef]

28. Shevchik, S.A.; Le-Quang, T.; Farahani, F.V.; Faivre, N.; Meylan, B.; Zanoli, S.; Wasmer, K. Laser welding quality monitoring via
graph support vector machine with data adaptive kernel. IEEE Access 2019, 7, 93108–93122. [CrossRef]

29. Zhang, Z.; Li, B.; Zhang, W.; Lu, R.; Wada, S.; Zhang, Y. Real-time penetration state monitoring using convolutional neural
network for laser welding of tailor rolled blanks. J. Manuf. Syst. 2020, 54, 348–360. [CrossRef]

30. Gonzalez-Val, C.; Pallas, A.; Panadeiro, V.; Rodriguez, A. A convolutional approach to quality monitoring for laser manufacturing.
J. Intell. Manuf. 2020, 31, 789–795. [CrossRef]

31. Keawprachum, B.; Srisungsitthisunti, P. Real-time process monitoring of laser welding by infrared camera and image processing.
Key Eng. Mater. 2020, 856, 160–168. [CrossRef]

32. Papacharalampopoulos, A.; Stavropoulos, P.; Petrides, D. Towards a digital twin for manufacturing processes: Applicability on
on laser laser welding. Procedia CIRP 2019, 88, 110–115. [CrossRef]

33. Sattarpanah Karganroudi, S. Contribution à L’inspection Automatique des Pièces Flexibles à L’état Libre Sans Gabarit de Conformation;
Université du Québec à Trois-Rivières: Trois-Rivières, QC, Canada, 2017.

34. Sabri, V.; Sattarpanah, S.; Tahan, S.A.; Cuillière, J.C.; François, V.; Pham, X.T. A robust and automated FE-based method for
fixtureless dimensional metrology of non-rigid parts using an improved numerical inspection fixture. Int. J. Adv. Manuf. Technol.
2017, 92, 2411–2423. [CrossRef]

35. Babanezhad, K.; Aidibe, A.; Foucault, G.; Tahan, A.; Bigeon, J. Improved Bi-Criterion flexible registration for fixtureless inspection
of compliant parts. Precis. Eng. 2020, 65, 116–129. [CrossRef]

36. Sattarpanah Karganroudi, S.; Cuillière, J.-C.; François, V.; Tahan, S.-A. “What-if” scenarios towards virtual assembly-state
mounting for non-rigid parts inspection using permissible loads. Int. J. Adv. Manuf. Technol. 2018, 97, 353–373. [CrossRef]

80



Quantum Beam Sci. 2022, 6, 19

37. Besl, P.J.; McKay, N.D. Method for registration of 3-D shapes. In Sensor Fusion IV: Control Paradigms and Data Structures; SPIE:
Bellingham, WA, USA, 1992; Volume 1611, pp. 586–606.

38. Li, Y.; Gu, P. Free-form surface inspection techniques state of the art review. Comput. Des. 2004, 36, 1395–1417. [CrossRef]
39. Savio, E.; Chiffre, L.D.; Schmittc, R. Metrology of freeform shaped parts. CIRP Ann. 2007, 56, 810–835. [CrossRef]
40. Ravishankar, S.; Dutt, H.; Gurumoorthy, B. Automated inspection of aircraft parts using a modified ICP algorithm. Int. J. Adv.

Manuf. Technol. 2010, 46, 227–236. [CrossRef]
41. Henrikson, J. Completeness and total boundedness of the Hausdorff metric. MIT Undergrad. J. Math. 1999, 1, 10.
42. Masuda, T.; Yokoya, N. A robust method for registration and segmentation of multiple range images. Comput. Vis. Image Underst.

1995, 61, 295–307. [CrossRef]
43. Rusinkiewicz, S.; Levoy, M. Efficient variants of the ICP algorithm. In Proceedings of the Third International Conference on 3-D

Digital Imaging and Modeling, Quebec City, QC, Canada, 28 May–1 June 2001; pp. 145–152.
44. Greenspan, M.; Godin, G. A nearest neighbor method for efficient ICP. In Proceedings of the Third International Conference on

3-D Digital Imaging and Modeling, Quebec City, QC, Canada, 28 May–1 June 2001; pp. 161–168.
45. Zhu, L.; Barhak, J.; Srivatsan, V.; Katz, R. Efficient registration for precision inspection of free-form surfaces. Int. J. Adv. Manuf.

Technol. 2007, 32, 505–515. [CrossRef]
46. Sattarpanah Karganroudi, S.; Cuillière, J.-C.; Francois, V.; Tahan, S.-A. Automatic fixtureless inspection of non-rigid parts based

on filtering registration points. Int. J. Adv. Manuf. Technol. 2016, 87, 687–712. [CrossRef]
47. Schwer, L.E. An overview of the PTC 60/V&V 10: Guide for verification and validation in computational solid mechanics. Eng.

Comput. 2007, 23, 245–252.
48. Roy, R.B.; Mishra, D.; Pal, S.K.; Chakravarty, T.; Panda, S.; Chandra, M.G.; Pal, A.; Misra, P.; Chakravarty, D.; Misra, S. Digital

twin: Current scenario and a case study on a manufacturing process. Int. J. Adv. Manuf. Technol. 2020, 107, 3691–3714. [CrossRef]
49. Zheng, Y.; Yang, S.; Cheng, H. An application framework of digital twin and its case study. J. Ambient. Intell. Humaniz. Comput.

2019, 10, 1141–1153. [CrossRef]
50. Mohan, D.G.; Tomków, J.; Sattarpanah Karganroudi, S. Laser Welding of UNS S33207 Hyper-Duplex Stainless Steel to 6061

Aluminum Alloy Using High Entropy Alloy as a Filler Material. Appl. Sci. 2022, 12, 2849. [CrossRef]
51. Duriagina, Z.; Holyaka, R.; Tepla, T.; Kulyk, V.; Arras, P.; Eyngorn, E. Identification of Fe3O4 nanoparticles biomedical purpose

by magnetometric methods. In Biomaterials in Regenerative Medicine; InTech: Rijeka, Croatia, 2018; p. 448. [CrossRef]

81



Review

Femtosecond Laser-Based Additive Manufacturing: Current
Status and Perspectives

Atiq Basha Kaligar 1,2, Hemnath Anandan Kumar 3, Asghar Ali 2, Wael Abuzaid 2,4, Mehmet Egilmez 1,2,

Maen Alkhader 2,4, Farid Abed 2,5 and Ali Sami Alnaser 1,2,*

1 Department of Physics, American University of Sharjah, Sharjah 26666, United Arab Emirates;
b00090888@aus.edu (A.B.K.); megilmez@aus.edu (M.E.)

2 Materials Science and Engineering Program, College of Arts and Sciences, American University of Sharjah,
Sharjah 26666, United Arab Emirates; aasghar@aus.edu (A.A.); wabuzaid@aus.edu (W.A.);
malkhader@aus.edu (M.A.); fabed@aus.edu (F.A.)

3 Department of Mechanical Engineering, Indian Institute of Information Technology, Design and
Manufacturing, Kancheepuram, Chennai 600127, India; hemnathceg@gmail.com

4 Department of Mechanical Engineering, American University of Sharjah, Sharjah 26666, United Arab Emirates
5 Department of Civil Engineering, American University of Sharjah, Sharjah 26666, United Arab Emirates
* Correspondence: aalnaser@aus.edu

Abstract: The ever-growing interest in additive manufacturing (AM) is evidenced by its extensive
utilisation to manufacture a broad spectrum of products across a range of industries such as defence,
medical, aerospace, automotive, and electronics. Today, most laser-based AM is carried out by
employing continuous-wave (CW) and long-pulsed lasers. The CW and long-pulsed lasers have
the downside in that the thermal energy imparted by the laser diffuses around the irradiated spot
and often leads to the creation of heat-affected zones (HAZs). Heat-affected zones may degrade the
material strength by producing micro-cracks, porous structures and residual stresses. To address
these issues, currently, attempts are being made to employ ultrafast laser sources, such as femtosecond
(fs) lasers, in AM processes. Femtosecond lasers with pulse durations in the order of 10−15 s limit the
destructive laser–material interaction and, thus, minimise the probability of the HAZs. This review
summarises the current advancements in the field of femtosecond laser-based AM of metals and
alloys. It also reports on the comparison of CW laser, nanosecond (ns)/picosecond (ps) lasers with fs
laser-based AM in the context of heat-affected zones, substrate damage, microstructural changes and
thermomechanical properties. To shed light on the principal mechanisms ruling the manufacturing
processes, numerical predictions are discussed and compared with the experimental results. To the
best of the authors’ knowledge, this review is the first of its kind to encompass the current status,
challenges and opportunities of employing fs lasers in additive manufacturing.

Keywords: femtosecond lasers; additive manufacturing; 3D printing; heat-affected zone; powder
bed fusion; direct writing; selective laser sintering

1. Introduction

Additive manufacturing (AM—commonly referred to as 3D printing) has already
revolutionised industry and is positioned to make a notable impact across a wide range
of sectors [1,2]. This is primarily induced by the significant simplifications and freedom
in the design process combined with the adaptability of 3D printing to an impressively
wide range of materials not shared by any other manufacturing technique [3]. Although
the potential benefits of 3D printing can be exploited in a wide range of applications and
industries, including aerospace [4–9], automotive [7,10], defence sectors [11], jewellery mak-
ing [12], construction [13], electronics [14], food [15], health care [10,16,17], footwear [18],
clothing [19], sports [20] and others [21], utilisation in the biomedical is of special interest
due to the relatively complex requirements and intricate designs commonly encountered in
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these fields. The interest in AM continues to grow, and current research and development
efforts span across almost all relevant aspects such as the utilised materials, 3D printing
technology, post-processing treatments, and optimisation of processing parameters in terms
of design and fabrication. One of the major advantages of 3D printing is the ability to adapt
and optimise this manufacturing technique to all materials including polymers, ceramics,
metals, and composites [1]. Such versatility is not shared by any other manufacturing
technique. AM of metals is of particular importance due to the fact of their desirable
properties in many applications (e.g., load-carrying capacity). Steel, titanium, aluminium,
nickel-based superalloys, iron, copper, gold, and silver have all been successfully processed,
even at an industrial scale in some cases [22–24]. Such efforts are no longer limited to
lab-scale specimens as adoption by industry continues to grow. The aerospace industry
was among the first to adopt AM technology for large-scale production. For example, GE
aviation employed AM to print nozzles for its LEAP engines. In addition to reducing the
total parts count from 20 to 5, durability was also found to be enhanced by a factor of
five [25,26]. Similarly, Boeing is saving millions per plane through the use of AM. As of
now, more than 70,000 AM parts fly through Boeing programs [27].

Although various techniques have been developed over the years for AM-based
synthesis, including material extrusion (ME), direct energy deposition (DED), powder bed
fusion (PBF), fused deposition modelling (FDM), sheet lamination (SL) and binder jetting
(BJ) [28], the methods that rely on the utilisation of metal powders have been more widely
adopted by industry (i.e., PBF, DED and BJ processes). The metal AM systems are usually
composed of a powder delivery system and an energy delivery system [29]. In PBF systems,
selective laser melting (SLM) or selective laser sintering (SLS) are key processes. In SLM or
SLS, the material will heat up and subsequently melt utilising a laser source. At present,
metal AM technologies are predominantly reliant on long-pulsed lasers or CW lasers to
process materials [30,31]. In general, CW lasers are utilised for fabricating larger parts,
whereas pulsed lasers are considered when fabricating precise and thin parts [32]. In the
case of CW laser-based AM, there are certain important process parameters that influence
the quality of the produced parts using SLM. This includes hatch spacing, scanning speed,
laser power and layer thickness [33,34]. In any SLM process, along with these parameters,
the light absorptance and the laser energy density play vital roles in melting and sintering.
Despite the significant progress made, there are certain challenges that must be overcome
such as accuracy and reduced materials usage [35]. In addition, some materials continue to
pose challenges and are difficult to process using AM. For example, some ceramics and
refractory metals, due to the fact of their high melting temperatures and high thermal
conductivity [36], are still difficult to process using CW or long-pulsed laser-based AM
technologies. To process such materials, novel technologies and new processes must be
developed to reach very high temperatures while causing minimal heat-affected zones
(HAZs), along with good precision and accuracy at sub-micron levels. In this regard,
ultrafast lasers (i.e., picosecond (ps) and femtosecond (fs) lasers) are well suited for lifting
the shortcomings of the existing additive manufacturing techniques, especially in situations
where high melting point materials are involved or extreme precision and reproducibility
are required [7,37]. Although AM via ultrafast lasers is a relatively new area, recent works
have already highlighted its huge potential and advantages over the use of CW lasers [38].
In short, the main advantages of ultrashort pulsed lasers over CW lasers are increased part
resolution [39,40], rapid cooling rate, reduced residual stresses, reduced oxidation effect,
lower substrate damage compared to CW laser, suitable to process dielectrics and better
wettability [41]. These aspects will be discussed in further detail throughout this article.

The use of ultrafast lasers as a manufacturing tool is gaining notable momentum
across various industries. In a recent study, the global ultrafast lasers market was predicted
to cross USD 1.43 billion by 2020, a number that is further expected to reach the USD
3.31 billion milestone by 2026 with an estimated compound annual growth rate (CAGR)
of 16.6% between 2021 and 2026 [42]. Though the initial investment is high for such laser
technologies, the significant advantages (e.g., precise manufacturing and reduced HAZs)
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provide justification for their use in medical, aerospace and military applications. As noted
above, fs lasers are being explored for precise material processing due to the ultrashort
pulse duration in the range of a few hundred fs that produces lower laser–matter interaction
times and reduces HAZs. In addition to pulse duration, the scanning speed and pulse
repetition rate are also major deciding factors for precise AM. Fs laser sources produce
higher peak intensities compared to CW lasers or long-pulsed lasers. This allows for rapid
energy delivery into the material and paves the way to achieve localised heating [43]. Apart
from this, fs lasers have high penetration depth in a short range of time. It is because of
these attributes that fs lasers can accurately remove a material, sinter it and can change its
properties in a highly localised and controlled manner [44]. Over the past few years, various
types of fs lasers, such as fibre laser and solid-state laser systems, have been used in the
material processing field. They are capable of producing pulse energies in millijoules and
output powers in kilowatts, pulse durations up to 100 s femtosecond and pulse repetition
rate can be up to100 MHz [44,45]. With such properties, many applications have already
been developed relying on this relatively new technology. Examples include their use in
cataract surgeries in the health care sector and in material processing. As fs laser sources
are capable of producing precise features at the micro and nano levels in a highly localised
and controlled manner, applications at the nanomanufacturing processes [30], and micro
fabrications (e.g., fabrication of micro-needles for medical applications [46]) are among the
most commonly explored in the literature [47,48]. In addition, various works have explored
the potential use of fs lasers for post-processing of 3D printed metallic components (i.e.,
utilising the associated heat to alter the microstructure) [49,50]. Further, fs laser sources
were utilised to modify the flexural strength and surface morphology of materials such as
translucent monolithic zirconia (for dental restoration) [51].

Apart from the machining and surface structuring processes, fs laser sources have
been explored for the precise 3D printing of various materials such as copper [52–54],
silver [55,56], iron [57], tungsten [7,44,58], aluminium alloys [59,60], YSZ [61] and functional
ceramics [62]. Some examples include the utilisation of fs lasers in micro sintering to
fabricate components at the microscale (e.g., micro engines with materials such as steel,
nickel and titanium). Unlike bulk engines, micro engines must be sized down to a few
mm, up to a cm, and must be manufactured with remarkable precision at the micro level.
Using a CW laser in such a microfabrication process generates HAZs, which limits the
process resolution and the finishing quality of the part [46]. In such cases, apart from
single-material fabrication, ultrafast laser sources have been utilised in multi-material
processing. For example, 12Cr2Si and 9Cr1Mo were reported to give excellent bimetallic
structure following fs laser AM. The resulting bimetallic structure between the 12Cr2Si
steel and 9Cr1Mo steel exhibited a smooth phase transition between interfaces, which led
to excellent strength between the dissimilar metals [63]. Femtosecond laser-based AM is
still in its infancy. This review is an attempt to highlight some of the fs laser-based research
endeavours, identify the intended industrial applications and outline future prospects
of the fs laser AM. We specifically focused on fs laser-assisted sintering and melting of
powders, especially metals. We begin with the role of lasers in AM and the important
parameters that affect the process. This is followed by a brief discussion on the simulations
and models used to elucidate ultrafast laser–material interactions. Subsequently, an account
for the role and importance of fs laser powder bed fusion (PBF) and multi-material layered
structuring is presented. The reported parameters for sintering different materials are
summarised. The review is concluded by spotlighting the future scope and prospects of fs
laser AM [64,65].

2. Lasers in Metal Additive Manufacturing

Initially, lasers were employed in cutting and other subtractive manufacturing pro-
cesses such as milling. Later applications considered the use of laser systems in surface
modification and functionalisation. The laser-based AM processes or material deposi-
tion became feasible to use only when lasers with increased spatial control of the laser
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energy input were introduced. This was because these lasers had a high beam quality
and enhanced beam delivery [66]. Different AM technologies use lasers as a source to
process materials and fabricate complex 3D printed components. Such processes include
SLS [22,67,68], SLM [22,69], direct metal deposition (DMD) [22], direct writing (DW) [70]
and stereolithography (SLA) [69,70]. All of these, except for the SLA process, are executable
with metallic materials [25]. Nowadays, different types of laser sources are being employed
in AM. These include diode lasers, Nd:YAG lasers, CO2 lasers, Yb-doped fibre lasers and
excimer lasers [10,29]. The CO2 lasers, which can run at relatively high power (kilowatt)
levels, were widely utilised in metal additive manufacturing and welding processes at the
beginning of the AM era. They were followed by Nd:YAG lasers, which are commonly
employed as pulsed laser sources. Particularly for metal AM, diode lasers have longer
lifetimes and higher efficiency. With relatively compact sizes, high reliability and low main-
tenance and operation costs, fibre-based lasers attracted significant attention by the AM
community, especially for the fabrication and functionalisation of metallic structures [71].
A few commercially available AM machines and their laser systems are listed in Table 1.

Table 1. Commercially available laser-based metal AM machines [72].

Category Manufacturing Systems Laser

Direct energy
deposition (DED)

Trumpf GmbH: TruLaser series TruDiode diode laser, up to 6 kW
(600 nm)

Meltio 1200 W diode laser

BeAM: Modulo series 500–2000 W fibre laser

Oerlikon Metco Group:
MetcoClad systems 1–6 kW diode laser

InssTek: Fab series Maximum 2000 W fibre laser

Optomec Inc.: LENS series 400–1000 W fibre laser

Powder bed
fusion (PBF)

Renishaw: AM250 200 or 400 W fibre laser

SLM Solutions GmbH:
SLM systems 400–1000 W fibre laser (for metals)

EOS GmbH: EOSINT, EOS M and
PRECIOUS M machines

30, 70 or 2 × 50 W CO2 lasers
(for thermoplastics)

200 W–1 kW fibre laser (for metals)

3D Systems Inc.: ProX, sPro and
ProX SLM systems

30–200 W CO2 laser
(for thermoplastics)

50–500 W fibre laser (for metals)

Concept Laser 400–1000 W fibre laser (for metals)

Aconity ONE 400–1000 W fibre laser

Trumpf: Truprint 5000 500 W fibre laser

Across industries, many of the aforementioned AM technologies have been utilised
for custom and mass production of various components. A summary highlighting the
need for AM-based processing in different industrial sectors and the utilised processes are
summarised in Table 2.
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Table 2. Laser-based AM and its applications in various fields [73,74].

