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Preface to ”Advances in Laser Materials Processing”

Innovative laser processing technologies developed in recent years make it possible to solve

any engineering problems—from repair technologies and technologies for volumetric growth

and improvements in the surface and structure of products from a broad class of materials

to micromachining and laser polishing. The traditional scientific approach to improving laser

technology and the methods for post-processing formed surfaces and the structure of functional

products concerning a wide range of materials has proven its effectiveness in transitioning from

laboratory conditions to real production. The high efficiency of this approach can be explained by

the fact that, under various operating conditions of a functional product, in all cases, its surface layer

is the most loaded, and the service life of the entire machine-building product or mechanism under

specific operating conditions depends on its quality and structure. The second important parameter

of the viability of a product is its volumetric properties associated with the structure—primarily the

volumetric strength and thermal stability in specific conditions.

Many years of experience of the scientific team of the Moscow State Technological University

STANKIN in the field of electrophysical processes, as well as world-class scientists in the field of laser

materials processing and highly qualified specialists, made it possible to present the results of the

latest scientific research in the field of improving laser technologies and post-processing for relevant

machinery products as a collection of scientific articles. In addition, the presented achievements

contribute to the development of innovative products in the field of laser technologies in machinery

and other related industries and present the results of developments in the form of patented methods,

techniques, and equipment, ready for complete implementation in enterprises in the context of the

novelty for transition to the sixth technology paradigm.

The Special Issue is dedicated to the most recent achievements in the laser processing of

various materials, such as cast irons, tool steels, high-entropy alloys, hard-to-remelt materials, cement

mortars, and innovative manufacturing and post-processing methods based on a laser.

Sergey N. Grigoriev, Marina A. Volosova, and Anna A. Okunkova

Editors
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1. Introduction and Scope

Today, laser processing is becoming more and more relevant due to its fast adaptation
to the most critical technological tasks, its ability to provide processing in the most rarefied
and aggressive mediums (e.g., vacuum conditions), a wide field of potential applications,
and green aspects related to the absence of industrial cutting chips and dust. With the
development of 3D technologies in production, laser processing has received a new round
of interest associated with its abilities in selective high-precision powder melting or sinter-
ing [1–4] that are now available even for oxide ceramics without a binder for remelting [5,6].
New technologies and equipment, which improve and modify laser optic parameters [7],
contribute to the better absorption of laser energy by metals or powder surface [8] and allow
an increase in laser power up to a few kilowatts. This can positively influence the industrial
spread of the laser in mass production and advance existing manufacturing methods.

The latest achievements in laser processing have become a relevant topic in the most
authoritative scientific journals and conferences over the last half-century. Advances in
laser processing have received multiple awards in the most prestigious competitions and
exhibitions worldwide and at international scientific events.

This Special Issue is devoted to the most recent achievements in the field of the laser
processing of metals and innovative manufacturing methods based on lasers.

2. Contributions

Eleven research articles and reviews are published in the presented Special Issue. The
touched upon subjects cover the most critical topics in laser materials processing. Among
them are questions regarding:

1. Distributing/redistributing energy in the laser beam spot (round and quadratic) in
laser additive manufacturing (experimentally and numerically) and surface treatment
for various types of metals alloys, such as cast iron and steel [9–12];

2. Laser surface treatment to repair surface defects and cracks in irons, steels, and
composites [13–16];

3. The post-processing (mechanical, heat and plasma treatment) of laser welds and parts
produced by laser additive manufacturing [17–19].

In particular,

• Beam profiling in the laser-additive manufacturing of metals and alloys [9],
• The influence of specific energy on the microstructure and properties of laser cladded

high entropy alloy [10];
• Spacing distribution on the surface of gray cast iron by laser remelting using a

biomimetic design model [11];
• A square, top-hat (flat-top) shaped intensity distribution in the laser micro polishing

tool steels [12];
• Laser scabbling to remove the defect surfaces of cement mortar composites [13];
• Laser melting to bionically repair thermal fatigue cracks in ductile iron [14];
• Biomimetic laser treatment on five types of low and medium carbon steels [15];

Metals 2022, 12, 917. https://doi.org/10.3390/met12060917 https://www.mdpi.com/journal/metals1
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• The heat treatment and ultrasonic peening of the laser-welds on metals and alloys [17];
• The heat treatment, vibratory tumbling, and ultrasonic cavitation finishing of the

anticorrosion steels of the austenite and martensitic class [18].