Industry Trend/Goal Laser-Based AM Process

Aerospace [12,29]

Demand for lightweight structures DMD, SLS and SLM

Rapid tooling, fixturing DMD and SLS

Fuel reduction DMD, SLS and SLM

Organic features SLM, SLS and DMD

Automotive [10] Demand for lightweight structures SLS, SLM and DMD

Medical (dental,
implants) [75]

Minimally invasive surgery SMS and SLM

Replication of anatomic structures SLA and SLS

Biomaterial manufacturing SLS and SLA

Electronics [76]

Smart microsystems SLA and Micro-SLS

Miniaturisation SLA and Micro-SLS

Accelerated product development SLA and Micro-SLS

Laser Parameters Used in AM

High throughput in manufacturing can be achieved with higher laser absorptivity [74].
In SLM, melting takes place due to the absorption of the thermal energy resulting from
the laser–matter interaction. Specific heat capacity and latent heat vary from one material
to another and may affect the final product’s quality [75]. In some cases, the provision of
insufficient energy affects the material build quality, thus leading to detrimental structural
impacts. A number of factors, such as laser power, layer thickness, scanning speed and
hatch spacing, can be tuned to determine the energy input. An extremely high laser power
can result in excessive evaporation of molten material that causes a keyhole effect. In
addition, if there is more vaporisation of material in SLM, the vapours may condense
and result in laser power disruption [76]. In metal AM, better absorptivity is achieved by
shorter wavelengths. CO2 laser sources have relatively long wavelengths and, hence, lower
throughput compared to Nd:YAG lasers. The resolution of the manufacturing method is
highly dependent on the focusing ability of the laser source which is dependent on the
operating wavelength [77–81].

Energy density is a critical parameter in laser-based AM, as it is closely associated
with the occurrence of the underlying physical phenomena, whether it be sintering, melting
or solidification [82]. Additionally, some materials that possess high thermal diffusivity
and high reflectivity are influenced by energy densities. These energy densities are di-
rectly affected by laser power, which serves as the base for determining the build rate.
Extremely high laser powers may also worsen the fabrication of parts. Hence, the optimum
combination of processing parameters should be chosen to achieve good-quality part fabri-
cation [83,84]. The beam spot size is one important parameter that determines the precision
and manufacturing resolution. To calculate the beam quality, AM processes usually use
the beam parameter product (BPP), which helps to identify the energy confinement at a
point. BPP is usually calculated by the product of the half-angle of beam divergence and
beam waist radius [29]. For CW laser-based SLM, the main process parameters, divided
into powder-related, powder-bed related and laser related, are detailed in Figure 1 [41].

Different laser sources are classified based on the mode of operation as discussed in
an earlier section. The most commonly used laser sources in AM processes, such as SLM,
SLS and LENS, are CO2, Nd:YAG and Yb-fibre lasers. Each laser source has a different
wavelength and pulse duration that range from milliseconds ms to ns. On the other hand,
ultrafast lasers operate in the range of fs–ps. When it comes to ultrafast laser-based AM,
there are several other laser-related parameters that come into the picture such as laser
wavelength, pulse duration, pulse energy, repetition rate, spectral bandwidth, average
power, beam quality, beam diameter and power stability. Some laser parameters are
more critical than the others, for they may greatly affect the finish and quality of the part
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produced. Some of these critical parameters are average power, pulse energy density, beam
quality, spot size and pulse duration. The laser-related parameters and properties are
crucial in a CW laser-based SLM process. The laser power source is the main element that
provides sufficient energy to melt the powder particles. As discussed earlier, the laser
source can be operated at different energy levels, which is denoted by the laser power. If
the laser power is not sufficient, powders will not melt properly, and if the laser power
is very high, improper melting occurs. The laser spot diameter also plays a major role in
determining the energy transfer to melt the powder material [85]. Hatch spacing is the
amount of overlap that is present between the adjacent tracks for the layer to improve
the bonding [86]. Larger hatch spacing provides insufficient boding between adjacent
layers [87]. In any SLM process, the laser moves with a particular velocity in a certain
pattern, called a hatch pattern or a scan pattern, that helps to fill in the contours of the
particular layer with laser-melted tracks [88]. A summary of the operational parameters
specific to different lasers is presented in Table 3.

Figure 1. Summary of CW-based SLM process parameters [41].

Table 3. Types of lasers and related parameters used in AM processes [77].

Laser Type CO2 Laser Yb-Fibre Laser Nd:YAG Laser Excimer Laser

Type of laser Pulsed and CW Pulsed and CW Pulsed and CW Pulsed

AM process
SLA, SLM, SLS

and LENS
SLS, SLM and

LENS
SLS, SLM and

LENS SLA

Wavelength 9.4 and 10.6 μm 1.07 μm 1.06 μm 193, 248 and 308 nm

Output
power (CW)

Up to 20 kW Up to 10 kW Up to 16 kW 300 W (average)

Pulse
duration

100–10 s ns 10 s ns to 10 s ms Few ns to 10 s ms 10 s ns

Efficiency 5–20% 10–30% 10–20% 1–4%

Beam quality
(mm.mrad)

3–5 0–4 0.4–20 0.5–2
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Apart from the laser-related properties, powder-related properties are also equally
important in determining the quality of the part. The particle size and shape should be
within a specific range so that the part quality and surface finish can be assured [89]. The
various process response characteristics of laser-based sintered parts are part resolution,
surface finish, mechanical properties, microstructure, density and residual stresses, which
are important for determining the quality of a 3D printed part [41]. Generated defects, such
as cracks, swelling, residual stresses, substrate warping and melt ball formation, reduce
the quality of the 3D printed part and should be investigated once the part has been 3D
printed [33].

3. Femtosecond Lasers and Laser–Material Interaction

3.1. A Brief History of Ultrafast Laser Development

It is widely accepted that Theodore Maiman demonstrated the first short pulsed
laser (i.e., ruby lasers) in the 1960s [64]. In the 1960s and 1970s, revolutionary mode
locking research on organic dye lasers and solid-state lasers was published, encompassing
both experimental [90,91] and theoretical investigations [92]. With the introduction of
fibre amplifiers and fibre lasers in the 1980s, ultrafast fibre lasers became a new class of
technology for ultrafast laser sources [93]. Further, Strickland and Mourou developed
chirped pulse amplification (CPA) in 1985 that allowed researchers to make ultrashort,
ultrahigh intensity laser pulses [66]. During the 1990s, D.E Spence developed a self-mode
locked Ti:sapphire laser to produce pulses with pulse durations up to 60 fs, which was
a turning point in ultrafast laser development [17,94]. With significant advancements
during the 1990s, pulse durations as low as 6.5 fs were achieved [95]. Today’s commercial
fs fibre lasers can easily deliver pulses of durations less than 100 fs, repetition rates in
MHz, and average power in the kW regime. Previously, ultrashort pulse lasers with pulse
energy in nanojoules and operating in MHz were mostly reported for communication and
information transmission. AM, on the other hand, requires tunable but high pulse energies
to process materials [65]. The potential to produce ultrashort pulses with lower HAZs and
high peak powers makes fs lasers desirable in industrial applications.

3.2. Mechanisms of Ultrafast Laser–Matter Interaction

Ultrafast lasers are distinguished mainly by three factors: extremely short pulse dura-
tion, high intensity and a broad spectral bandwidth [96,97]. In laser–materials interactions,
fs lasers allow for rapid energy delivery into the material (in ps) that is significantly faster
than plasma expansion time (from ns to μs), causing the local temperature to rapidly rise
to temperatures as high as 6000 ◦C [44]. These factors enable the use of ultrafast lasers in
high-quality manufacturing processes with minimal heat dissipation in the surrounding
environment. This is a huge advantage compared to nanosecond lasers in which the melted
material at the laser focus has time to heat up and diffuse heat into the surroundings, gener-
ating large craters with off stoichiometric compositions. Furthermore, during long-pulsed
laser processing, micro droplets are generated as a result of the ejected vaporised material,
leaving the remaining material to resolidify, which leads to poor processing and generates
HAZs, microcracks, dross and recast [64]. For pulse durations in the range of nanoseconds,
the absorption of the laser pulse is governed by the linear optical absorption depth of
the laser, which causes energy dissipation by heat conduction into the substance [45]. In
general, for CW and long-pulsed lasers, the processing would include melting of material,
reflow and solidification [64]. Figure 2 shows the comparison of CW, ns and fs-pulsed lasers
(i.e., high and low power, respectively) and their material absorption characteristics [57].

When ultrashort pulsed lasers with high laser fluence are applied, ablation of heated
matter occurs in a few tens of ps after absorption [47]. In the case of metals interacting with
ultrashort lasers, the electron gas absorbs the laser and heats up in less than a hundred fs,
whereas the lattice heats up with a delay of 1–100 ps [98,99]. Additionally, HAZ can be
less than 5 μm, and for plastic materials, it can be up to 30–50 μm [47]. On the other hand,
the penetration depth per pulse for ultrashort pulses is typically between 20 and 100 nm
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for metals, polymers, and semiconductors but up to 500 nm for glass and transparent
materials. Therefore, as the pulse duration decreases, the ablation rate increases, which is
also dependent on the laser wavelength, i.e., the absorption spectrum of the material [45,47].
For example, Table 4 shows the maximum ablation rate at 400 fs of pulse duration and 1035
nm wavelength of laser. Generally, with the decrease in pulse duration, the energy and
ablation depth increases, while thermal diffusion length become shorter (Figure 3) [47].
Such trends can be advantageous for precise material processing [45].

Figure 2. Comparison of CW, ns and fs laser material absorption processes [57].

Table 4. Different maximum ablation rates for various material processes [96].

Material
Optimum Avgerage Fluence
at 400 fs and 1035 nm (J/cm2)

Maximum Ablation Rate at 400 fs
and 1035 nm (mm3/W min)

Steel 0.35 0.22

Nitinol 0.6 0.21

Aluminium 1 0.3

Copper 1.7 0.16

Si 1.3 0.16

SiC 0.7 0.13

PET 0.7 8

Fused silica 3 0.4

Sapphire 4 0.3

The data in Table 4 are included in [44] as a basis for estimating ablation rates, which
may be useful for micromachining, structuring and other industrial applications. However,
in the case of SLS, ablation of the material may be unfavourable for additive manufacturing,
because it requires melting or partial fusing of particles to print layer by layer. Therefore,
by appropriately tuning the fs laser parameters and utilising the most important charac-
teristics of fs laser sintering (i.e., generating reduced HAZs and lower heat dissipation),
it was possible to print different materials such as copper [52,53], iron [100], silver [55,56],
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tungsten [7,44,101] and aluminium [38,60]. Additive manufacturing of parts utilising fs
lasers is complex and comprises various factors/parameters as shown in Table 5.

Figure 3. Energy penetration (red) and volume heated via heat conduction (yellow) or different pulse
durations [47].

Table 5. Various factors that influence fs laser material processing [44].

Various Factors Description

Pulse energy Depends on the average output power and pulse repetition rate

Pulse width Called pulse duration also and, in general, varies a few hundred
femtoseconds in the case of fs laser material processing

Average power Total average output power utilised in material processing

Pulse repetition rate Number of pulses per second, in general, between kHz and a few
MHz will be utilised during material processing

Peak power Maximum peak power attained by a single pulse

Focus spot area/volume The laser spot area or volume is the exposed area/volume, which
is important to consider during precise processing

Hatch spacing The spacing between each line exposed during area-wise
material processing

Scanning velocity
The scan velocity is the speed of the laser travelling during

processing; it is the most critical parameter to control because the
exposure time depends on this parameter

Operation mode The environment during processing

Wavelength The laser operating wavelength

Powder particle size The powder size is important to consider, depending on
the application

Shape of the powder particle In general, for SLS/M spherical powder particles are considered

Powder morphology The uniformity of powder size distribution

Pulsed lasers produce discrete pulses of laser energy at a specified repetition rate. In
Table 5, pulse energy is defined as the energy per each pulse, which is proportional to
the average power and inversely proportional to the repetition rate of the laser. The full
width at half maximum (FWHM) in the laser’s optical power vs. time plot is defined as
the laser pulse duration, or pulse width. The average power of a pulsed laser is calculated
as the energy of the pulse divided by the pulse duration. The number of pulses released
per second is defined as the pulse repetition rate. Higher repetition rates result in less
thermal relaxation time at the surfaces, which leads to more rapid material heating. The
maximum laser power that a single pulse attains is known as laser peak power. The laser
spot at the focal plane of a focusing lens is described by the spot size of a focused laser
beam [102]. In general, the goal of many applications, such as materials processing, is
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having a minimum spot size. In materials processing, different materials will have different
wavelength-dependent absorption characteristics, resulting in distinct interactions with
the substance. The operation mode relates to the laser processing environment; in many
situations, argon or nitrogen gas purging has been used to avoid oxidation issues [89,103].
It is also necessary to consider and monitor the powder quality and size distribution before
processing. The powder quality depends upon the size and shape of the powder. The
powder size distribution is crucial in facilitating the sintering of powder particles and, as
such, the powder particles should be of uniform shape, because dissimilar-shaped powder
particles will lead to poor melting and will affect the quality of the fabricated part [104,105].
Both powder size and laser spot diameters determine the precision of 3D printed parts
generated by fs laser-based 3D printing [77].

As for metallurgical aspects, melting in general refers to particle–particle fusion during
fs laser melting or sintering. Phase change refers to change in phase during sintering process.
This is dependent on the uniform cooling that happens in the process and on the material’s
thermo-physical properties. Cracking and residual stresses, in general referred to as defects
generated in the printed parts, need to be analysed once the part is fabricated. Thermal
diffusion depends on the material property, i.e., thermal conductivity. For example, due
to the fact of its high thermal conductivity, when copper interacts with the laser, a large
amount of heat is dissipated into the surroundings.

A simplified illustration of the temporal evolution of the fs-laser-based AM process
was developed by Shaung et al. [44]. As shown in Figure 4, fs laser ablation causes
ionisation of materials and the development of new grains and microstructures during
cooling and solidification, which occur on a ps–μs time scale. When the pulse duration is
at the lowest pulse duration (i.e., at the start and less than ps), the laser–matter interaction
is mainly dominated by ionisation of materials, ablation and plasma formation. When the
pulse duration is, in general, between fs and ns, the local temperature may exceed 10,000 K.
Similarly, as the pulse duration increases, there will be thermal energy dominance. Finally,
correlation between the pulse number and temperature shows that it is possible to reach
higher temperatures with higher pulse repetition rates.

Figure 4. Temporal evolution of an fs-laser-based AM process [44]. The inset shows the correlation
between pulse number and temperature for different repetition rates.

3.3. Modelling and Numerical Analysis of Laser-Based AM

To better understand the principal physical interactions and the governing mecha-
nisms of a manufacturing process, it is essential to develop numerical-based models that
capture the underlying physical phenomena of the process. Such models, for instance, can
provide details about the temporal and spatial distribution of the temperature, deformation
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and stress fields resulting from the material–tool (e.g., laser or cutting tool) interaction
during the manufacturing process. These fields are difficult and often impossible to obtain
experimentally; however, they allow for realising a better understanding of the processes’
underlying physical interactions and their effects on the quality of the manufactured part.
The latter is needed to optimise the manufacturing process (e.g., increase its sustainability,
throughput or reduce its cost) and improve the quality of the manufactured parts (e.g.,
enhance their surface finish and mechanical properties).

Developing an accurate physically informed numerical model of a manufacturing
process requires identifying and including the physical laws and equations that describe the
evolution, interaction and equilibrium of the physical parameters pertaining to the physical
phenomena associated with the manufacturing process. Applying this to laser-based
material processing techniques proved challenging as they are intrinsically multi-physical
problems and involve complex coupled governing equations. Thus, different strategies
for modelling laser-based material processing were developed. The different strategies,
which are overviewed in the following, included different assumptions and used different
numerical schemes (e.g., finite element and molecular dynamics). Most importantly, each
approach was designed to investigate a certain aspect of laser-based material processing.

The mostly used strategy to model laser-based processing of materials simplifies the
modelling process by modelling the laser–material interaction as an intense heat source.
Subsequently, the response of the material to the intense heat source is modelled using
thermo-mechanical equilibrium and constitutive equations that compute the temperature
and deformation fields in the vicinity of the heat source. Later, temperature and defor-
mation fields are used to determine the processed material microstructure (e.g., grain
size and dislocation density). This approach, which was mostly used to model CW laser-
based processing, was applied successfully to model laser welding [106], DED [107] and
SLM [108].

The aforementioned thermo-mechanical approach was extended to model fs laser
processing of metals. The extension involved emphasising more on the heat and mass
transfer and applying the analysis at two length scales: one at the microscale and another
at the nanoscale. Modelling heat transfer and temperature distributions at small scales
(i.e., nano and micro) is of great importance, as the fabrication process is highly dependent
on phenomena occurring at those small scales. However, at the microscale level and
below, additional challenges arise. Using fundamental and phenomenological laws, such
as Fourier’s law of heat conduction, become highly challenging as the heat transfer time
characteristics vary for various heat carriers, which may align with the energy excitation
time [109]. In addition, modelling heat transfer at the microscale is computationally
challenging, as it requires considering micro time steps, which increases the computational
costs. Even with the aforementioned challenges, many preliminary modelling-based
studies have been conducted over the past two decades to analyse the capability of fs
lasers to precisely cut materials. These showed that fs lasers can be used to precisely cut
materials [110,111] and produce “precise cuts” with minimal damage [112]. In addition,
models showed that the HAZ and the rate of heat can be precisely controlled in fs laser
processing in comparison with the processing of materials using long-pulsed lasers [113].

Developing more capable thermo-mechanical models that better describe the interac-
tion of fs lasers with the processed material necessitated representing the fs-laser induced
energy and heat transfer process more accurately. During fs laser processing of materials,
three different types of heat transfer regimes exist [114] and should be accounted for in
the models. In the primary stage, the energy from the laser is absorbed by the electrons
of the processed material. At this stage, the excited electrons are in a state of thermal
non-equilibrium. In the second stage, the electrons gradually attain a state of thermal
equilibrium, and fermi distribution can be used to represent the density of the existing
states. But the lattice and electrons will be at two different states of temperature regimes.
During the second stage, heat transfer mainly occurs due to the diffusion of hot electrons.
In the third and final stage, the lattice and electrons reach a state of thermal equilibrium.
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In this stage, the energy is carried into the bulk through a normal thermal diffusion pro-
cess [115]. In general, when an fs laser interacts with any metal, the electron subsystem
absorbs the laser pulse energy, which increases the electrons’ temperature to very high
temperatures in the range of thousands of degrees kelvin. However, during irradiation, the
lattice temperature lags behind that of the electrons, and the lag remains for the next few
ps. Eventually, the laser energy transferred to the electron subsystem is carried to the lattice
subsystem. Models that account for the aforementioned three stages have been developed
and used to describe fs laser–material interaction during the processing of copper [116].

Specialised models were also developed to investigate specific physical mechanisms
pertaining to laser–material interaction. For instance, to better understand and predict
fs–laser–induced ablation during fs-laser-based processing of materials, numerical and
theoretical models were developed. These included molecular dynamics [117,118] and
hydrodynamics models [119,120] (continuous thermodynamics model). Predicted ablation
depth, using a hydrodynamics model, for copper and aluminium subjected to an fs laser is
shown in Figure 5. This figure shows a relatively good correlation between the experimental
and numerical results, underscoring the importance of numerical models. The molecular
dynamics models include the kinematic equations of each atom present in the ablation
entity. Whereas the hydrodynamics model uses a set of equations in a Lagrangian form
that represent hydrodynamics along with the multiphase equation of the state. Though
these models are able to represent the underlying physics of the process, they are complex
and consume large amounts of computational time.

Figure 5. Experimental and numerical results of ablation depth as a function of laser fluence using
a hydrodynamics model for (a) copper and (b) aluminium with a 170 fs laser pulse (Adapted from
reference [119]).

To study the complex process of ablation and to predict the non-equilibrium tempera-
ture distribution between the lattice and electrons regime, while avoiding the computational
complexities of hydrodynamics and molecular dynamics models, a two-temperature numer-
ical model was developed by Anisimov et al. [121]. Due to the fact of their computational
efficiency, two-temperature models (TTMs) are widely used to model fs laser processing of
metals [99,122]. The two-temperature model was developed from the Boltzmann equation
and is composed of the following coupled PDEs (partial differential equations) [123]:

Ce(Te)
∂Te

∂t
= Ke∇2Te − G(Te − Tl) + Q(r, t) (1)

Cl
∂Tl
∂t

= Kl∇2Tl + G(Te − Tl) (2)
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where Ce is the electron heat capacity, Cl is the lattice heat capacity, Kl is the lattice thermal
conductivity, Ke is the electron thermal conductivity, Q(r, t) is the laser energy density
absorbed per unit time, and G is the electron–phonon coupling constant. In these equations,
the temperature-dependent variables are G, Ke, and Ce. Equations (1) and (2) represent
the mechanics of heat transfer in the electron and lattice reservoirs, respectively, and
they are composed of the diffusion equations for both reservoirs and the coupling term
that represents the temperature difference between the two (i.e., electrons and lattices).
Accordingly, these are the energy balance equations that represent the absorption of the
laser pulse by the metal. The basic TTM, represented by Equations (1) and (2), has been
subjected to various modifications and adaptations, to increase its accuracy or investigate a
particular physical interaction.

TTM was adapted to account for additional physical properties. For instance, Ahmed
et al. [124] developed a numerical model to simulate fs laser ablation of copper. In this
effort, a TTM model that accounts for the thermophysical and dynamic optical properties
was used. The important process parameters considered in their work included pulse
number, laser fluence and the time interval between pulses. The laser pulse chosen was
Gaussian with the FWHM mode having a wavelength of 800 nm. In addition, electron
temperature and lattice heat capacity were considered in calculating the dynamic thermal
properties. For both single- and multi-pulse laser irradiation with varying process settings,
numerical simulations were carried out. It was concluded that during ablation of copper,
while keeping the fluence constant, the ablation depth increases with the increase in the
number of pulses.

Attempts were made to implement TTMs in commercial modelling packages that could
enable a wide range of users to model laser–material interactions. For instance, Lee et al.
implemented a TTM in the finite-element-based commercial software ABAQUS [125,126].
Temperature predictions obtained by the implemented model were validated using ana-
lytical results of the linear two-temperature model. The low and high fluences were also
validated using nonlinear simulations and data values taken from literature [123]. The
overall research concluded that a pulse repetition rate in the range of 0.1–1 GHz aids in
maximising ablation and reducing melt pool generation. The latter two conditions enabled
a more precise metal cutting process [125,126]. Limitations and potential improvements to
TTMs attracted the interest of the research community. For instance, Jian et al. analysed
an existing TTM and found that it was limited only by low fluence, which is used for the
estimation of important parameters such as electron heat capacity and reflectivity [127]. To
improve the prediction of the existing TTM, some parameters, such as electron relaxation
time, absorption coefficient, electron heat capacity, reflectivity and electron conductivity,
were introduced. The modified model was used to predict the initiation of melting in
gold metal and to study the effect of pulse duration on predicting the fluence threshold
for initiation of damage [127]. Davydov et al. also attempted to improve the accuracy of
TTMs using a semi-empirical equation for the state [128]. However, this approach was less
efficient than Jian et al.’s model [127]. A TTM was also modified and used to investigate
the effect of the angle of incidence. For studying the temperature and ablation depth
during the ablation of copper at an oblique angle of incidence using an fs laser, a numerical
simulation was developed by Dasallas et al. [129]. The used model was an improved model
of the TTM. Improvements included accounting for laser spot size, laser fluence and the
dynamic changes in the reflectivity of the target. Simulation results showed that threshold
energy of ablation was highly dependent on the angle of polarisation and the polarisation
of incident light. However, the model did not predict the topography of the crater ablation
in detail. TTM-based simulations were found to be useful in studying rapid melting and
solidification using laser-based processing. Kuo et al. used a TTM to study the melting
and solidification of materials using ultrafast lasers and found that if pure conduction is
considered, after turning off the laser pulse, melted layers near the heating surface will
solidify [130]. Fischer et al. [131] and Konrad et al. [132] conducted similar investigations
but for SLM of metal powders using ultrashort pulses. A one-dimensional TTM that
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considers the thermophysical properties and temperature-dependent material properties
was developed by Cheng et al. to study and simulate fs-laser-induced melting of copper
nanoparticles [133]. This model included the extended Drude model with dynamic optical
properties. The model was successfully validated using experimental results [52]. Cheng
et al. [133] also experimented with fs laser processing of silver nanoparticles and simulated
the sintering process using TTM. Jia et al. developed another one-dimensional TTM and
used it to investigate the dependence of ablation depth in gold, copper and aluminium on
various process parameter settings [134]. In this model, the spatial temperature distribution
of the lattice was used to determine the ablation depth. Both TTM- and molecular dynamics
(MD)-based models have been used to model laser–material interaction for ultrafast and
ultrashort pulsed lasers. However, each approach has its advantages and limitations [135].
For instance, MD better represents the underlying physical interactions, while TTM is less
complex and computationally demanding, and it is more compatible with widely used
modelling software. In order to overcome the individual limitations of each method, hybrid
models that better represent the underlying physics of laser–material interactions were
developed. Hybrid models comprising the advantages of both TTM and MD were used to
study laser–material interactions for processes utilising ultrashort lasers [136,137].

4. Femtosecond Laser-Based Additive Manufacturing—Powder Bed Fusion

As mentioned previously, the use of ultrashort pulsed lasers in AM results in lower
thermal damages to the surrounding environment due to the high peak intensities and
short pulse duration. Those result in rapid transfer of energy into the material, causing
ionisation that is much quicker than plasma expansion (in the range of ns) [44]. Fs lasers in
AM have been employed mainly in two processes, namely, PBF and DW technology. The
DW technology is explained in detail in Section 5, and Figure 6 shows the overall schematic
of an fs laser source integrated with PBF, i.e., (SLS/M).

Figure 6. Schematic of the fs-laser-based selective laser sintering–powder bed fusion process.

The main heating or melting source element during fs laser processing is the fs
laser source that is usually operated by the inbuilt laser software. Through this software,
laser parameters, such as pulse duration, pulse repetition rate and beam profile, can
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easily be controlled. When laser parameters are set and the laser beam is allowed to pass
through a series of optical elements, the beam is directed towards the scanner system. The
required average output power is usually regulated by the beam polariser. The scanner
software is utilised to set the scanning speed, hatch spacing, part geometry and the other
aspects of the 2D drawing. The laser light is then focused through the scanner onto the
powder bed system. The powder system consists of a spreader, powder bed, powder
storage and powder collector. Before the laser light falls on the powder bed, the recoater
mechanism spreads the powder on the powder bed with a set layer thickness. Then
printing is conducted layer by layer. The PBF system could be enclosed in a chamber with
an inert gas environment to eliminate oxidation issues. By employing further optimised
parameters in fs laser AM, successful manufacturing of more precise functional parts for
diverse applications, such as in the microelectronics, aerospace, automotive and biomedical
industries, have already been demonstrated [130].

5. Femtosecond Laser Additive Manufactured Powder Materials, Print Qualities
and Characterisation

As discussed earlier, laser-based AM has shown great potential in the last few decades
for fabricating complex 3D geometries with diverse functional materials and with relative
ease. Continuous wave laser-based 3D printing has been the industry standard in the
field of laser additive manufacturing. However, and despite the significant advantages
associated with the use of CW lasers, there still remain challenges related to heat affected
zones and the development of cracks that tend to result in defective parts with poor quality.
Many research and development efforts focus on optimising the CW laser processing
parameters and conditions to address these issues. More recently, the use of ultrafast
femtosecond lasers (pulse duration = 10−15 s) in SLS/SLM (PBF techniques) [54,138] and
DW technology [52,53,139,140] is being considered. The use of short laser pulses reduces
the developed thermal gradients and would, consequently, reduce the heat affected zones
and limit thermal stress levels (associated with the development of cracks during printing).
In addition, the smaller spot size in femtosecond lasers allows for a greater precision in
the submicron range. Such accuracy and resolution are not typically offered by CW laser
systems, which have spot sizes in the mm range. Some of the most recent developments
in fs-based AM are discussed below. As different materials bring along different sets of
challenges and requirements, this review is presented in sections based on the considered
base metal for fabrication. Combined, the sections below provide a comprehensive review
of relevant works on fs laser-based AM.

5.1. Femtosecond Laser Sintering of Copper

Copper and copper alloys are widely utilised in industry because of their remarkable
properties such as thermal, electrical and corrosion resistance [141]. The utilisation of
this metal in AM has diverse applications in various sectors including electronics [142],
aerospace [143], automotive [141], heat exchangers [143] and MEMs [142]. Due to the
high thermal conductivity of copper (i.e., 400 W/m·K), this material has historically been
considered as one of the most difficult to print due to the large heat dissipation into the
substrate [143], which prevents a sufficient temperature rise to melt the powders during
printing. Additionally, sintering copper-based materials has been reported to be challenging
with CW laser sources due to the fact of its high reflectivity that reduces effective energy
deposition into the material [144]. Nevertheless, various attempts with certain levels of
success have been reported in the literature for AM of Cu-based materials. For example,
Pogson et al. [144] investigated the sintering of pure copper through PBF process utilising
CW and ns lasers but failed to produce high-density parts [144]. Sciammarella et. al. [145]
fabricated 12 cubic mm volume of C1100 copper onto a 4142-steel substrate utilising CW
laser at a 900 W laser power [145]. NASA has also reported the successful fabrication of
the first full-scale copper rocket part utilising AM methods and copper-based alloys [143].
NASA further fabricated combustion chamber liners, integral channels and closeouts with a
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high conductive and high-strength copper-alloy i.e., GRCop-42 (copper–chrome–niobium)
utilising the PBF (SLM) process [143,146]. Cu–Cr–Zr–Ti alloy powders were also used in
the SLM process to produce parts that have applications in the combustion chamber liner
of a rocket engine and as heat sinks of the components of the first wall and diverter of
the international thermonuclear experimental reactor (ITER) [147]. In addition, Colopi
et al. [148] utilised a 1 kW CW laser to fabricate a heat exchanger consisting of complex
geometries and fine critical features, where the use of high power was meant to overcome
the limitation of poor laser absorptivity [148].

In the current era of the fourth industrial revolution, and with the growing demand
for functionality and performance in MEMs devices, an increasing number of transistors
must be packed and interconnected on electronic boards, resulting in smaller chips and
interconnects [141,148]. To fabricate transistors and interconnects, traditional manufac-
turing techniques have been utilised. However, the fabrication of miniaturised features
using such traditional techniques is limited [142]. Currently available macroscale metal
AM techniques, such as PBF utilising CW lasers, are reported to produce a minimum
feature with sizes up to 100 μm, which is still too large. The minimum feature size of a
back-end-of-line (BEOL) wafer interconnect is in the range of 15–20 μm [149]. To address
this issue, nowadays, a new technique called microscale AM is being employed to fabricate
parts at the micro- and nanoscales. The DW process is a widely used AM technology for
such microfabrication of conductive micropatterns using Ag, Au and Cu metals [150,151].
Among these, Cu is considered to be the key material for low-cost printing [152]. Further,
the ultrafast lasers, such as ns and fs lasers, are preferred over CW lasers in micro-level fab-
rication because of the smaller spot sizes, lower HAZs, and less substrate damage [149,153].
Copper has been most widely in fs laser sintering due to the fact of its wide range of appli-
cations in MEMS [116], microsensors [53], complex cooling structures [138], among others.
Cheng et al. [52] demonstrated experimentally and theoretically the sintering of copper
nanoparticles (NPs) utilising a femtosecond laser. The fs laser sintering was carried out
on a copper-coated substrate with a pulse repetition rate of 80 MHz, pulse width of 100 fs
and a wavelength of 800 nm. Figure 7 shows SEM images of copper patterns generated
at two average powers of 195 and 210 mW, and a scanning speed of 0.1 mm/s [52]. The
experimental and theoretical results for copper nanoparticles sintered by fs laser reported
by Cheng et al. were found to be in good agreement demonstrating the great potential of
this technique in the field of micro- and nanoscale manufacturing.

N Roy et al. (2017) utilised microscale SLS techniques to investigate and compare the
processing capabilities of CW, ns, and fs lasers to achieve miniaturised features of 1 μm
sized interconnect transistors [142,149,150]. The oxidation issues were reported to be more
severe in CW laser sintered parts compared to the ns and fs laser sintered parts. The HAZs
were also minimal and there was lower substrate damage for the ns and fs lasers compared
to CW laser sintering [142]. Mizoshiri [53,152] utilised an fs-laser-based DW additive
manufacturing process to fabricate copper-based microsensors for temperature sensing.
This was achieved through reductive sintering of CuO. In this experiment, Cu2O-rich
sensing parts and Cu-rich electrodes were 3D printed. Though laser reductive sintered
metal oxide NPs were reported to have higher resistivity than laser sintered metal NPs,
their absorption of irradiated light was higher [152]. Figure 8 shows the Cu NPs spin-coated
substrate irradiated with a femtosecond laser to form Cu- and Cu2O-rich micropatterns.
The film was spun-coated at 7000 rpm on a substrate with a thickness of 1 mm with different
materials, i.e., CuO NPs at 60 wt%, ethylene glycol at approximately 27 wt% and PVP
solution at approximately 13 wt%, respectively. Later, the unsintered part was removed by
ethylene glycol and ethanol.
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Figure 7. SEM images of Cu line patterns at a constant speed of 0.1 mm/s and laser fluences of
(a) 12.8 mJ/cm2 at 195 mW; (c) 13.8 mJ/cm2 at 210 mW where (b,d) are magnified images of regions
(A) and (B) (Adapted from reference [52]).

 

Figure 8. (a) Spin-coated CuO NP film; femtosecond reductive sintering of (b) electrodes, (c) tem-
perature sensors and (d) non-irradiated parts on the substrate were removed; (e) fs laser reductive
sintered line width on PDMS vs. glass as a function of the scanning speed [53].

As for the laser processing parameters, a pulse repetition rate of 80 MHz, pulse
duration of 120 fs and a max pulse energy up to 0.62 nanojoules, operating at an 800 nm
wavelength, were used [53]. It is evident from Figure 8e, that in the case of both the glass
and the PDMS substrates, the width of the printed lines decreased with the increase in
the scanning speed. In addition, the authors noted that at a particular scanning speed,
the line width on the PDMS substrate was broader than on glass. This was due to the
higher thermal conductivity in the case of the PDMS substrate. Cu, Cu2O and CuO were
present in all of the sintered micropatterns. The micropatterns, characterised using XRD,
showed that the Cu peak was stronger at a 5 mm/s scanning speed compared to a 1 mm/s.
The ratio of Cu2O to CuO peak intensities in the XRD spectra of the sintered sample was
considered to evaluate Cu2O generation. According to the XRD spectra, the maximum
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Cu2O generation occurred at a scanning speed of 1 mm/s. Therefore, the Cu2O-rich sensing
part of the micro-temperature sensors has been demonstrated in this paper under these
conditions. Therefore, in the aforementioned work, Cu-rich and Cu2O-rich micropatterns
were selectively fabricated by optimising the laser parameters [53]. This work paves a
new way for better manufacturing techniques utilising fs laser reductive patterning for
the manufacturing of microdevices. Mizoshiri et al. [154] further investigated the effect of
various parameters, such as scanning speed and laser fluence, during fs laser reductive
sintering of NiO and CuO mixtures on heat accumulation during sintering. It was identified
that short pulsed laser irradiation at higher fluence reduces the metal oxide content in the
fabricated pattern. Further, n-type and p-type thermoelectric micropatterns were fabricated
using fs sintering, which may serve as metal electrodes in flexible displays.

Figure 9 depicts the surface morphologies of the micropatterns sintered at various
scanning speeds while keeping fluence constant at 0.059 J/cm2. At lower scanning speeds,
more pronounced ablation was observed. Furthermore, at scanning speeds of 5 mm/s,
instead of full melting, the powder particles were properly sintered. It was discovered that
even when the fluence was kept constant, the scanning speed could affect the content of
the Ni and Cu percentages in the sintered micropatterns. It was further mentioned that Cu
converts to CuO when temperatures rise above 673 K [154]. When compared to the single
exposed sintered sample, the double-exposed sintered sample contained more metal oxides.
The heat accumulation and thermal history (single or multiple times exposed) during
sintering are important in determining the composition and thermoelectric properties
of the sintered sample [155]. Similarly, by utilising near-infrared fs laser pulses, three-
dimensional copper-based microstructures were fabricated [156–158]. Mizoshiri et al. [158]
expanded their research and printed Cu-based micropatterns inside Cu2O nanosphere
films using a femtosecond laser. To minimise the thermal diffusion, the line width was
maintained to be the same as the diameter of the laser spot, i.e., 0.7 μm. Copper-based
microstructures were printed via thermochemical reduction of Cu2O by varying the focal
plane along the z-axis, and the laser spot was focused inside the Cu2O film (Figure 10).
Different micropatterns have been demonstrated by varying the focus spot in the z-direction
as shown in Figure 10. The laser peak intensity was set at 204 GW/cm2 and the scanning
speed was 0.01 mm/s [158]. Square micropatterns of a size 1.8 × 1.8 mm2 were fabricated
at a laser peak intensity of 163 GW/cm2 and a scanning speed of 100 m/s.

Mizoshiri et al. [152] carried out laser-reduced sintering patterning in an inert gas
(N2/Ar) environment and were able to produce lower copper oxide (CuO/Cu2O) gener-
ation in the fabricated sample. They used a pulse duration of 120 fs, a laser wavelength
of ~780 nm, a scanning speed from 5 to 10 mm/s, a pulse energy of 0.74 nJ and a pulse
repetition rate of 80 MHz [152]. Their investigations revealed that as the injection rate of
inert gases (N2 and Ar) increased, lower metal oxides were produced, but the fabricated
samples had lower surface densities. The XRD results show that the fabricated pattern was
greatly reduced (i.e., Cu rich) and the degree of reduction was maximised at a scanning
speed of 8 mm/s. Furthermore, the Cu generation in the composition of the fabricated pat-
tern increased with the rate of gas injection, while the degree of reduction was unaffected
by the type of gas (N2/Ar). However, as the gas injection rate increased (i.e., higher than
100 mL/min), the porosity in the patterns increased. Using fs laser reductive sintering, the
copper micropatterns could be fabricated with a much lower pulse energy of approximately
0.5 nJ and a lower average power of approximately 50 mW, but, in the case of CW and
nanosecond pulse lasers, a minimum of 0.2 W would be needed.
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Figure 9. SEM images of sintered CuO–NiO NP micropatterns at different scanning speeds: (a) 0.1;
(b) 0.5; (c) 1; (d) 3; (e) 5 mm/s [154].