These subjects can be highlighted as the main, crucial research directions in laser
materials processing. The topics of the laser surface treatment of cast irons [16] and defect
minimization in the laser powder bed fusion of metals and alloys [19] are reviewed.

Beam profiling or shaping in the laser additive manufacturing of metals and alloys [9]
provides the redistribution of the laser energy flux in a laser beam spot. It leads to a decrease
in material losses through evaporation by more than 2.5 times when switching from the
classical Gaussian mode (TEM00, laser beam spot of 109 μm) to the inverse Gaussian
(donut) distribution (airy distribution of the first harmonic, TEM01* = TEM01 + TEM10,
laser beam spot of 310 μm) during the dynamic simulation of a CoCr type of alloy. The
calculation of the Péclet number (a similarity criterion characterizing the relationship
between convective and molecular processes of heat transfer (convection to diffusion)
in a material flow in the liquid phase) shows that the cylindrical (top-hat or flat-top)
distribution (TEMFT = TEM01* + TEM00 mode, laser beam spot of 210 μm) is effective in a
narrow temperature range (oxide ceramics).

Experimental research of a critical laser cladding parameter, such as the specific energy
in processing high entropy alloys (HEA, 24.44% of Fe, 26.18% of Co, 22.43% of Cr, Ni in
balance) [10], showed significant differences in the microstructure and properties of the
coatings. The increase of specific energy plays a positive role in

• The microstructure evolution that is mainly composed of the face-centered and body-
centered cubic phases, precipitating a small amount in the Fe-Cr phase and Laves
phase;

• Promoting the diffusion of Ti from the substrate of Ti6Al4V to the HEA coating, mainly
composed of columnar crystal and shrinkage cavities;

• Subsequently affecting the microhardness of samples up to 1098HV, which is ~200%
higher than for the substrate.

In order to improve the wear resistance and thermal fatigue resistance of gray cast
iron (3.41% of C, 1.61% of Si, 0.96% of Mn, Fe in balance) surfaces, the original uniform
distribution laser melting strengthening model was designed as a nonuniform distribution
model [11]. The adjacent melting zones affect each other, resulting in heat preservation and
a tempering effect; simultaneously, the area of the melting zone and grain size increase, and
the hardness decreases from 765–820 HV to 570–620 HV. The phase transformation law of
the microstructure in the melting zone was determined at the later stage of thermal fatigue.
The maximum residual tensile stress was 204 MPa in the melting zone and 103.4 MPa in the
phase transformation zone. The surface wear morphology of different unit combinations
after 600 thermal fatigue cycles showed that different degrees of wear appeared on the
material surface, caused by microcrack peeling with an increase in fatigue times.

The influence of three different quadratic top-hat (flat-top) laser beam sizes (100 μm,
200 μm, 400 μm side length) and fluences from 3.0 up to 12.0 J/cm2 on the resulting surface
topography and roughness of the 1.2379 tool steel product (AISI D2, 1.56% C, 0.4% Si,
11.86% Cr, 0.83% Mo, Fe in balance) in laser micro polishing showed [12] that chromium
carbides are the source of undesired surface and dimples. The laser process parameters
were: the frequency of 20 kHz, scanning speed of 200, 400, 800 mm/s, track offset of 10, 20,
40 μm, and laser power of 8–24, 32–96, 128–384 W, correspondingly. Particularly for high
laser fluences, a noticeable stripe structure was observed, which is typically a continuous
remelting characteristic. The micro-roughness was significantly reduced from 32 to 3 nm
when the macro-roughness was increased from 0.002 to 0.200 μm. The results show that
smaller laser polishing fluences are required for larger laser beam dimensions. Additionally,
the same or even a lower surface roughness and less undesired surface features were created
for larger laser beam dimensions. Therefore, a potential path for the industrial applications
of laser micro polishing, where area rates of up to several m2/min might be achievable
with commercially available laser beam sources.
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In laser scabbling with a pulsed laser with a power density of 1.45 × 105 W/mm2, the
effects of silica sand proportion in color changing and penetration depth samples were
studied for the five types of cement mortar samples, mainly composed of CaO and SiO2 [13].
Increasing the silica sand proportion resulted in a decrease in scabbling penetration depth
and fewer surface cracks on the top and bottom surfaces. The evaporation of material
was the dominant mechanism of this scabbling due to the high-power density laser. The
chemical changes in the cement mortar were an increase in Si and a decrease in Ca. The
difference is explained by the boiling point of silicon dioxide (3220 K) being higher than for
calcium oxide (3120 K).