 

Figure 10. (a) Schematic of microfabrication of Cu-based patterns within a Cu2O film. Microscopic
images of (b) sintered patterns and (c) after Cu2O nanosphere film removal (Adapted from refer-
ence [158]).

Although DW technology has been successful in producing Cu micropatterns using
the fs laser sintering technique, the process appears to be time-consuming, requiring the
preparation of film coated on substrate, sintering and, finally, removing the unsintered
area from the substrate. However, in the PBF process, using layer-by-layer sintering, 3D
structures can be produced that could have applications in cooling structures and heat
exchangers. Kaden et al. [54] demonstrated printing of copper by PBF process, i.e., printing
layer by layer utilising an fs laser with a 1030 nm wavelength and a focal spot of 35 μm [54].
The experiment was carried out in a nitrogen gas environment. Powder layer thickness
was maintained manually at approximately 30 micrometres using a squeegee. The results
were benchmarked and compared with different repetition rates utilising the energy per
unit length (line energy) given by:

Line Energy (El) =
Pavg

Vscan
=

Epulse × Frep

Vscan

where El is the energy per unit length, Pavg is the average power, Vscan is the scanning
speed, Epulse is the pulse energy and Frep is the repetition rate.

In general, with lower repetition rates, insufficient melting occurs, resulting in poor
fusion of the metal particles to the substrate. By increasing the pulse repetition rate to
20 MHz and maintaining the pulse energy to 1 μJ, proper bonding of the copper powder
to the substrate has been demonstrated [54]. Blasting and ablation effects were reported
when the pulse energy increased by more than 1.5 μJ. It was also found that the thermal
accumulation effect could be responsible for successful fusing of metal particles to the
substrate at higher repetition rates. The line energy also had an impact on the resulting
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print quality. Further, printing of thin-walled web-like structures at a scanning speed
of 666 mm/s and a pulse energy of 1 microjoule was reported. These thin walls were
reported to have an aspect ratio of approximately 15:1 and a thickness of less than 100
μm. Figures 11 and 12 show samples fabricated using fs sintering of copper particles with
ultrashort laser pulses. At higher line energies, the HAZ increased significantly which,
consequently, negatively impacted the local precision. As a result, the line energy was
reported to be kept below 100 J/m in their subsequent experiments [138].

 
(a) (b) 

Figure 11. (a) The samples fabricated with cuboids of a 2 × 2 mm2 size, and total height of 1.4 mm;
(b) SEM images of the sample (Adapted from reference [54]).

 
(a) (b) 

Figure 12. (a) Thin-walled circular samples; (b) SEM image of a single wall (Adapted from refer-
ence [54]).

5.2. Femtosecond Laser Sintering of Iron and Tungsten

Tungsten and its alloys have diverse applications in various fields such as lighting
engineering, aerospace, electronics, medical, nuclear and military [159,160]. This refrac-
tory material possesses exceptional intrinsic properties such as high tensile strength, high
hardness, high melting temperature, high density, high thermal conductivity, high re-
crystallisation temperature and low thermal expansion [159–161]. These properties make
tungsten ideal for high-temperature, high heat flux applications in radiation environ-
ments such as collimators, radiation shields in imaging systems (CT, SPECT, MRI and
X-ray) [162], plasma-facing components (PFCs) in future nuclear fusion devices, such
as the International Thermonuclear Experimental Reactor (ITER), and high-performance
rocket nozzles [159–161,163,164]. However, tungsten’s main disadvantage is its lack of
room-temperature ductility that restricts its machinability and limits its use as a structural
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material. The brittle-to-ductile (BDT) transition temperature of tungsten, which is typically
between 200 and 400 ◦C, limits its fabricability [162]. Because of this BDT transition temper-
ature, tungsten products are conventionally manufactured by chemical vapour deposition
(CVD), spark plasma sintering (SPS), powder metallurgy (PM) and hot isostatic pressing
(HIP). These techniques, however, have limitations when it comes to complex internal and
external structures [159]. SLM/S was used to overcome these limitations. Though it was
not an easy process in the early stages, since the AM of tungsten is hindered by almost
all of the difficult challenges in metal SLM/S processing such as high melting point, high
thermal conductivity, affinity for oxygen at high temperatures, high viscosity, and brittle
nature at room temperature, resulting in cracks and porous microstructures of fabricated
parts [161].

Despite the listed challenges with processing tungsten, successful examples are re-
ported in the literature. For example, Ghosh et al. [165] utilised a pulsed Nd:YAG laser with
a pulse duration of approximately 1000 ns to investigate SLS of tungsten carbide and cobalt
powder alloys. Porous samples were produced in this experiment. Dianzheng et al. [166]
utilised CW laser-based SLM to fabricate pure tungsten material parts with densities of
up to 96 percent; however, this was accompanied by some microcracks in the printed
components. Chaolin et al. (2018) utilised CW laser to fabricate pure tungsten samples by
SLS processes. The produced parts possessed dense microstructures without balling but a
few microcracks still existed [159]. Muller et al. (2019) carried out experiments to fabricate
pure tungsten powder parts utilising CW laser-based PBF with laser power up to 400 W
and by preheating the substrate up to 1000 ◦C. The produced parts had a relative density
of up to 98 percent, and cracks were minimised but not eliminated completely. The same
research team also fabricated honeycomb-like structures with tungsten–copper composite
materials, which were utilised as heat sink materials for PFCs with high heat loads [164].
Li et al. (2020) investigated various process parameters in CW laser-based SLS, such as
scanning speed, hatch spacing and laser power, and their effect on the surface microstruc-
ture, densification and morphology of fabricated tungsten samples. With the optimum
parameters of a scanning speed of 400 mm/s, hatch spacing of 0.08 mm and laser power of
300 W, the produced tungsten samples had densities of up to 98.31 percent [160]. As noted
from the aforementioned studies considering CW laser-based AM of tungsten, and despite
the reported success, shortcomings in terms of cracking still represent a challenge. The
studies utilising fs lasers aimed to improve the relative density, hardness and strength of
SLS/M-produced tungsten parts. The high peak power and the ultrashort pulse duration of
fs lasers make them an emerging technology in melting/sintering high-temperature metals
such as tungsten [7,44,58,101]. Due to the phenomena of fast cooling, localised heating,
lower HAZs and greater precision in the submicron range, these ultrafast lasers have many
advantages over CW and long-pulsed lasers. 3D printing of such high-temperature metals
would benefit industries, including the automotive, biomedical and aerospace, that require
high-temperature materials with outstanding mechanical qualities and accuracy [7].

In an early study, Ebert et al. (2012) initially investigated fs laser processing of tungsten
powder and was able to report sintered structures. In these experiments, the fs laser used
had an operating wavelength of 1030 nm and 180 fs pulse duration. The laser repetition
rate was tuned from 0.125 to 1 MHz, and the laser spot diameter was ~36 microns. The
layer thickness was reported to be maintained around 1 mm and was irradiated from 1 to
50 times. The experiments were carried out in vacuum at 0.05 Pa, with helium used as a
residual gas during the sintering process [101]. It was reported that when the line spacing
was at approximately 0.01 mm, the sintering of continuous surfaces was possible, and the
sintered structures were in the range of 1 to 10 μm. The SEM images of the sintered part
under different processing settings are shown in Figure 13a–d. These results demonstrate
some sintering phenomena utilising fs lasers but do not provide precise and optimum laser
parameters on the quality of the sintered structures.
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Figure 13. (a) SEM image of sintered samples, operated at max intensity = 6.74 × 1012 W/cm2,
energy per unit length = 0.7 J/m, scanning speed = 1250 m m/s, line spacing = 10 μm
and pulse repetition rate = 125 kHz, 10 scans; (b) SEM image of sintered samples, op-
erated at max intensity = 6.74 × 1012 W/cm2, energy per unit length = 0.23 J/m, scanning
speed = 3750 m m/s, line spacing = 10 μm and pulse repetition rate = 125 kHz, 10 scans; (c) op-
tical image of sintered grid-like structures, operated at max intensity = 1.77 × 1012 W/cm2, energy
per unit length = 3 J/m, scanning speed = 600 m m/s, line spacing = 10 μm, and pulse repetition
rate = 1 MHz, 6 scans; (d) SEM image of sintered grid-like structure sample (Adapted from refer-
ence [101]).

Furthermore, Huan Huang (2015) [7] carried out fs laser sintering/melting experi-
ments with tungsten and iron powders to produce 3D structures fused to the substrate.
To compare the mechanical properties and microstructure of fs-laser-fabricated samples,
similar 3D structures were fabricated using a CW laser source while maintaining the same
average power of 50 W, and the scanning speeds for both the CW and fs pulse lasers
operated at 80 MHz. The particle sizes of the iron and tungsten powders were in the range
of 1–5 μm. For analysing the properties of the printed structures, the 3D printed samples
were vertically cut as shown in Figure 14.

Figure 14. Iron rings fabricated by (a) an 80 MHz fs laser; (b) a CW laser (Adapted from reference [7]).

The penetration depth of the fs-laser-fabricated iron-powder sintered sample was
approximately 30 μm, while the penetration depth of the CW fabricated sample was 75 μm.
This difference was attributed to the smaller HAZ in the case of fs laser-based 3D printing.
Using the same 50 layer printing, the size of the sample fabricated using an fs laser was
0.8 mm tall, with a wall thickness of 300 μm, and the sample size fabricated using a
CW laser was 1.03 mm tall with a wall thickness of 380 μm. This paper demonstrated
how localised heating in an fs laser can result in the precision printing of 3D structures.
Furthermore, the microhardness of the fs-laser-fabricated iron sample was higher than
that of the CW-laser-fabricated sample, because the average grain size in the fs-laser-
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fabricated sample was smaller at all heights compared to the CW laser 3D printed samples.
This is due to the well-known fact that hardness increases as grain size decreases. The
grains in CW-laser-fabricated samples were reported to be slightly bigger due to the
lower cooling rates and greater HAZs [57]. The next challenging material, tungsten, was
fabricated in cube structures by the same research group [7]. With tungsten’s higher melting
temperature compared to iron, 1 MHz pulse repetitions at 45 W, a pulse duration of 400 fs,
a layer thickness of 15 μm and scanning at a speed of 25 mm/s yielded strongly fabricated
parts fused to the substrate (Figure 15). On the other hand, 80 MHz fs laser and CW
laser operating at higher power failed to completely melt and fuse tungsten powder to
the substrate.

Figure 15. (a,b) The fs laser 3D printed tungsten cube with fs laser viewed from different angles;
(c) polished top surface (Adapted from reference [7]).

The mechanical properties, such as average ultimate tensile strength (388.4 MPa),
were determined from three sample locations. However, because of the porosity and
potential oxidation during 3D printing, the microhardness values were reported to be
unsatisfactory. Further, three-dimensional structures utilizing tungsten material were
fabricated [44]. Different tungsten samples, including 100 μm thin walls, were 3D printed
using fs laser source as shown in Figure 16 [44].

Figure 16. (a) A gear a half-inch in diameter 3D printed by fs laser; (b) fs sintered tungsten feature;
(c) fs sintered tungsten with a small circular feature with a hole; (d) 3D printed thin wall of a
100 microns (Adapted from reference [44]).
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For comparison, 20 ps and 200 ps pulsed lasers as well as a 750 fs laser and a CW
laser system were employed in the 3D printing of tungsten [44] while keeping all other
parameters similar. Figure 17 shows the average grain area versus pulse duration for fs,
20 ps, 200 ps and CW laser sintered samples, where the left is for the top surface and the
right is for the cross-section. Comparing the microhardness in the case of pulsed lasers
at different durations with the CW laser showed that fs-laser-based AM had the highest
hardness as displayed in Table 6.

Figure 17. Average grain size area as a function of pulse width (Adapted from reference [44]).

Table 6. Hardness values for the tungsten sample processed with different lasers [44].

Hardness (HRC) Fs Sample CW Sample 20 ps Sample
200 ps

Sample
Tungsten
Sample

Cross-section 47.7 44.7 41.8 45.1 45.8

Top 45.4 44.9 44.1 42.4 44.9

The aforementioned work also revealed that the fs laser sintered samples had lower
cracks and defects compared to the other laser printed samples. Similarly, fs laser sintering
of iron powder coated on a glass substrate was demonstrated by Liu et al. (2016) [100].
Melting and fusing both (i.e., iron and glass) materials is challenging because of the glass’
brittleness and the different thermal expansion coefficients of iron and glass. In this study,
the fs laser was utilised to overcome this issue, because of its localised heating, high
temperature generated in a shorter time and quick cooling rate, The sintering parameters,
such as average power of 37 W, powder layer thickness of 40 μm and 20 μm line spacing
were used during the sintering process at various scanning speeds [100]. The reflectance
was measured for the fabricated samples at different values of the laser power and scanning
speeds. It was found that at lower scanning speeds, the reflectance was reduced, while
noting that glass was prone to breaking at lower scanning speeds. The reported findings
suggest that fs laser AM could be a new way to achieve an excellent blackening effect with
a reflectance of less than 1%, rendering it useful for applications in stray light reduction.

5.3. Femtosecond Laser Sintering of Silver

Nowadays, electronics has seen substantial improvements in the field of sensors,
printed electronic components and flexible electronics. These flexible sensors are rapidly
evolving, where they can be used in many applications [167]. In the medical sector, these
flexible electronics have a large impact, as they can be low-cost, tactile, low-weight and
non-pervasive wearable systems; in addition, they can be used as monitors to observe
patients’ health conditions on a regular basis. Hence, there is an existing special need to
manufacture such flexible devices using appropriate manufacturing technology. This can
be facilitated by using AM technologies, such as SLS, that can process metal NPs and also
in direct writing technology. Initially, the SLS process was used for NPs of noble metals
like silver and gold, but later it was also expanded to more cost-effective materials such
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as copper and nickel [151]. Silver material has been utilised by inkjet technology-based
AM process for fabrication of temperature sensors [168–170]. Hong et al. processed silver
particles via a laser sintering process to fabricate a large and flexible transparent conductor
based on microgrid structures that can be used in touch screen panels and optoelectronic
devices [171]. In 2011, using direct writing technology, Lee et al. fabricated conductive
metal films made out of silver nanoparticles. Femtosecond laser characteristics aid in the
fabrication of metal conductors with submicron-sized features and high conductivity. Due
to the fact of its reduced HAZ, femtosecond laser-based metal patterns on transparent and
flexible polymer substrates has garnered special attention owing to its several practical
applications in photonic devices and flexible electronics [41,56,167,172]. Fs laser has also
been utilised to fabricate SERS (surface enhanced Raman scattering) substrates [172]. SERS
is an analytical tool for detecting molecular fingerprints and integrating them into microflu-
idic platforms that allow for liquid sample analysis for biological and medical diagnosis.
Traditionally, lithographic techniques have been used to produce SERS substrates with
significant Raman enhancements. However, fabricating them, on the other hand, entails a
number of time-consuming steps. Furthermore, using lithographic techniques to achieve
ordered arrays of nanostructures of arbitrary size can be expensive [56], challenging [56],
hazardous and incompatible with sensitive substrates [172]. To address these issues, fs
lasers have been used to fabricate SERS substrates sintered with silver nanoparticles [56].
Based on the process parameter set and the layer thickness, sintering of nanoparticles may
lead to three different phenomena: surface necking, full melting of silver particles and
balling. Kurnoothala et al. [56] sintered silver nanoparticles on a silica-based microfluidic
channel via the surface necking phenomenon using an fs laser source to fabricate the SERS
substrate. The width of the fabricated lines at various laser powers and scanning speeds
were reported [56] and are shown in Figure 18. The utilised fs laser system operated at a
wavelength of 1030 nm, a 370 fs pulse duration and had a pulse repetition rate of 1 MHz.

Figure 18. (a) Track width as a function of varying scan speeds with a constant laser power of
100 mW; (b) track width as a function of varying laser powers with a constant scan speed of 0.5 mm/s
(Adapted from reference [56]).

Due to the ultrashort pulse durations in fs laser sintering, the thermal diffusion effect
is suppressed, and sintering of metal nanoparticles can be restricted to the laser focal spot.
This largely reduces the heat-affected zone and enables the fabrication of submicron-sized
metal patterns on flexible substrates [55]. Noh et. al. [173] utilised a Ti:sapphire laser
system operating at an 800 nm wavelength, a 50 fs pulse duration and a pulse repetition
rate of 1 kHz to fabricate silver NPs on a flexible substrate. The laser fluence and effective
pulse number were 10–120 mJ/cm2 and 1000–10,000, respectively. The scanning speed,
V, varied between 20 and 200 μm/s, and the beam size was 200 μm. The hatch space
between the scanning lines was set to 200 μm [173]. The reported SEM images of sintered
microstructures of the Ag NPs on the PET substrates after fs laser irradiation are shown
in Figure 19 [173]. Noha et. al. also compared the results obtained with a KrF excimer
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nanosecond laser operating at a 248 nm wavelength, a 25 ns pulse duration and a repetition
rate of 10 Hz. The experiments were carried out with a fluence = 10–40 mJ/cm2 and a pulse
number of 1–1000. The effective pulse number was varied by varying scanning speeds in
the 0.015–15 mm/s range at f = 10 Hz and d = 1.5 mm [41].

Figure 19. SEM images of fs Ag NPs sintered at various laser fluences (Adapted from reference [173]).

For the entire fluence range reported in [173], fs laser irradiation sintered the Ag
NPs without completely melting them, instead creating necks between the particles by
solid-state diffusion. As the fluence increased, the significant neck growth arose by grain
boundary and volume diffusion. At fluence = 20 mJ/cm2 and an effective pulse num-
ber = 1000, the Ag NPs were reported to form necks with an average neck diameter of 12 ±
2 nm. At fluence = 90 mJ/cm2 and an effective pulse number = 10,000, the average neck
diameter increased to 36 ± 3 nm. The increased neck formation was reported to reduce
the porosity by blocking open pores in the particle bed [173]. As depicted in Figure 20,
with the increasing fluence and EPN (effective pulse number), the fraction of the exposed
area rose to 40%. This study showed that EPN was less significant in film cracking than
laser fluence [173]. It also suggests that the formation of the interparticle necking after laser
sintering greatly decreases the electrical resistance. The resistance decreased as fluence and
EPN increased until the fluence = 40 mJ/cm2. At a fluence = 30 mJ/cm2 and an EPN = 1000,
the lowest resistance was reported as shown in Figure 20c. The mechanical properties of fs
laser sintered Ag particles were also examined in this paper for interfacial characteristics
between Ag NPs and the PET substrate. The cross-sectional SEM images are also presented
as shown in Figure 21 [173].

The aforementioned work reported that fs laser irradiation resulted in substantial
embedding of the Ag NPs into the PET layer, which led to an increase in the contact area
(Figure 21b) and would significantly improve the adhesion strength [173]. At fluence of
90 mJ/cm2, the embedded depth was found to be approximately half the particle size.
Additionally, the reported comparative results of the fs and ns laser-sintered samples
showed that due to the low substrate damage and fewer film cracks, fs-laser-generated
films were of higher electrical conductivity compared to the ones generated with an ns
laser [173]. The surface topography AFM analysis results showed that in the case of ns
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laser sintering, the average affected spot was 1.2 μm wide and 500 nm deep, whereas in
case of fs laser sintering, the average affected spot was 200 wide and 90 nm deep [173].

Figure 20. (a) Neck size; (b) fraction of the exposed area of the PET substrate after fs laser sintering;
(c) sheet resistances of the fs laser sintered Ag particles [173].

 

Figure 21. Cross-sectional SEM images (a) before fs laser sintering and (b) after fs laser sintering
(F = 30 mJ/cm2, effective pulse number = 1000) (Adapted from reference [173]).

Noh et al. further investigated the correlation between different process parameters
and the conductivity, microstructure and adhesion strength of the sintered films [172].
Melting, interparticle necking, balling and film cracking were analysed by varying the
EPN, fluence and layer thickness. It was found that both adhesion strength and electrical
conductivity increased by increasing the fluence up to the maxim when melting of particles
began [174]. By varying the spin-coated layer’s thickness from 350, 200 and to 100 nm,
different conclusions were drawn from this study. For the 350 nm layer thickness, short
thermal penetration helped in the fabrication of thin-film samples. In the case of the 200 nm
layer thickness, the highest thermal conductivity was reported when melting just began in
NPs. Whereas with the 100 nm layer thickness, complete melting of particles deteriorated
the conductivity due to the capillary instability of the molten film and, therefore, the
highest conductivity was reported just before melting started as shown in Figure 22b,c [172].
Moreover, fine patterns of a few hundred nanometre line widths utilising ultrashort lasers

108



Quantum Beam Sci. 2022, 6, 5

were fabricated in other sequel studies [175]. Microstructure formation by varying the
sintering parameters of Ag NPs utilising ultrashort pulses was presented and revealed that
the fs laser sintering process was similar to typical thermal sintering processes.

Figure 22. (a) Microstructures of fs sintered Ag particles during surface necking and melting stages.
Variations in the resistivity of sintered Ag films as a function of fluence; (b) Np = 1000; (c) Np = 10,000
(Adapted from reference [172]).

5.4. Femtosecond Laser Sintering of Aluminium Alloy

Aluminium is one of the lightest materials that is used for many burgeoning applica-
tions such as in automotive parts, electricity lines, defence and aerospace, and food and
beverages containers. Conventional manufacturing processes are capable of processing
pure aluminium while processing them using SLM is quite difficult. This is because of
challenges such as high reflectivity of the laser beam, oxidation and flowability. In ad-
dition, pure aluminium has high thermal conductivity compared to its alloys, making it
more challenging to fabricate in the SLM process. Additive manufacturing of Al and its
alloys has various applications in the automotive and aerospace fields, where fabricating
light-weight structures with complex geometries is challenging using other traditional
methods [59]. SLM processing of Al and its alloys has been found to be beneficial for
hard-to-machine materials. To make Al fabrication possible through PBF process, additives
were included [80,176]. Using one of aluminium’s common alloys, AlSi10Mg, parts were
fabricated using SLM process. This alloy has a very good hardness and strength and, hence,
it is suitable for parts containing thin walls subjected to high loads, especially in aerospace
applications [177]. AM-made Al parts are actively used in consumer products [178]. Var-
ious Al alloys were processed using the SLM technique including Al6061 and AA2024,
among others [179]. These alloys possess good fatigue resistance as well as resistance to
stress, corrosion and cracking. In 2010, AlSi12 alloy was processed using the SLM tech-
nique to achieve a denser part, but there were oxidation issues [180]. Micromechanical
models were developed to quantitatively link aluminium material fracture properties, to
microstructure features at multiple lengths scales, and manufacturing conditions [181]. An
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attempt was made by adding Cu to the Al powders to reduce oxidation, and the control was
better when compared to conventional processes [179]. Al–Li alloys are reported to have
great potential in light-weight construction, as the lithium content in the alloy significantly
increases the stiffness at a lower mass, and the elastic modulus rises dramatically as the
lithium concentration increases [59]. However, in traditional casting processes, a maximum
Li fraction, up to 2 wt.%, has been reported due to the precipitation of the brittle δ-Al–Li [8].
Recently, it was reported that an ultrashort pulsed laser with a 500 fs pulse duration was
used to 3D print the binary element Al–Li with Li content up to 4 wt.% [60]. The high
content of Li generated during fs laser 3D printing of Al–Li alloys could be attributed to
the high cooling rate within the melt pool during fs laser sintering, which has much shorter
laser–matter interaction times. This also, in turn, supresses excessive Li evaporation during
sintering. As the Li content increases in the Al–Li alloy, a significant increase in elasticity
was found as depicted in Figure 23.

Figure 23. Lithium content versus density and Young’s modulus in Al–Li alloys [60].

Furthermore, Al 3D parts were printed with an fs laser operating at a 20 MHz repetition
rate and a pulse energy of 1.5 μJ at four different scanning speeds (Figure 24). The layer
thickness during fabrication was reported to be 40 μm, and the hatching spacing was 30 μm.
Complex gear wheels were fabricated by the same research group to prove the feasibility
of the fs laser sintering process as shown in Figure 25.

Further, Ullsperger (2017) [38] utilised an fs laser operating at a 1030 nm wavelength,
a pulse duration of 500 fs, an average power of 30 W at a pulse repetition ratio of 20 MHz to
3D print AlSi4O alloys. Higher concentrations of Si in AlSi4O served to primarily reinforce
the material and to reduce thermal expansion during sintering. Previously, a CW laser
was used in additive manufacturing of AlSi4O. However, when the CW laser additively
manufactures hypereutectic alloys, such as AlSi4O, low cooling rates cause decomposition
due to the low Si solubility in Al and poor precision due to the larger melting zone. To
achieve minimal structural sizes, single tracks fabricated by CW laser were reported to be up
to 150 μm [182]. To address these challenges, researchers utilised ultrafast laser sources of
picosecond and femtosecond pulse durations to fabricate these alloys with reduced HAZs.
The 3D printing process was carried out in a nitrogen gas environment to avoid oxidation
issues, such that the oxygen concentration in the chamber was below 0.5 percent. The
powder bed fusion technique has been utilised, and the powder layer-by-layer spreading
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was conducted manually with a rubber blade with the layer height maintained between
25 and 50 μm. In the sub-picosecond regime, the single pulse ablation threshold for Al–Si
alloy operating at a 1030 nm wavelength was reported to be 0.12 J/cm2 [38]. Ullsperger
et al. found that for a layer thickness of 30 μm and at fluence greater than 0.13 J/cm2,
the powder layer was blasted from the substrate, indicating possible limitations due to
the effect of higher pulse energies. By increasing the pulse repetition rate, the blasting
effect was slightly reduced, and sintering and melting were found to start with a laser
fluence below 0.13 J/cm2. The experiments were carried out at a 20 MHz pulse repetition
rate, initially single tracks were fabricated with a laser power ranging from 3 to 30 W,
corresponding to the energy per unit length of 50–1000 J/m [38] as shown in Figure 26.

 

Figure 24. (a) Samples fabricated at different scan velocities (0.2, 0.3, 0.5 and 0.7 m/s, from left to
right); Printed structure’s microscopic images with a scan velocity of (b) 0.3 m/s and (c) 0.7 m/s [60].

 

Figure 25. (a,b) Figures of a gear wheel fabricated at a scanning speed of 0.7 m/s, pulse energy of
1.5 μJ and 20 MHz pulse repetition rate; (c,d) light microscope images at different locations on the
gear [60].

Figure 26. SEM images of single tracks at different parameters at a pulse energy of 1.25 μJ (Adapted
from reference [38]).
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The reported results in [38] showed that at lower scanning speeds (i.e., less than
120 mm/s (>210 J/m)) the fs laser sintering resulted in melt warps and extensive HAZs
were observed with line widths in the range of 150–250 microns. Whereas at higher
scanning speeds (i.e., more than 800 mm/s (<30 J/m)), irregular tracks with droplets were
formed. Furthermore, with laser powers lower than 6 W, only a surface sintering effect
was reported, with no fully formed melt pools. Good structures with lower roughness
were formed when the laser power was set to be from 12 to 25 W with an energy per
unit length from 40 to 170 J/m. With stable and reproducible single rings of 1.5 mm in
diameter with 50 layers, each layer was fabricated with a thickness of 30 microns. The
wall thickness produced was 54 μm with an average laser power of 12 W, whereas a 95
μm thickness was produced with a laser power of 25 W [38]. Based on these studies,
light-weight 3D structures were demonstrated with a laser power of 25 W at a scanning
speed of 200 mm/s as shown in Figure 27. These 3D structures fabricated were 8 mm in
diameter, consisting of 120 layers with 30 microns for each layer thickness and a final wall
thickness of 100 microns [38].

Figure 27. (a) Hollow thin-walled structure fabricated using fs-based AM; (b) hexagonal structure
fabricated to a height of 5 mm (Adapted from reference [38]).

Moreover, Ullsperger et al. [183] carried out comparative studies on laser-assisted
powder bed fusion of Al–40Si (40 percent Si by weight). They utilised an fs laser source
operating at a 1030 nm wavelength with a repetition rate between 6 and 20 MHz as well as
a CW laser operating at a 1070 nm wavelength. The laser spot diameter was approximately
50 microns, the average power around 25 W, the layer height was 15 μm and a scanning
speed of 200 mm/s were set for the fs laser additive manufactured parts 1 mm height
(Figure 28). The experiments were reported by setting the layer thickness to 30 μm at
different pulse durations, i.e., 500 fs, 20 ps and 800 ps. It was reported that generating a
stable melt pool on a thin powder layer requires an average power of more than 10 W and
a pulse repetition rate of more than 1 MHz as shown in Figure 29. Higher ablation has
been reported with a fluence greater than 0.4 J/cm2. With ultrafast laser pulses of 500 fs
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and 20 ps operating at 20 MHz, the lowest melting pool width of 70 μm was formed, and
enhanced fabricated parts with higher hardness were reported [183].

Figure 28. (a) SEM images of the walls (top view) above the parameters and a layer thickness of
15 microns; (b) scan speed versus melt pool width for different lasers; (c) melt pool width at the tip of
the wall captured by optical microscopy; (d) scan speed versus aspect ratio between melt pool depth
and width (increases for shorter pulse duration) (Adapted from reference [183]).

Figure 29. (a) SEM images of the tip of wall with a constant scanning speed of 200 mm/s; (b) different
pulse durations versus melt pool width; (c) cross-section of two polished walls at 500 fs and 10 MHz
repetition rate; (d) different scanning speeds versus aspect ratio [183].
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5.5. Femtosecond-Pulsed-Laser Sintering in Hard Tissue Engineering

Tissue engineering and bone grafting have proven to be a promising approach in
developing compatible tissues required at the repair site. There are different types of
bone grafts that can be mainly divided into allografts (same species), autograft (same
individual) and synthetic (alloplast). The latter is made of biomaterials (biocompatible
polymers, ceramics, metals and composites) that are required to heal damaged or trauma-
tised human body tissues [184]. However, there are significant drawbacks in the case of
allografts and autografts such as the lack of prior donor tissue, lack of bioactivity and graft
rejection. [185,186]. These issues could be resolved with alloplast-type bone grafting. In AM
processes, SLS techniques have been employed for bone tissue repair using biopolymers,
composites and ceramics [186]. Tan et al. (2003) utilised SLS of polyethereherketone–
hydroxyapatite biocomposite blends to fabricate bone scaffolds [187]. SLS can also be used
to fabricate scaffolds for the repair or regeneration of dental tissues in addition to bone
tissue engineering scaffolds. SLS can be considered a versatile technology in biomaterials
and tissue engineering for restoring and reconstructing tooth and bone deformities as well
as for enhancing existing implants and scaffold coatings [62]. Fine powder composites
formed by combining epoxy resin E-12 (as a binder) with K2O–Al2O3–SiO2 series dental
glass–ceramic were used to fabricate dental restoration devices utilising SLS [186]. Sintering
of hard tissues must be safe enough not to damage the delicate tissues nearby. However,
there are few biomaterials that can undergo thermal effects during sintering. They include
proteins, such as melanin and haemoglobin that are capable of absorbing UV spectra, and
the hydroxyl group members that absorb infrared radiation [62]. Taking into account all of
the aforementioned factors, it has been reported that sintering hard tissue requires a short
pulsed laser with an emitted wavelength between the visible and infrared [62]. This range
was selected to avoid the absorption properties of melanin (N700 nm) and haemoglobin
(N600 nm) as well as water. Further, the smaller HAZs, lower irradiation time and shorter
pulse durations with ultrashort lasers play key role in such fabrication.

A.D. Anastasiou et al. utilised femtosecond (100 fs) pulsed lasers operating at a wave-
length of 1045 nm for sintering ceramic-based synthetic, i.e., calcium phosphate minerals
such as brushite (DCPD: CaHPO4·2H2O) and hydroxyapatite (HAP: Ca10(PO4)6(OH)2) [62].
The calcium phosphate minerals (i.e., brushite and hydroxyapatite) were further doped
with iron (10%) to improve the sintering phenomenon with an fs laser [62]. It was reported
that microstructural sintering and densification were observed when doping with Fe3+-ions,
and the laser absorption of the materials increased. After sintering, Fe3+-doped brushite
transformed to β-calcium pyrophosphate and Fe3+-doped HAP transformed to calcium–
iron–phosphate. It was observed that a temperature increase of 1000 ◦C occurred over a
30 μm diameter during irradiation; however, it was localised because it was estimated to
decline to 40 degrees within 500 μm. From this work [62], it implies that soft tissues located
more than 500 μm away from the irradiation zone are safe from thermal damage. Highly
porous calcium pyrophosphate has been reported to have applications in bone regeneration,
such as coatings or scaffold construction, and a dense layer of calcium–iron–phosphate
might be used in acid eroded enamel restoration and for the treatment of tiny bone de-
fects [62]. This shows a new way for alloplast grafting (i.e., synthetic bone grafting), which
effectively lowers damage to the surrounding soft tissues, and the quality of sintering using
fs lasers.

5.6. Femtosecond Laser-Based Additive Manufacturing Multi-Material Layered Structure

A solid oxide fuel cell (SOFC) is an electrochemical system that converts chemical
energy from hydrogen fuel to electrical energy, in general, operating at high tempera-
tures [188,189]. An anode, electrolyte and cathode are the three primary components of the
SOFC. Currently, several traditional manufacturing techniques, such as chemical vapour
deposition (CVD), tape casting, electrophoretic deposition (EPD), physical vapour deposi-
tion (PVD), screen printing, spray pyrolysis, sputtering and inkjet printing, were utilised to
fabricate SOFCs [188,189]. Each of these processes has its own set of limitations such as tape
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casting’s inability to produce layers thinner than 10 μm, in addition to the high cost (e.g.,
PVD, EPD and CVD). Furthermore, SOFCs’ traditional fabrication methods involve a num-
ber of fabrication steps. A single-step fabrication approach that can provide reproducibility,
flexibility and durability of SOFCs is much needed to address all of these limitations and
further the commercialisation of SOFCs [188]. As a result, AM techniques have been
recognised as a viable alternative that could address these shortcomings. Inkjet printing,
stereolithography, aerosol jet printing, fused deposition modelling and SLS are among the
AM techniques utilised in SOFC fabrication, with inkjet printing being the most prevalent
because of its low-cost processing [188]. M. Lomberg et al. (2015) utilised CW laser-based
SLS approach to produce SOFC electrodes with a laser power of 120 W and a scan speed of
400 mm/s. SOFCs with Ni powder as fuel electrodes, YSZ electrolyte, and LSCF-GDC air
electrodes were successfully fabricated. The results reveal that the microcracks existed in
SOFC electrodes manufactured using SLS [189]. Similarly, Arianna Pesce et al. (2020) used
the SLA technique to fabricate the planar and conjugate LSM–YSZ/YSZ/Ni–YSZ SOFC
layers. The results demonstrated that fully dense YSZ electrolytes with low cracks were
produced [190]. Further, to overcome the limitations of CW laser-based SLS techniques,
researchers utilised an fs laser-based SLS system to fabricate SOFCs. Bai et al. [191] utilised
fs laser sintering to fabricate multilayer YSZ samples without the use of binders or heat
treatment. The schematic of a multi-layered solid oxide fuel cell is shown in Figure 30.
A high-power mode-locked Yb-doped fibre laser was employed with an average output
power of 250 W, spot size of 25 μm, pulse duration of 800 fs, wavelength at 1030 nm and
pulse repetition rate (PRR) of 80 MHz. The Ni-YSZ supporting layers were fabricated
(Figure 31). High-density Ni-YSZ was fabricated when a scanning speed of 300 mm/s and
laser power of 130 W were used. After first sintering of the Ni-YSZ supporting structure,
a thin film of YSZ (powder or dye) was spread and laser-processed. Clear melting and
fusing to the anode base were achieved, and the YSZ ink type had better uniformity. A thin
coating of LSM (ink type) was put on top of the YSZ electrolyte layer and melted to act as
the SOFC’s cathode [191,192].

Figure 30. Schematic of a solid oxide fuel cell.
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Figure 31. (a) Cross-section SEM image of the interface between the functional layer and support
layer of an anode; (b) Ni-YSZ anode samples with the cell sample mounted on an Au grid for testing
the I-V curve and EIS; (c) sample mounted on grid with Au before testing (d) cell sample after testing
(Adapted from reference [191]).

5.7. Femtosecond Laser Processing of Titanium and Titanium Alloys

Titanium and its alloys have been widely utilised in automobile [193,194], biomedi-
cal [194,195], and aerospace [194,195] industries because of its key properties such as corro-
sion resistance [195], light weight [194,195], high strength [194,195], wear resistance [194]
and high fracture toughness [195]. Further, because of its good biocompatibility, biostability,
durability and mechanical properties, Ti has been widely used in dental and orthopaedic
implants [196]. Several research studies have been carried out with pure titanium and its
alloys (mainly Ti6Al4V) using CW laser-based SLM process [194,195,197]. Meanwhile, fs
lasers have been mainly utilised in surface structuring and post-processing of 3D printed
Ti parts. Surface treatment processes, meant to optimise surface roughness and dimen-
sional accuracy, are of great importance in the field of AM to ensure that printed parts
are useful for a large of number of applications. Post-processing techniques, such as CNC
milling and polishing, can also be required to improve surface finishing [198]. However,
these traditional processes may be challenging for thin walled, microscale and complex
structures [49]. Further, the wettability behaviour of additive manufactured parts is also an
important factor to consider, as it does impact the corrosion-resistance and water–material
interaction [199]. To address these issues, researchers have been exploring ultrafast pulsed
lasers (i.e., fs lasers), which enable efficient surface treatments or post-processing of addi-
tive manufactured parts. A.Y Vorobyev (2007) performed surface treatment of Ti utilising
an fs laser, and they were able to produce a large variety of nanostructures on the surface
of Ti material with sizes less than 20 nm [196]. Mingareev et al. (2013) also reported the
utilisation of an fs laser to improve the surface quality of additive manufactured of Ti- and
Ni-based alloy parts [49]. Jiao et al. (2018) observed that fs laser processing on Ti6Al4V
material produced nanostructures that paved the way for AM part self-cleaning and hy-
drophobic properties [199]. Similarly, other research studies have been carried out utilising
an fs laser to structure and treat Ti surfaces [200–202]. Yet, studies utilising femtosecond
lasers to 3D print Ti parts are still scarce, which leaves a good room for exploration.