The thermal fatigue cracking of ductile iron (3.65% C, 2.42% Si, 0.60% Mn, Fe in balance)
machine parts can be a severe problem in abrasive wear conditions when the presence
of graphite in the material complicates the repair of crack defects [14]. A novel method
for remanufacturing ductile iron brake discs based on coupled bionics to repair thermal
fatigue cracks discontinuously, using bioinspired crack blocking units fabricated by laser
remelting, showed that the crack could be fully closed at a laser energy of 165.6+19

−15 J/mm2

with a pulse duration of 8 ms, an electric current of 155 A, laser beam spot of 1 mm, and
laser power of 347.2 W to a sufficient depth of 0.59 mm. The microhardness was 680HV0.2,
comparing 298HV0.2 of the untreated sample. The sample treated at the mentioned energy
level exhibited the highest tensile force of 40.68 kN, which was 37.11% higher than the
unrepaired one. After 2000 thermal fatigue cycles, the crack width of the unrepaired
specimen increased by 499.21 μm, while the crack width of the repaired specimen increased
between 118.31 and 412.34 μm. The result of 118.31 μm was shown at the laser energy level
of 165.6+19

−15 J/mm2, which was 23.70% of the unrepaired sample. Research has shown the
beneficial effects of reducing the spacing of units from 7 to 3 mm by inhibiting thermal
fatigue crack propagation from 150.62 to 57.68 μm, which was 61.70% smaller than that of
the unrepaired sample.

Five kinds of low and medium carbon steels with different carbon element contents
(Steel 1—0.15%, Steel 2—0.25%, Steel 3—0.37%, Steel 4—0.45%, Steel 5—0.58%) were
studied by laser remelting [15]. Laser process parameters were: an energy level of 16.88 J,
pulse a duration of 8 ms, a frequency of 5 Hz, a scanning speed of 1 mm/s, and a beam
diameter of 1.59 mm. Compared with the untreated samples, when the carbon content
is 0.15–0.45%, the tensile strength of the laser biomimetic samples of Steel 2 is 532 MPa,
which is higher than for the untreated samples (440 MPa) by 20.91%. For other groups
of steels, the difference ranged from 3.14 to 1.26%, or even to 5.21% for Steel 5. With an
increase in carbon content, the tensile strength increases first and then decreases, while
the plasticity of the biomimetic samples decreases continuously from 19 to 2% compared
with untreated samples (from 39 to 15%). The difference in plasticity degree between
untreated and treated samples for low carbon samples (Steel 1) was 34.48% and for medium
carbon samples (Steel 5) was 86.67%. The bionic samples have better wear resistance than
that of the untreated samples. For bionic specimens with different carbon elements, wear
resistance increases with an increase of carbon element content. The difference in weight
loss reduction percentage was 31.01% for Steel 1, 31.72% for Steel 2, 36.08% for Steel 3, 48%
for Steel 4, and 67.76% for Steel 5.

The review discusses the main experimental aspects of the laser surface treatment of
four cast-iron groups: gray (lamellar) cast, pearlitic ductile (nodular), austempered ductile,
and ferritic ductile iron [16]. The review summarizes the typical laser types used in surface
treatments, i.e., CO2, Nd:YAG, or fiber (diode); the coating is graphite or manganese/zinc
phosphate; shielding gas is argon, nitrogen, or helium; the power distribution is Gaussian,
uniform; and the spot geometry is circular, elliptical, or rectangular. The use of diode and
Nd:YAG lasers without coatings allows for greater energy absorption than when using
conventional CO2 lasers, which is responsible for a cooling rate that ensures the formation
of a more resistant martensitic structure. Lasers with circular geometry and Gaussian
energy distribution generate a parabolic heat-affected zone in the transverse section, where
properties are not uniform within a constant layer depth. The heat-affected zone’s hardness
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is 700–800 HV, which decreases as the fraction of retained austenite increases in favor of the
martensitic phase. The compressive residual stresses in the hardened zone are explained
by the volumetric increase associated with the transformation from austenite to harder
martensite. Single-pass with rectangular-shaped and uniform energy distribution lasers
and adjacent discrete laser spots can be used to avoid a tempering effect of overlapping
that reduces the austempered ductile iron wear resistance by 10–100 times. Ductile irons
and austempered ductile irons present lower wear damage under comparable conditions
than gray cast irons since graphite flakes act as stress raisers, favoring crack nucleation
and growth during friction, as in dry sliding tests with a SiC platform (frequency of
2.5 Hz, a load of 5 kg). Regardless of the initial microstructure of the cast iron, linear
energy is the critical parameter since it considers the combined effect of experimental
parameters, such as laser power, absorption layer thickness, and scanning velocity. It is
suggested to apply surface hardening without melting on ductile irons and austempered
ductile irons to achieve higher wear resistance because of the residual stresses created
during phase transformations (compressive in laser surface hardening and tensile in laser
surface melting).

The effect of laser offset and defocusing on microstructure, geometry, and mechanical
property responses of 2 mm-thick dissimilar AA6061/Ti-6Al-4V laser welds were studied
in [17]. In order to reduce residual stresses, the joints were both stress relaxation heat-
treated (at 530 ◦C for 2 h followed by air cooling) and mechanically treated by ultrasonic
peening (for 1 min/side, the diameter of the peening needle was 3 mm, and the vibration
frequency was 20 kHz). The welds microstructure was martensitic in the Ti-6Al-4V fusion
zone, columnar dendritic in the AA6061 fusion zone, and partially martensitic in the Ti-6Al-
4V heat-affected zone. Intermetallic compounds of the Al–Ti system were detected at the
AA6061/Ti-6Al-4V interface and in the aluminum fusion zone. Both negative defocusing
and a higher laser offset of 0.3 mm compared to 0.1 mm improved the tensile strength of
the welds (from 110.2 ± 6 to 158.1 ± 8 MPa or by 43.6% for top weld and from 100.0 ± 3 to
172.7 ± 8 or by 72% for bottom weld), mainly by reducing the amount of brittle intermetallic
compounds. The heat treatment, leading to the aging of the martensite and the increasing
the intermetallic compound size, reduced the tensile strength and ductility of the joints.
The average growth of the intermetallic layer was 2.60 ± 0.6 μm and 1.30 ± 0.3 μm for
0.3 mm-offset top and bottom joints correspondingly. On the contrary, for dissimilar Al–Ti
welds, the mechanical treatment effectively increased joint ductility and corrosion resistance
in the 3.5% NaCl solution (corrosion current density for 0.3 mm-offset bottom joint was
reduced from 16.12 to 9.28 μAχμ−2).