5.8. Femtosecond Laser Processing of Graphene

The unique properties of fs lasers make them attractive to be employed particularly
in nano- and microfabrication. The applications of micro- and nanofabrication include
microfluidic devices, medical and tissue engineering, metal micro- and nanostructures,
photonic devices and micro and nano machining [203]. Fs lasers are also used in the
fabrication of commonly used graphene products. Nowadays, many modern electronic
devices have been developed that are flexible and smart electronics, have curved screens for
mobiles and televisions, wearable displays, and electronic skins, making them particularly
interesting for many researchers [204–206]. To produce such flexible electronics, materials
such as graphene have unique and favourable properties. Graphene, a thin layer of carbon
material, has numerous unique properties that make them suitable for many advanced
electronic applications. Some of the unique properties include biocompatibility, mechanical
strength, carrier mobility, conductivity and flexibility. There are different methods in
which graphene can be processed and produced. Those methods include chemical vapour
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deposition (CVD), electron beam lithography, chemical synthesis and solvent exfoliation
of graphene. Though these technologies exist, they are still in the early stage. Apart
from these, AM technology has been successfully employed in the development of two-
dimensional graphene structures. Yet, the development of graphene 3D structures remains
a challenge. Direct writing and photolithography are two common AM technologies
that are employed in the graphene development [207]. Attempts have been made by
Chen et al., in 2018, to produce a composite from graphene oxide (GO), thermoplastic
polyurethane and lactic acid [208]. These composites exhibited good biocompatibility and
carrier mobility. Additionally, CW and pulsed lasers have been used to effectively process
graphene materials [209]. The combined technology of an fs laser and DW technology was
proposed by Bi et al., where they successfully fabricated varieties of complex micro-organic
light-emitting diodes (OLEDs) [210]. As an application of electronic skins, based on the
femtosecond laser-reduced graphene oxides (LRGOs), An et al. developed a graphene-
based non-contact humidity sensor [211]. These LRGOs were also used in the development
of strain sensors having a gauge factor greater than 400 by Wang et al. in 2016 [212].
Followed by this research, Qiao et al. fabricated an ultra-high gauge factored strain sensor
which can be used to detect finger bends, pulse and respirational signals [213]. Fs laser-
induced graphene (LIG) is another electronic skin similar to LRGOs. These LIGs were used
in the fabrication of gas permeable temperature sensors as well as the throat sensors which
are used in fabrication of artificial throats. These aforementioned findings on femtosecond
laser-reduced LIGs and LRGOs demonstrate the great potential of fs lasers when employed
in the electronic and health care industries.

5.9. A summary of the fs Laser AM Parameter Sets for Various Materials

The above discussions revealed that fs parameters play a crucial role in AM. It is
evident that each set of parameters is specific to each material and the intended application.
The various process parameters involved in fs laser AM, such as the wavelength, pulse
duration, pulse repetition rate, laser power, scan speed, focus spot diameter, layer thickness,
line spacing, pulse energy, fluence and energy density, were retrieved from the above
discussed studies and are detailed in Table 7. These values can be used as a guide when
planning fs laser-based AM with different materials:
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6. Summary

AM, one of the most rapidly evolving advanced manufacturing technologies is out-
pacing all other non-traditional manufacturing techniques, and it is positioned to make
a major positive impact across all industries. This highly versatile technology represents
one of the major enablers in the ongoing transformation of the fourth industrial revolution.
The extreme flexibility and design freedom offered by AM, along with the wide selection
of suitable materials (polymers, metals, ceramics and composites) and synthesis techniques
positions 3D printing as the fabrication method of choice for an impressively wide range of
applications. The fabrication of metallic parts is obviously of huge practical significance
due to the fact of their desirable mechanical, electrical, thermal and magnetic properties.
The development of various processing methods, metallic alloy compositions and optimis-
ing parameters for desirable properties are all active areas of research and development.
Among the many recently developed AM techniques, selective laser sintering/melting
represents one of the most promising methods capable of producing standard quality
parts for various applications. The majority of current research efforts considering the
SLM/S process has been carried out with CW and long-pulsed lasers to produce quality
components. The process capabilities of SLS/M utilising different lasers sources, such as
CW and pulsed lasers, were discussed in detail. The use of ultrafast lasers (picosecond
and femtosecond lasers in particular), however, represents a major deviation and paves the
way towards further enhancements by capitalising on shorter pulses, smaller HAZs, and
superior resolution through significantly smaller spot sizes and shorter interaction times
offered by fs lasers. Currently available commercial machines that utilise CW or pulsed
lasers were compared to fs laser-based ones to highlight the benefits and shortcomings.
Further, the main advantages of pulsed lasers over CW lasers were listed, which helps in
orienting the research scope towards fs laser-based AM process. Though CW lasers have
been proven to produce quality parts with various materials, there are still limitations such
as HAZs, residual stresses, substrate damage, not being suitable for micro- and nanoscale
parts, difficulty in processing materials with high thermal and melting points such as
copper and tungsten. To address the issues mentioned in the case of CW and long-pulsed
lasers, researchers utilised ultrashort pulsed lasers such as fs lasers in SLS/M.

Fs laser science: To clearly understand the science behind these ultrafast lasers (i.e., fs
lasers), a brief history, the fundamentals and fs laser–matter interaction were thoroughly
discussed. In comparison with CW and ns lasers, fs lasers produce minimal HAZs, lower
residual stresses and can produce miniaturised parts. Further, the fs laser-based AM and
its different essential parameters affecting the AM parts were discussed. The ultrafast
laser–material interaction studied by various researchers was consolidated and presented.
Various numerical modelling approaches, such as the two-temperature model, molecular
dynamics model, hydrodynamics model, hybrid model combining TTM and MD models
and modified TTM models, were discussed to study the process in detail. In this review
article, two major SLS/M techniques (i.e., powder bed fusion and direct writing) were
utilised for fs laser-based AM. In the direct-writing technique, a pre-coated substrate is
selectively sintered using a laser source. Similarly, to better understand the process of fs
laser powder bed fusion technique, a schematic with components of the fs laser-based
selective laser sintering/melting method was discussed.

Materials: An fs laser source has been utilised for processing various materials that
were challenging with CW or long-pulsed lasers. The different materials that were pro-
cessed utilising fs laser source included copper, silver, aluminium, iron, tungsten, bioma-
terials, and ceramics. Copper material has been used for fs laser-based SLS/M utilising
both DW and PBF techniques. Copper has been challenging to print using traditional
CW lasers due to its high thermal conductivity and high reflectivity. A limitation that
was clearly alleviated through the use of fs laser sintering process. Mainly in the case of
miniaturised electronic devices, CW and long-pulsed laser failed to achieve parts at the
micron or submicron levels because of HAZs, beam size, residual stresses and substrate
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damage. It was also reported that oxidation issues are much more prevalent in CW laser
sintering than ns and fs laser sintering. Fs laser-reductive sintering of copper oxide material
using DW technique has been reported to produce functional parts for temperature sensors
applications. Attempts have also been made to fabricate micropatterns using copper–nickel
alloys. Further sintering of copper particles utilising the PBF technique reported that at
lower repetition rates, there was low melting, resulting in poor fusing of metal particles
to the substrate. By increasing the pulse repetition rate and maintaining the pulse energy,
proper bonding of copper powder to the substrate was achieved, which could have major
applications in microdevices, heat sinks, and others. Further Very high melting point
materials such as tungsten was also processed utilising the fs laser based PBF technique.
Tungsten has eye-catching major applications in the aerospace, medical and nuclear sectors,
among others. A few years back, AM of tungsten was a major challenge because of its
high melting point, high thermal conductivity, and low thermal expansion. Since 2015, re-
searchers have started utilising high-power CW laser sources to fabricate tungsten material
to meet specific applications. Though they succeeded in fabricating the tungsten parts with
CW laser source, there were still issues related to lower relative density, and micro-cracks
were still prevalent. Research group explored the fabrication of tungsten parts utilising the
fs laser-based PBF technique to address these issues. They demonstrated how processing
parameters, including pulse repetition rate, laser spot diameter and layer thickness, played
a crucial role in sintering tungsten particles. The capability of producing fine features using
fs-laser-based AM, thin walls of 100 microns, smaller gear shapes and circular features
with holes were fabricated with good accuracy. Comparing fs laser sintered parts with CW
laser sintered and ps laser sintered parts, it was found that the defects present in fs laser
sintered samples were fewer compared to other types of lasers. Further fs laser produced
greater hardness and higher density parts as compared to CW laser sintered parts. One of
the special features of fs lasers is localised heating, which was used to fuse iron powder
onto a glass substrate that possesses extremely different material properties.

Furthermore, other precious metals, such as silver, also have been processed using an
fs laser for specific applications in photonic devices and flexible electronics. It is fascinating
to note that the silver nanoparticles were fabricated on a silica-based microfluidic channel
utilising an fs laser to fabricate the SERS substrate. Researchers have also utilised both
ns and fs laser sources to fuse silver nanoparticles on a PET substrate and compared the
results by varying the effective pulse number and fluence. The results showed that in the
case of the fs laser source, because of the low substrate damage and less film cracking, the
produced parts had a higher electrical conductivity than ns laser sintered parts. Similarly,
other experiments utilising fs laser sintering of silver nanoparticles were dedicated to
analysing the effect of process parameters and varying spin-coated layer thicknesses on
conductivity, microstructure and adhesion strength.

Aluminium and its alloys which are utilised in lightweight structures in different
fields like aerospace, automotive, etc., were also investigated by utilising fs laser-based
AM. In the case of Al and Li alloys for aerospace application, as the Li content increases
in Al–Li alloy, the stiffness increases significantly at a lower mass. It was reported that
the traditional casting process of Al–Li could process up to a max of 2 percent due to the
precipitation of brittle δ-Al–Li. To address these issues, researchers utilised key factors of
high cooling rates in fs laser-based technique to fabricate Al–Li alloy and produce Al–Li
alloy with higher Li content. Similarly, other alloys such as AlSi4O, Al–40Si were also
reported to fabricate parts utilising the fs laser-based AM technique. It is reported that in
the case of AlSi4O, by properly optimising the process parameters, the minimum feature
size of 50 μm was achieved utilising fs laser processing.

Fs laser based AM poses great potential in biomedical and tissue engineering to effec-
tively fabricate hard tissues, which could have major dental and bone repair applications.
The most important factors of fs laser sintering are the lower HAZs, lower irradiation time
and localised heating, which play critical roles in fabricating or repairing the damaged
tissues without affecting the surrounding area. The fs laser-based AM technique has also
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been utilised in the fabrication of multi-material SOFCs, which has solved a few limitations,
such as microcracks that occur in CW laser-based-fabricated SOFCs. By utilising fs lasers,
sintering of dense multi-material SOFCs was reported.

7. Conclusions

Fs laser-based sintering processes enhance the material processing library of con-
ventional techniques based on CW or long-pulsed lasers by adding full control over the
processing parameters. In particular, challenging materials, such as copper, silver, YSZ and
tungsten, were reported to produce standard functional parts meeting the requirements of
many applications. The fs laser sintering of copper has proven to have significant applica-
tions in the fabrication of micropatterns for interconnects on transistor IC chips. Further,
the oxides of copper and nickel were utilised by the fs reductive sintering process to pro-
duce micropatterns that are sensitive to temperature and which could find applications in
micro-sensing devices. Similarly, pure copper powder has also been investigated utilising fs
lasers, which could have applications in heat sinks or cooling devices used in micro-robotic
engines. Yet, this is still in the early stage because, as such, no quality parts have been
fabricated utilising an fs laser source. Fs laser sintering of tungsten material has been
reported to produce dense parts that could have significant applications in rocket parts,
plasma-facing components in nuclear fusion reactors and radiation shielding in imaging
systems. However, only a single research group has claimed to produce such dense parts
with higher hardness, strength, etc. But the process parameters are not much evident, and
there is a need to develop optimum process conditions to fabricate fs laser-based tungsten
parts because tungsten material has much scope and applications in most emerging fields.
In the case of aluminium and its alloys, Al–Li and AlSi4O, the reported results are encour-
aging. However, as these materials are utilised for structural applications in aerospace
and automobile, the large-scale production may or may not be possible with the current
research in fs laser sintering. Moreover, in the case of ceramics, which have significant
applications in challenging tissue fabrication, fs laser sintering could be ideal, as it does
not cause damage to the surrounding soft tissues during fabrication. Yet, more research
is needed to identify the proper equipment and techniques that need to be developed to
be able to commercialise the fabricated ceramic parts. For SOFCs, while inkjet printing
process and other traditional manufacturing techniques are mainly employed to develop
them at cheaper costs, the need for much more miniaturised parts with higher efficiency
necessitates the application of fs laser sintering.
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Abstract: Lasers can be used to bend 2D metal sheets into complex 3D objects in a process called
‘laser forming.’ Laser forming bends metal sheets by locally heating the sheets to generate plastic
strains and is an established metal bending technology in the shipbuilding industry. Recent studies
have investigated the laser forming of thin metal parts as a complementary rapid prototyping
technology to metal 3D printing. This review discusses the laser forming process, beginning with the
mechanisms before covering various design considerations. Laser forming for the rapid manufacturing
of metal parts is then reviewed, including the recent advances in process planning, before highlighting
promising future research directions.

Keywords: laser forming; rapid prototyping; self-folding origami; metal bending

1. Introduction

Fabricating complex 3D structures is a difficult task, as many materials and processes are inherently
2D. Flat structures need to be carefully assembled to produce the desired 3D shape, whether a ship,
an automobile, or a solar array. One of the oldest ways to produce 3D structures from flat objects
is origami, the Japanese art of paper folding [1,2]. Origami principles can apply to other sheets of
material, often with the goal of assembling the final 3D structure far from the point of production of
the 2D pattern [3–5].

Researchers have developed algorithms to achieve complex 3D shapes from 2D fold patterns [6].
These algorithms are not limited to paper, although the algorithms typically neglect the effect
of substrate thickness and, thus, work best on materials that are thin and inextensible, like paper.
Oftentimes, the desired structures need to be made of materials that have a non-negligible thickness [7,8].
Folding rigid materials is typically done by attaching rigid facets with compliant hinges [9], but this
places restrictions on what can be produced, a term called rigid foldability [10]. One of the most
common rigid folding patterns is the Miura-ora pattern (Figure 1a,b), as it allows large area structures
to be compactly stored before deployment, which is valuable for space applications [5,7,11,12]. In many
applications, actuation (folding) is done manually (Figure 1c,d) [13]; however, researchers are exploring
ways to create hinges that fold in response to external stimuli (e.g., light, electricity, heat, moisture),
allowing for self-folding (Figure 1e) [3,14–17].

Origami manufacturing using computational design algorithms is a relatively new method for
rapid prototyping. Rapid prototyping is defined as the direct translation of computer aided design
(CAD) files into 3D objects, with 3D printing the most common approach [18]. Three-dimensional
printing is a popular technology that additively builds objects through the layered deposition of
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material [19,20]. 3D printing allows highly customized metal parts to be fabricated with minimal waste
(Figure 1f), making it an attractive technology for ‘mass customization’ [21]. Many metal 3D printing
methods use a focused energy beam (laser or electron beam) to fuse metal powders together, building
the part layer by layer, but the process is long and has a limited build volume [20,22,23] and metal 3D
printers are also relatively expensive (to the order of hundreds of thousands of dollars for a commercial
printer) [23]. The unfused powder acts a support, allowing pieces to be built with moderate overhangs,
but sharp bends remain challenging [23], as well as thin shells [24]. Origami folding, which allows
rapid and cheap creation of 3D shells of material, is therefore an important complementary technology,
well-suited for many devices, such as antennas, waveguides, and other systems that rely on thin layers
of metal. Thin metal sheets are easy to bend, and overhangs can be generated with almost any degree
of bend angle, enabling the production of complex shapes with simple folds and cuts (Figure 1g).

Successful metal origami requires precise control over the bending of the sheets of metal. There are
multiple ways to bend metal, the most common methods use expensive equipment, such as press brakes
(Figure 2a), or roll formers (Figure 2b) [25–27]. Press brakes involves placing the sheet metal over a
shaped die and then applying intense mechanical pressure to force the metal into the die. Roll forming
involves the gradual bending of the sheet metal by passing through successively narrower rollers.
Both processes rely on mechanically deforming the sheet, which leads to a spring-back effect that
causes the final bend angle to differ from the dies and rollers, as a result of residual elastic strains after
the mechanical pressure is removed [28–31]. Proper control for spring-break often involves extensive
testing of how the brakes and substrates interact [29]. A change of design shape or material means this
testing would need to be repeated, making this a poor choice for rapid prototyping.

Another method of metal bending involves thermal stress-induced bending called line heating [34].
Line heating uses a gas torch to carefully heat a piece of metal followed by cooling the part rapidly in
water to generate plastic strains that bend the metal. This process, unlike press break forming, is highly
labor intensive. Line heating also depends on the craftsmanship of the bender, since the gas torch is a
diffuse heat source, which can lead to large heat-affected zones and degraded material properties [35].
Aiming to automate this process, researchers suggested replacing the skill of a bender and flame
torches with the highly controllable heat of a laser [35]. The process is similar to line forming, but uses
lasers to localize the heating. Thus, these early researchers called this process ‘laser forming’ [36,37].

Laser forming is defined as the use of a laser beam to locally heat and introduce thermal stresses to
plastically deform a work piece [38]. The interaction of a laser beam and a substrate generates localized
thermal gradients (Figure 2c) [36,37] that cause unequal material expansions. The thermal expansions
generate stresses large enough to cause the heated material to yield, generating plastic response
stresses [39,40]. As the piece cools, the scanned area returns to its normal size and stops straining the
surrounding material, but the compressive stresses remain leading to a permanent deformation in the
substrate without a spring-back effect [37]. Laser forming consists of several related mechanisms, and
is most commonly used for bending but can also be used for shortening/adjusting a work piece [41,42].

While this review uses the term “laser forming” for thermal metal forming processes, as accepted
in the related research community, we want to address potential confusion in terminology.
Another technique also used for laser bending is laser peen forming (also known as laser shock
forming). In laser peen forming (Figure 2d), a short-pulsed laser is focused on a sacrificial coating
on top of the workpiece [43]. When the coating ablates, it generates a plasma plume that attempts to
expand in all directions [43]. The laser peen forming setup confines this expanding plume, usually with
a layer of water, and redirects this energy as a shockwave into the workpiece, leading to bending [43].
This process is entirely mechanical and, thus, susceptible to the similar drawbacks of more conventional
fabrication. A recent review of the field can be found elsewhere [44], and this approach will not
be covered further here. The term ‘laser forming’ has also been used by researchers in reference to
other technologies based on producing (i.e., forming) a material with a laser, including powder bed
fusion [45], or laser metal cladding (Figure 2e) [46]. Both techniques use a laser to selectively heat metal
powders, causing them to coalesce, but ‘laser forming’ is not the preferred terminology in those fields.
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Figure 1. Complex 3D origami requires fold patterns such as the Miura-ori, which compresses a (a) large
sheet in the unfolded sheet into a (b) compact folded state [1]. Copyright SAGE publications, 2016.
Origami principles can be used to produce complex structures. A (c) folded microelectromechanical
systems (MEMS) structure becomes a (d) scale replica of the Wright flyer once the unfolding is
complete [13]. © IOP Publishing. Reproduced with permission. All rights reserved. Self-folding (e) has
been used to produce crawling robots from flat sheets [3]. Reprinted with permission from AAAS.
Rapid prototyping of metallic 3D structures can be done with (f) 3D printing [32]. Reprinted with
permission from Springer Nature, copyright 2017. Metal products can also be formed by the (g) laser
forming of sheet metal [33]. Reproduced with permission from Emerald Publishing, copyright 1997.

Laser forming was first developed in the 1980s [35], and much of the early research was focused
on understanding the complex interaction between the laser and the material properties with a goal of
developing formulas that can accurately predict the final bend angle [37,48,49]. A number of studies
now exist on modelling of laser forming, including a notable review [38], so we refrain from focusing on
these research efforts here. Instead, we aim to survey laser forming as a rapid prototyping strategy for
developing 3D structures from flat substrates. The most recent review focusing on the manufacturing
applications of laser forming is almost two decades old [50], and there have been many advances in
the field since then.

This review of laser forming begins with a discussion of the three dominant sub-mechanisms of
laser forming, before discussing how to select appropriate process parameters to achieve a desired
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bend shape. We then survey the application space of laser forming, from larger scale fabrication to
smaller scale rapid prototyping and adjustment, before providing an outlook on current challenges
and unresolved problems in the field.

 

Figure 2. Common metal forming techniques include (a) press brake forming [27] over dies to produce
sharp bends. Brittle materials, such as titanium, require a preheating step to exceed the ductile-brittle
transition temperature, so they can be bent without breaking. Reprinted with permission of Elsevier,
copyright 2000. Long sheets of metal can be (b) roll formed [31] to generate pieces with a constant
cross-section. Reprinted with permission of Elsevier, copyright 2000. Laser forming is term that is
commonly used to describe many processes, but is used in this review to refer to (c) the process
by which a laser-induced thermal gradient generates plastic stresses in a workpiece that leads to a
permanent deformation [47]. Reprinted with permission of Elsevier, copyright 2016 Some other process
that are sometimes (erroneously) referred to as laser forming include (d) laser peen (shock) forming [44],
where a laser-induced shockwave mechanically deforms a workpiece. Reprinted with permission
of Elsevier, copyright 2018. Some author have also used laser forming to describe (e) laser metal
cladding [46]. Reprinted with permission of Taylor and Francis, copyright 2000.

2. Laser Forming Mechanisms

Laser forming is a relatively broad term that refers to the plastic deformation of a workpiece
resulting from laser-induced thermal stresses. From experimental studies and finite element modelling
of laser forming, three main sub-mechanisms have been identified for understanding laser forming:
the temperature gradient mechanism (TGM), the buckling mechanism (BM), and the upsetting
(shortening) mechanism, (UM) [36–38]. All three mechanisms arise from plastic strains generated in
the work piece as a result of the absorbed laser energy, but the dominance of one mechanism over
the others depends on how that energy propagates in the work piece [51]. This energy propagation
depends on the workpiece geometry and the lasing parameters.
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2.1. Temperature Gradient Mechanism (TGM)

The temperature gradient mechanism is dominant when a thermal gradient is generated through
the thickness of the work piece through laser heating [37]. This vertical gradient is achieved with a
higher laser scan speed and a thicker substrate (or a thinner substrate with relatively poor thermal
conductivity) [52]. The thickness of the material in the TGM case is typically on the order of the
laser beam diameter [53,54]. For example, a researcher laser formed sheets between 0.5 and 4 mm
thick, using a laser with a beam diameter of 5.2 mm travelling at 1.5 m/min [52]. Once the laser
energy is absorbed by the surface of the metal, the temperature rises rapidly (Figure 3a). In most
materials, the hotter areas expand, generating stresses on the cooler sections [55]. As the top of the
workpiece is much hotter than the bottom, the top of the workpiece expands more than the bottom,
leading to a small counter-bend (Figure 3b) away from the laser [38,52]. At these high temperatures,
the mechanical properties, such as the Young’s modulus, drop precipitously [56]. At these elevated
temperatures, the thermal expansion stresses exceed the flow stress, which means the thermal stresses
are large enough to maintain plastic deformation [36,39,40]. The work piece surrounding the thermally
expanded portion is stiff and resists the expansion by exerting an equal compressive force [52,55].
Initially, the material bends away from the laser (the counter-bend), and is a consequence of the
thermal expansion combined with the decreased yield stress of metals at higher temperatures [36].
Once the piece has time to cool, the material scanned by the laser returns to its normal volume,
but the compressive stresses remain in the piece. Consequently, the laser scanned volume is under
compression causing the work piece to develop a final bend angle, θ, toward the laser [36,50]. At the
cooler temperatures, the mechanical properties return to their higher values which prevents the
formation of new plastic stresses, so this bend angle is permanent [38,52,55]. The TGM mechanism,
therefore, always results in a bend toward the laser source.

 

Figure 3. Schematic of the temperature gradient mechanism during the immediate laser exposure
(a) showing the thermal gradient established through the thickness of the substrate, while (b) the
thermal expansion causes a counter-bend that also generates plastic, compressive strains. After the
laser has passed and the area locally cools, (c) the compressive forces remain, causing the substrate the
bend toward the laser and generating a bend angle, θ.

2.2. Buckling Mechanism (BM)

The buckling mechanism also relies on a thermal gradient, but in this mechanism, the work piece
is either thinner or has a high thermal conductivity relative to the laser scan speed [36]. The first report
of laser forming using the buckling mechanism used a laser beam with a diameter of 0.12 mm traveling
at 5 mm/s to laser form 0.1 mm thick steel foils [57]. In this case, there is essentially no temperature
gradient through the thickness of the substrate, but rather, the thermal gradient spreads outward
from the scan line (Figure 4a) [57]. This means the resulting compressive forces are pushing against
each other, generating a buckling instability (Figure 4b) [57]. Consequently, the work piece can bend
either toward or away from the laser (Figure 4c) [57]. As an instability, the bending direction should be
random, but this assumes the sheet has no residual stresses prior to laser forming [57]. Commercially
available materials have a complex internal stress state, because of the hot and cold working that the
sheet experiences during manufacturing, and this stress state determines the buckling direction [58].
Complete knowledge of this stress state would allow the bending direction to be predicted [57,58],
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though this is usually unknown. Beyond predicting the bending direction, researchers have also
developed ways to control the buckling direction. Such methods include pre-bending the metal
sheet [52,59], or through judicious choice of the lasing parameters [60,61]. The ability to generate
bidirectional bending expands the design space for laser forming [62,63], without the need for
human input, i.e., flipping the work piece [50]. As bending with the buckling mechanism can occur
both toward and away from the laser, there can be some ambiguity which mechanism is occurring.
Downward bending currently remains the best confirmation that buckling is occurring, because the
TGM only bends the workpiece toward the laser. It has been reported that buckling can lead to larger
bend angles per pass [57,58], which suggests the bend angle can be another way to differentiate the
mechanisms, though visual downward bending is the easier method.

 

Figure 4. When laser forming thinner materials, the thermal gradient is unable to be established
through the thickness of the material, so (a) the material expands outward. The compressive forces
(b) are pushing opposite of each other, causing the workpiece to buckle. Once the buckling has formed,
it (c) propagates and leads to bending in the direction opposite to the buckle. As the buckle is an
instability, it can buckle in either direction.

2.3. Upsetting Mechanism (UM)

The third mechanism of laser forming is the upsetting mechanism [37,64]. The upsetting mechanism
begins in a similar manner to the buckling mechanism. The laser scan speed is kept low to prevent a
thermal gradient from developing through the thickness of the substrate, generating similar stresses to
the buckling mechanism [54]. In the upsetting mechanism, however, the substrate is much stiffer along
the scan path, preventing an out-of-plane bend [36,64] (Figure 5). This stiffness can be the result of
using a thicker workpiece or one where the material has a higher Young’s modulus [50]. Since the flow
stress has been reached, but the substrate is unable to bend, the laser scan path becomes locally thicker
and the substrate becomes, consequently, shorter [42]. One of the more comprehensive studies on the
upsetting mechanisms reliably shortened 2 mm thick steel plates using 12 mm laser beams scanning
at speeds around 1 mm/s [51]. The upsetting mechanism allows for in-plane substrate adjustments,
which expands what shapes are laser formable by producing a change in the Gaussian curvature [53,65].

Figure 5. A slow laser scan speed (a) is used to minimize the thermal gradient through the thickness
of the workpiece. Instead, the thermal gradient is established horizontally. The plastic compressive
forces that resist the thermal expansion are insufficient to cause buckling, as the bending moment is too
large. This results in the (b) scanned area locally thickening. Since volume is conserved, the workpiece
shortens and changes its Gaussian curvature.
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2.4. Coupling Mechanism

Some recent reports have suggested that the three mechanisms described above are not sufficient
to capture the full range of experimental results, so they have proposed a coupling mechanism
that combines both TGM and the upsetting mechanism [51,64,66]. This combination of forming
mechanisms was already discussed [36,57] in early reports, but was not considered a separate
mechanism. The proposed coupling mechanism is a consequence of the mechanisms above being
idealized, limiting cases. As the laser forming parameters are adjusted, it is reasonable that the other
mechanisms might start to play an increasingly important role, especially near the transition region
between TGM and buckling [36]. For this reason, the proposed coupling mechanism will not be treated
as a distinct mechanism of laser forming here, but it is still important to consider when designing a
laser forming process, and is even useful for laser forming certain structures [66].

3. Design Considerations for Laser Forming

3.1. Laser and Substrate Selection

Since its first reports, laser forming has been used to bend sheets of common metals, such as
stainless steel [67–69] and aluminum [70–72], out of plane without mechanical inputs [36,37,67]. As the
understanding of the process developed, more varied substrates were explored such as titanium, [27,73]
and copper alloys [74,75], hoping to develop new ways to form 3D structures for aerospace and electrical
applications. Researchers have also explored laser forming on non-metallic substrates and have bent
typically brittle materials such as silicon [76–78], ceramics [41,79], and glass [79,80]. More recently,
there have also been demonstrations of the laser forming of more complex structures, such as metal
foams [81,82] and laminates [83]. Despite the success of laser forming non-metals, metal bending has
remained the primary application of laser forming, due to the use of metals as engineering materials
in applications such as ship hulls [35,54,84]. There have also been some reports of laser forming
of a limited number of polymers [85,86], although polymer laser forming remains relatively rare.
Laser forming, therefore, is a general process reliant on controlled heating to generate plastic stresses,
and appears possible for most materials. Large bending angles are more readily realized in metals
as their ductility helps avoid crack formation at the bend line, [80,82] though experimental results
suggest that the maximum bend angle is a strong function of material thickness with thinner samples
being able to demonstrate larger bend angles [79,82,87]. Studies of many of the more well-studied
substrates have been able to demonstrate deformation by all three mechanisms. Laser forming of the
more exotic materials tends to be realized using the TGM, [76,80,82] though BM has been demonstrated
in glass [79] and UM in silicon.

Critical to the success of the laser forming process is appropriate coupling of the laser energy to the
material being formed. This coupling can be achieved by selecting the appropriate laser wavelength
that corresponds to the absorption maximum of the substrate [75,88], by using a much higher power
laser, so sufficient energy is absorbed by the substrate even with low absorptivity, or by using an
absorbing coating layer that is matched with the laser wavelength being used (Figure 6) [85,89].
Metals thicker than 100 nm are optically opaque [90] and do not transmit appreciable amounts of light,
so the metal substrates that have been used in laser forming will primarily either reflect or absorb the
laser energy. The percentage of the incoming laser energy that is reflected is called the reflectance and
these values have been measured as a function of wavelength [91]. The most common lasers [27] used
for laser forming are Nd:YAG lasers that operate at 1.064 μm [57,58,76,78,85,86,92,93] and CO2 lasers
that emit at 10.6 μm [39,50,54,68,89,94–96]. CO2 lasers are common in industrial setting, as they were
one of the first gas lasers developed [97] and exhibit a high energy efficiency, while operating as a
continuous-wave mode at high average powers (>1 kW); however, their absorption into metals is low
and an absorbing coating is often required. Nd:YAG lasers are popular in industry as the 1.064 μm
output wavelength is better absorbed by metals for cutting and welding, so absorbing coatings are
not needed.
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Figure 6. The spectral reflectance of metals, plotted from the data in [91], with the wavelength of some
common lasers also identified. Almost all metals are entirely reflective to the 10.6 μm light of CO2

lasers, while metals tend to be less reflective to the 1.064 μm light of the Nd:YAG laser, though copper,
aluminum, and silver are still fairly reflective. Copper has a much higher absorbance to the 514 nm
beam from an Ar-ion laser.

The early reports focused on using high power (>1 kW) lasers [40,60,61,70,71,98–103], as the
intent was to bend large sheets as part of the ship building process [35]. The laser forming of thinner
substrates enables the use of lower power (<100 W) lasers, such as those found in commercial metal
marking laser systems [57,63,67,76,85,88,93,104].

Studies on the laser forming of plastics took advantage of the high transmissivity of high-density
polyethylene (HDPE) to the wavelength of the Nd:YAG laser [85,86]. The laser energy was absorbed
by a resinous black coating applied to the surface of the plastic. The laser power was kept low and the
scan speed high, to ensure that the bending occurred through the temperature gradient mechanism,
which reliably generates bending toward the laser. As expected, this was observed when the resin
was on the side of the plastic exposed to the laser. With the same process parameters, but the coating
placed on the opposite side, the plastic was reliably bent away from the laser. This downward bending
should not be possible if using the TGM, but the optical transparency of HDPE to the laser made
the system behave as if it was exposed to a laser on the underside and the TGM was causing the
plastic to bend that direction. This same technique could be adopted for laser systems with multiple
wavelengths, as glass absorbs the radiation from a CO2 laser, but is transparent to the light from a
Nd:YAG laser. Thus, sealed metal structures could still be bent if there is a glass window for the laser
to pass through [105]. As seen in Figure 6, some metals, such as copper, are highly reflective to the
fundamental wavelength of the Nd:YAG laser (1.064 μm). Consequently, laser forming copper with a
Nd:YAG laser requires a substantially higher power or the use of a different wavelength. Recently,
laser forming was demonstrated with other laser systems that might be commonly found in research
environments, such as fiber lasers [106], exciplex lasers [74], and even Ar-ion lasers [67], which expand
the substrate choice for laser forming.

Once the appropriate laser/substrate matching has been done, judicious selection of process
parameters is essential to the laser forming process, as the laser power and scan speed control which
mechanism is dominant [37]. Typically, laser power is kept low and speeds high to ensure that the
substrate is being bent by the TGM, generating reliable bending toward the laser. As the TGM only
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generates a bend of one or two degrees per pass or less [38,74,101], many passes are needed to create
structures with large bend angles, sometimes taking as many as 150 passes to produce a full 90 degree
bend [88].

3.2. Cooling Effects in Laser Forming

To ensure that the same thermal gradient is established with each laser pass, an appropriate
cooling time must also be built into the laser forming process. Consistent laser forming requires that
the workpiece be cooled to the same thermal state in between each laser pass. The majority of laser
forming setups use free convection with the surrounding air to cool the workpiece, which is relatively
slow and leads to a pronounced increase in processing time (Figure 7a). In fact, cooling can be the
longest part of a laser forming process [52,59,86,107]. To reduce the processing time, researchers have
proposed multiple methods for forced cooling such as forced convection with compressed gas streams
aimed at either side (Figure 7b) [92,108], passive water cooling with the bottom of the workpiece being
placed in a water bath (Figure 7c) [109–111], and forced liquid cooling, such as a circulated cooling fluid
placed in contact with the bottom of the substrate (Figure 7d) [112–115]. All these methods showed a
pronounced reduction in the total processing time, as the workpieces cooled to room temperature in a
matter of seconds, with active water cooling showing the largest reduction in processing time.

 

Figure 7. Most of the processing time (a) while laser forming is cooling the workpiece back to its initial
state after each laser pass which is usually done by free convection [114]. Reprinted with permission from
Springer Nature, copyright 2015. This time can be reduced by building in other cooling mechanisms,
such as (b) forced air cooling [92], (c) passive water cooling [109] on the unexposed side, or (d) forced
liquid cooling [115]. (b) Reprinted with permission from Elsevier, copyright 2013 (d). Reprinted
with permission from Cambridge University Press, copyright 2017. Passive water cooling leads to a
(e) dramatic reduction in cooling time for most processing conditions [109]. Reprinted with permission
from Springer Nature, copyright 2012. Sometimes, cooling offers a small increase (f) in the bending
angle achieved per pass [112]. Reprinted with permission from Springer Nature, copyright 2017.
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Active cooling systems are not typically desirable when designing manufacturing processes, as
they require pumps that increase both capital and operating costs of the process, but they are acceptable
if the active cooling offers a substantial decrease in processing time or improvement in the reliability
of a process. Fortunately, passive water cooling has also been demonstrated to provide sufficient
reductions in processing time (Figure 7d) that active cooling may not be needed [109]. Some researchers
have reported that forced cooling can lead to an increased bend angle per pass (Figure 7e) under the
same lasing conditions, but reports differ on how pronounced this effect is, with some arguing there is
no measurable effect [35,108,109,112,113]. Overall, integrated cooling systems offer a way to increase
the throughput of laser forming by greatly reducing the time needed to establish thermal equilibrium
in between laser passes for multi-pass forming.

The processing time can be further decreased by using the buckling mechanism as buckling is
capable of generating larger bending angles per pass than the TGM, because more energy is put into the
workpiece [56,57]. Typically, laser forming using the buckling mechanism is avoided as the mechanism
is fundamentally an instability and so the workpiece can bend either toward the laser or away from
it [57]. This instability is theoretically random but can be controlled by multiple factors, such as
external loads [57,104], or the relaxation of internal stresses that exist because of the cold-working of
common metal sheets [57]. The main reason to use the buckling mechanism is the downward bending,
which greatly broadens the number of structures that can be laser formed [59,61].

3.3. Macro-Scale Laser Forming

Early research efforts were focused on macro-scale laser forming of sheet metals that are millimeters
thick [35,50,103]. Among the macro-scale design targets were ship hulls [35,84], fuselage panels [70],
and car doors (Figure 1g) [33]. These structures highlight different uses for laser forming in a
manufacturing environment, as ship hulls and fuselage panels are low-volume parts, whereas car
doors are high-volume components. Laser forming is considered less desirable for manufacturing
high-volume metal parts, as it cannot compete with the speed of conventional methods, because the
laser forming process is dominated by the cooling time needed between laser passes [33,50,52,114].

Both high-volume and low-volume products need to be joined to other parts, which is the
second use for laser forming in manufacturing of macro-scale objects. Metal parts are often joined
via welding, which can introduce distortions and lead to misalignment [35,116]. These distortions
arise from two main contributions. First, the high heat of welding introduces thermal stresses similar
to laser forming [116]. Second, the heat of welding releases stored plastic strains that result from
mechanical forming [35]. While the distortions from welding are often small, they still need to be
corrected, and laser forming offers a way to address these problems in a process known as hybrid laser
forming [50,54,117,118]. Accurate manipulation of metals near weld lines is, however, challenging,
because the local weld distortion is not uniform due to the complex stress state generated during
welding [119].

The ability to shape large 3D objects using only a laser offers promising opportunities, such as
remote deployment, the production of replacement parts where they are needed rather than at a
centralized facility and shipped. In the 1980s, it was proposed that laser forming would be a valuable
technology in space [103]. A laser system is more compact than a hydraulic press and the high
energy efficiency of CO2 and diode lasers lowers the energy consumption required for metal bending.
Laser systems also offer the potential for cutting the workpiece [59] and joining [120] it with other
pieces that traditional press brakes do not, making laser systems valuable for areas with minimal
electricity generation or limited space.

3.4. Laser Forming Curved Surfaces

Ship hulls are an example of a doubly curved structure and so researchers needed to design
methods of introducing curvature into laser formed parts [53]. Currently, there are two main methods
for developing curvature in laser formed parts. The first is to make multiple bend lines close to
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each other [33,68,121], approximating a smooth curve as the limit of many bend lines close together
(Figure 8d). By adjusting the distance between the laser passes, bends of varying curvature are able
to be produced, as the heat affected zone is not limited to the laser pass line [68]. As this curvature
is produced by simple bends, the resulting structures are considered developable surfaces [65].
Developable surfaces are the family of surfaces that can be produced by transforming a plane as long as
the Gaussian curvature remains unchanged (Figure 8a) [65]. This means bending, rolling, and cutting
are permitted, but stretching or compressing a region are forbidden [65]. As developable surfaces
are produced from bending and folding, much of the knowledge gained in origami engineering is
applicable to producing structures with laser forming [1,14,26,122,123].

 

Figure 8. Some (a) developable surfaces [65] which are surfaces with zero Gaussian curvature, which
means they can be produced from flat sheets, while non-developable surfaces, such as the (b) hyperbolic
paraboloid [65] or “saddle shape”, cannot be formed by bending and cutting inelastic sheets, as they
have a non-zero Gaussian curvature. (a,b) Published under a CC BY License. Laser forming with the
temperature gradient mechanism (TGM) or buckling mechanisms can produce developable surfaces,
such as (c) a coil [59] or (d) a cubic spline curve [99], which only require simple bends to produce
from a metal sheet. (d) Reproduced with permission from Elsevier, copyright 2003. The upsetting
mechanism causes a shortening of the workpiece, which changes the Gaussian curvature, so (e) a
doubly curved saddle shape can be successfully laser formed [84]. Reproduced with permission from
Elsevier, copyright 2013.

The second method to produce curved structures relies on the upsetting mechanism that produces
in-plane strains [53]. These planar strains cause local distance to be distorted, changing the Gaussian
curvature of the workpiece [53,124], which simple bending does not. Since the strain changes the
Gaussian curvature, the final workpiece is considered a non-developable surface„ as developable
surfaces have zero Gaussian curvature [65]. Non-developable surfaces include hyperbolic paraboloids
(Figure 8b) and hyperboloids, which are often called saddles (Figure 8e) [53,84] and pillows [53],
respectively, in the laser forming literature. The ability to generate these surfaces from flat sheets using
laser forming greatly expands the design space of 3D structures that can be rapidly prototyped.

While the majority of laser forming research has been done on planar substrates, some researchers
have investigated laser forming as a means to bend metal tubes for heat exchangers and
engines [40,125–127]. Laser formed tubes bend toward the laser, though researchers disagree about
what mechanism is causing the bending. Some suggest the TGM is causing the bending [126],
while others suggest that the stiff nature of metal pipes means that the upsetting mechanism is
dominant, leading to a local shortening, which causes the tube to bend toward the laser without a
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spring-back effect [40,128]. Like the laser forming of sheets, laser tube bending is a highly flexible
method that does not require specially designed dies. This makes laser tube bending valuable for
rapid prototyping, as well as low volume, customized production [126]. When bending tubes, it is
important to consider the distortion of the tube cross-section, or ovalization [40]. Multiple reports have
confirmed that laser tube bending tends to produce less ovalization than mechanical bending, as the
laser induced stresses are less than the mechanical forces used when cold bending the tubes [40,126].

Matching the optical absorbance of the substrate with the laser output allows the energy to couple
more effectively, lowering the laser power required for successful laser forming. As lower powered
(<100 W) laser cutting systems proliferated, researchers hoped to use these systems for laser forming
as well as laser cutting. Laser cutting requires high laser fluences, so the beam size needs to be small to
achieve clean cuts. Since the output power is lower, the fluence is kept high by decreasing the spot
size. For successful laser forming, the laser spot size is typically the same order of magnitude as the
substrate being bent which has led researchers to experiment with the laser forming of smaller and
thinner substrates [67,72,129].

3.5. Micro-Laser Forming

Complex, 3D silicon microstructures are difficult to produce because silicon is a brittle material
that requires high temperatures and specialized tools to produce the desired shape [130]. Laser forming
has been applied to adjusting silicon microstructures [76]. The precise control of heating enables silicon
microstructures to be bent out of plane, even with more thermally sensitive components, as long as the
thermally sensitive components are not located near the laser scan path. Laser forming is not heavily
used for the rapid prototyping of MEMS structures, but has been found tremendously successful as a
quality control technique called laser micro-adjustment [64,131]. Laser micro-adjustment is a valuable
application of laser forming, as evidenced by the industrial adoption of the technique [41,131,132].

Laser micro-adjustment uses a laser to make submicron final adjustments to microstructures [106,133].
Any of the mechanisms can be used for this adjustment, but the smaller bending angle per pass makes
the TGM preferable to the buckling mechanism for out-of-plane bends [38,64]. The upsetting mechanism
is useful for shortening the workpiece locally which has been used for aligning actuators [42,133].
The laser forming mechanism can be easily determined by adjusting the lasing parameters [36],
but the size of the sheets being micro-adjusted makes edge effects more common [134], and increases
the coupling between the TGM and the upsetting mechanism [64,101,106,135]. This coupling leads
to both in-plane shortening and out-of-plane bending, which is especially common in actuators.
Bridge actuators are micromechanical structures that hold functional components and allow fine
adjustments to the final positioning to be made. Bridge actuators are produced by removing most
of the structural material in a small area, so that they are connected by thin strips called bridges.
When laser forming a two-bridge actuator, the scan path effectively creates two hot and two cold sides,
the usual irradiated and unirradiated sides of the work piece, as well as a hot bridge and a cold bridge.
The usual irradiated sides produce the out of plane bending, while the hot bridge causes an in-plane
bend [42,135]. While actuators are one of the most common pieces laser micro-adjusted, the process
is general and has been applied to multiple devices [136] and companies have filed for patents on
using laser adjustments based on these reports [137–139]. There has also been a promising report of
the laser forming of shape memory alloys, a material commonly used for MEMS actuators, although
this forming has not yet been done on MEMS structures [140].

One application of laser micro-adjustment is the precise alignment of optical fibers to ensure
optimal coupling with a photonic integrated circuit (PIC) [141]. While glass has been successfully laser
formed [81,82], laser forming the optical fiber would only produce bends into the fiber, rather than
aligning it. To align the optical fiber, the researchers sheathed the fiber into a thin metal tube and the
tube was then laser formed [141,142]. The optical fiber is flexible, so the bend in the metal tube will
cause a deflection in the fiber tip. In effect, the metal tube is being used as an alignment actuator with
sub-micron precision, owing to the controllability of laser forming [141,142].
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3.6. Laser Forming for Rapid Prototyping

The flexibility of laser forming makes it a promising technology for rapid prototyping, and
researchers have identified rapid prototyping as one of the areas where laser forming is most likely to
make meaningful contributions in the industrial product lifecycle [50]. This promise remains largely
unfulfilled compared to more conventional 3D printing for various reasons. Despite the many different
methods for 3D printing, such as fused filament fabrication [143,144] and stereolithography [145,146],
3D printing follows the same general workflow to produce a printed object from a computer aided
design (CAD) file (Figure 9a). Once the engineer has designed the object they want to be 3D printed
using a CAD software, they need to export it to a format that can be 3D printed [19]. The default file
format for the additive manufacturing community is the STL file format, which approximates the
surface of the CAD object as a collection of tessellated triangles [147]. Since 3D printers build structures
in a layer-by-layer fashion, the STL file needs to be passed to a slicer, which converts the 3D object
to the build layers. From this file, the scan path is developed, and support structures are calculated
if the object needs them. For modern 3D printing, the conversion of the CAD file to printed object
is entirely automated [19,147]. Critical to the broad adoption of laser forming for rapid prototyping
is developing a similar software structure that can convert a CAD file into a path planning program,
which also calculates the appropriate lasing setting to produce the desired 3D object without human
intervention. Extensive research efforts have been undertaken to achieve this goal, with recent results
suggesting that this goal might be realized soon [62].

 

Figure 9. Comparison of workflows for (a) conventional 3D printing [19] showing the slicer and path
planner, compared to (b) proposed workflow for the automated laser forming of arbitrary convex
polyhedra. (a) Image originally published under a CC BY license. Unlike 3D printing, path planning
for laser forming is strongly dependent on the material being formed, which requires a database to
determine laser power and speed settings. For more advanced structures, laser forming algorithms
need to consider the optical path of the laser beam, as this couples the unfolding algorithm and the
path planning.

One of the first complex objects successfully prototyped using laser forming was a car door
(Figure 1g) [33]. This demonstration is notable for many reasons, chiefly the entire production was done
in the laser system. The researchers started from a blank sheet of metal that was laser formed to produce
the desired bends, and the final structure was cut from the sheet using the same laser. As the buckling
mechanism was only recently reported and control strategies were limited, the researchers were laser
forming only using TGM. The complex shape of the car door required both concave and convex
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bending, so the workpiece needed to be manually flipped to produce the bi-directional bending needed
for the car panel. While these experiments involved no prediction of laser settings, the researchers
introduced a novel feedback system, where the scanning speed was adjusted to produce the desired
bend angle. Additionally, a car panel might be considered far from an arbitrary design, so the scan
pattern was relatively easy to design.

To produce more complex objects via laser forming, it is necessary to know which bend lines
are needed to produce a given shape, a classic origami problem [1]. To this end, the inverse design
of scan strategies to generate a desired laser formed structure has been a productive research
topic [53,66,84,99,148–151]. The design of irradiation paths involves more than planning where the
beam needs to be applied to generate a desired shape, but also the laser power and travel speed,
to produce the desired degree of bending using the appropriate forming mechanism. These requirements
remain a challenge, and have required researchers to design algorithms that plan a scan path and
guesses appropriate lasing settings by consulting a database from experiments [99] or finite element
simulations (Figure 9b) [53,121,150]. Despite the known disagreement between experimental results
and simulations [38], these scan strategies are able to produce the final desired structures with a
high degree of accuracy [53,121]. One limitation of these design systems is the limited degree of
bending required in the validation structures. As the bend angles required per point are small to
moderate, the relationships between bend angle and line energy (laser power divided by scan speed)
is approximately linear [98,99]. As the laser spot size gets smaller and the required bending angle
approaches 90 degrees, this linear relation fails to hold [88,152] and none of these design strategies
account for this deviation. These limitations are more prominent, as engineers have started using laser
forming to produce highly complex structures.

Realizing that laser forming was not limited to moderate bending, but could be used for larger
folds (up to ninety degrees or higher), our group began envisioning what origami structures can be
produced with laser forming. Laser forming with TGM is limited to ninety-degree bends, as further
bending results in the workpiece blocking the laser path, but this limitation does not exist if using the
buckling mechanism to bend away from the laser. Using both mechanisms, we were able to produce
complex objects, such as cubes (Figure 10a) and airplanes, (Figure 10b), without the need for human
intervention [59]. Similar to the car door forming [33], the outline of the shape was manufactured from
metal sheets by using the laser to also cut the final structure, releasing it from the sheet. By using a
Nd:YAG laser instead of a CO2 laser, an absorbing coating was not needed, allowing for marking of
the metal at low powers. Rapidly producing these structures from a blank metal sheet using multiple
bending modes and laser cutting demonstrated the potential for laser forming to be a viable rapid
prototyping strategy.

Soon after, we showed that laser forming could be used to produce electronic devices, such as
antennas [153] and inductors [88]. When producing the antennas, a blank metal sheet was clamped
on all sides, before laser cutting the slots for the array antenna and the perimeter of the waveguide
was laser cut from the metal sheet, before the entire structure was bent to produce the final structure:
a rectangular prism (Figure 10c) [153]. It was worth noting that the laser cutting made more precise cuts
than electro-discharge machining, the usual technology used to produce the slots in the waveguide.
In fact, the entire laser process of cutting and bending was faster than conventional machining that
only produces the slots. Efficient waveguides require smooth surfaces to minimize losses [154], so new
manufacturing techniques need to show that they do not greatly alter the metal surface. The impact
of laser forming is limited to the laser scan paths and even after 100 passes only showed a modest
increase of the surface roughness of 0.5 μm [155]. Similarly, the coils for the inductor were cut from a
blank piece of copper before being bent out of plane to generate a toroidal inductor (Figure 10d) [88].
Laser forming can also be used to produce an inductor with an overpass or bending the inductor
out of plane. Bending inductors out of plane offers a way to improve the Q-factor as eddy currents
and skin effects are minimized [156], which is especially important for integrating these elements on
semiconductor integrated circuits. Both reports demonstrated that laser forming could be used to
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rapidly prototype functional devices, as the designs can easily be iterated, as it only requires changing
the location or size of lines in a 2D CAD drawing. This process, however, still requires human input to
exchange the metal sheets between design iterations, which would limit the industrial adoption of
laser forming for rapid prototyping or producing custom parts.

 

Figure 10. Laser forming can be used to produce complex and functional structures without the
need for mechanical input. Three-dimensional structures that were cut and laser formed from
nickel foil using a 20W Nd:YAG laser include (a) cubes and (b) airplanes [59]. (a,b) Reprinted with
permission from John Wiley and Sons, copyright 2013. Laser forming can be used to produce functional
structures as well, such as (c) a slotted waveguide for antennas from stainless steel [153] and even
(d) toroidal inductors from copper [88]. (c) Reprinted with permission from IEEE, copyright 2018.
(d) Reprinted with permission from IEEE, copyright 2018. New metal sheets are required between
samples, but (e) continuous laser forming can be realized by combining it with roll-to-roll processing [63].
Reprinted with permission from Springer Nature, copyright 2018.
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Working to automate the entire laser forming process, our group developed a roll-to-roll laser
forming system, with the metal feedstock passing through the focal plane of the laser [63]. This set
up allowed features to be readily cut and folded from the sheet metal using the TGM. Additionally,
the metal sheet had a pre-strain from being wound onto a roll that was used to reliably generate
downward bending using the buckling mechanism, producing the same complex shapes from our
previous work in an automated process (Figure 10e). Once the piece was formed, it was released from
the sheet and fell down a chute, before the rolls were spun to introduce a new working area. This was
the first demonstration of a fully automated laser forming process to produce complex 3D structures.
While impressive, producing these structures relied on our previously designed scan paths and laser
settings. For many of the structures, we relied on the self-limiting nature of ninety-degree bends, so
that precise control over the laser settings was not needed. Accurately determining the laser power,
speed, and number of passes would be required, if the desired structures included intermediate bends.

Figuring out what scan path and what lasing setting are needed to produce a desired structure is
known as the inverse design problem, and has been intensively studied [53,66,99,148–150]. Part of the
difficulty of designing laser scan strategies is the highly-coupled and nonlinear thermo-mechanical
nature of laser forming, so many of the previously proposed strategies are limited in the number of scan
lines [66,99,150] or are computationally intensive, relying on full finite-element models [148,149].
Recently, researchers introduced an algorithm that takes a desired 3D structure as an input,
and simultaneously unfolds the structure into a planar net and plans the cutting and bending
paths for this net [62]. For normal origami, the planar net and the bending path can be solved
for separately, because the craftsmen is able to access all needed fold lines at any given time [6].
As current laser forming setups rely on an unobstructed optical path between the laser and the fold
line, this visibility constraint effectively couples the two problems.

Over the years, laser forming has emerged as a viable rapid prototyping strategy that is
complementary to metal 3D printing. Understanding of the sub-mechanisms has allowed researchers
to develop scan strategies for many 3D shapes, but the complex thermomechanical process makes it
near mandatory to automate this process. This need becomes most pronounced when more complex
3D structures and devices are being laser formed, especially ones that require multiple forming
mechanisms. Solutions to this inverse design problem are rapidly developing, and will hopefully make
laser forming as accessible as 3D printing.

4. Conclusions and Outlook

Laser forming has developed dramatically over the past forty years, from a mechanistic
understanding of the process to the successful laser origami of complex 3D shapes and the algorithms
to design their laser scan patterns. As the field matures and laser forming is adopted as a viable rapid
prototyping strategy, new research opportunities abound. Like any other prototyping technology,
laser forming is valuable for certain structures, while not being preferable for others. Deciding if
laser forming is the preferred fabrication methods requires design heuristics that have yet to be
clarified. Continued research efforts should be focused on clarifying these heuristics, while expanding
the capabilities of the laser forming by developing it as a robust technology that is able to reliably
produce functional, near-arbitrary 3D structures from flat substrates in an automated manufacturing
environment. To this end, researchers will need to address current gaps in the understanding of the
laser forming process, which will inform the design and control algorithms.

Laser forming involves rapid heating and cooling cycles that can cause changes in the
microstructure of the metal during the process. Microstructural control is very important for titanium
pieces in the aerospace industry, as the mechanical properties and fatigue resistance of titanium and its
alloys are highly dependent on having precise control over the grains. Preliminary reports suggest
that laser forming leads to unfavorable grain structures in titanium [27,95,157]. Other industries
and applications might not have as stringent requirements on the grain structure, but these reports
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suggest there may be some degradation in the mechanical properties of laser formed parts compared
to mechanically bent structures, an area that needs further investigation.

The microstructure of a material influences more than mechanical properties, so these other
properties need to be considered when deciding to laser form an object. Of particular concern to the
shipbuilding industry might be corrosion resistance to the salty ocean water. The corrosion resistance of
some laser formed metals has been briefly investigated [96,115,158,159], with many metals demonstrating
a reduced corrosion resistance resulting from the disturbed microstructure. Interestingly, some alloys
showed an increased corrosion resistance after being laser formed [159], though the role of the lasing
parameters on this phenomenon was underexplored. There is a need to study systematically the
suitability of a laser formed material for use in a corrosive environment as a function of the material’s
properties, the nature of the corrosive species, and the laser forming parameters. Applications could
include ship hulls in salt water, or a laser bent tube in a chemical processing plant.

For laser forming to move from academic research to an industrial process, stronger control
schemes and predictive modelling need to be developed. The state-of-the-art algorithms either develop
the optimal laser settings for relatively simple shapes based on finite element modelling, or they use
experimental data to develop a laser scan path to produce near-arbitrary 3D shapes. The next step
would be to develop an algorithm that combines these methods to develop a scan path for near-arbitrary
shapes and the optimal laser settings to produce this shape, as some regions might only need bending,
while others require shortening. Combining these algorithms would enable additional constraints to
be designed around, as the laser-substrate interaction does more than just bend the workpiece.

Most laser forming setups are run in a batch process with one sheet being bent at a time.
A recent report demonstrated a way to transform laser forming into a continuous roll-to-roll
process by combining laser cutting and bending [63]. Lasers are used to do much more, such as
welding [120,160], marking [161,162], laser-induced chemistry [163–165], and are even used in analytical
techniques [166,167]. Taken together, one could imagine a fully automated process wherein blank sheet
metal is fed, then different lasers will cut, mark, chemically pattern, and then fold it into a desired
3D structure with inline quality control. Developing such a system will require developing further
control schemes to know when and where to bend the structure in this complex process to yield the
desired result.

Laser forming is a valuable technology that is poised to address two notable shortcomings of
metal 3D printing—large structures and thin structures. Fully realizing this potential will require
developing a detailed understanding of how the laser forming process impacts material properties to
produce advanced planning and control schemes. With a completely automated process, laser forming
will be available to make the rapid prototyping of metallic structures even lighter.
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