The samples produced by laser additive manufacturing of two types of anticorrosion
steels—20kH13 (X20Cr13, 0.16–0.25% of C, 12–14% of Cr, powder fraction of ~40 μm)
and 12kH18N9T (X10CrNiTi18-10, ≤0.12% of C, 17–19% of Cr, 8–9.5% of Ni, ≤2.0% of
Mn, powder fraction of 20–63 μm) steels—of the martensitic and austenitic class were
subjected to cavitation abrasive finishing and vibration tumbling to research the various
effects on surface quality and physical and mechanical properties [18]. The laser process
parameters were a laser power of 80 and 100 W and a scanning speed of 390 and 100 mm/s,
for X20Cr13 and X10CrNiTi18-10 steels, respectively, and a layer thickness of 20 μm. The
roughness parameter Ra was reduced by 4.2 times for the X20Cr13 sample after cavitation-
abrasive finishing when the roughness parameter Ra for the X10CrNiTi18-10 sample was
reduced by 2.8 times after vibratory tumbling. The tensile strength was increased by 15%
for X20Cr13 steel (1584.09 ± 3.58 MPa for additively manufactured sample comparing
1485 MPa of cast sample after quenching and low tempering) and 20% for X10CrNiTi18-
10 steel (657.03 ± 3.32 MPa for additively manufactured sample comparing 540 MPa of
cast sample after quenching at 1050–1100 ◦C with cooling in water) than for cast and
traditionally heat-treated cast samples. The wear resistance of 20kH13 (X20Cr13) steel
correlated with measured hardness (44.2 HRCz/46.2 HRCxy for tempering at 240 ◦C in air,
38.7 HRCz/39.1 HRCxy for tempering at 680 ◦C in oil, 33.4 HRCz/35.8 HRCxy for annealing
at 760 ◦C in air compared with 43.0 HRC and 22.3 HRC of cast samples after quenching at
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1030 ◦C and tempering at 240 ◦C in air, 680 ◦C in oil, correspondingly) and decreased with
an increase in tempering temperatures.

The compressive review [19] observes the defects in the additively manufactured
machinery products of the anticorrosion steels of the martensite and austenite classes;
difficult to process materials such as pure titanium, nickel, and their alloys; super and
high entropy alloys; and triple fusions. Studies were conducted on the structural defects
observed in such products to improve their quality by eliminating residual stress, reducing
porosity, and improving surface roughness. Electrophysical and electrochemical treatment
methods (ultrasound, plasma, laser, spark treatment, induction cleaning, redox annealing,
gas flame, plasma beam, and plasma spark treatment) for removing oxide phase formed
during the melting and remelting of deposed tracks in layers are considered. Surface
plasma cleaning methods demonstrate their ability to remove it, smooth the surface, and
recrystallize (grain size decrease) by heat treatment in metal products. The proposed type
of cleaning can be used for laser powder bed fused products to provide conditions for
reliable product growing that can be even more durable in extreme conditions. Special
attention is focused on the atmospheric plasma sources based on a dielectric barrier and
other discharges as a part of a production setup that presents the critical value of the
conducted review in the context of the novelty for transition to the sixth technology
paradigm associated with the Kondratieff’s waves [20–22].

3. Conclusions and Outlook

Topics such as various types of laser processing, including additive manufacturing,
ablation, polishing, and micromachining, are covered by this Special Issue, presenting
recent developments and achievements in the laser processing of traditional and the
most-advanced metal-based materials. However, it should be noted that there are still
many issues related to transferring some of the most outstanding ideas to applications
in real production conditions. The Guest Editors of the Special Issue hope that the most
outstanding results will contribute to and accelerate the switch to the sixth technological
paradigm in the near future.
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Abstract: The article is devoted to the compressive review of the defects observed in the products of
the machinery usage made mainly of anti-corrosion steels of the martensite-austenite group, difficult
to process materials such as pure titanium, nickel, and their alloys, super and high entropy alloys and
triple fusions produced by laser additive manufacturing, particularly the laser powder bed fusion.
Studies were conducted on the structural defects observed in such products to improve their quality
in the context of residual stress elimination, porosity reduction, and surface roughness improvement.
Electrophysical and electrochemical treatment methods of removing oxide phase formation during
melting and remelting of deposed tracks in layers are considered (such as ultrasound, plasma,
laser, spark treatment, induction cleaning, redox annealing, gas–flame, plasma–beam, plasma–spark
treatment). Types of pollution (physical and chemical) and cleaning methods, particularly plasma-
based methods for oxide phase removing, are classified. A compressive comparison of low- and
high-pressure plasma sources is provided. Special attention is focused on the atmospheric plasma
sources based on a dielectric barrier and other discharges as a part of a production setup that presents
the critical value of the conducted review in the context of the novelty for transition to the sixth
technology paradigm associated with the Kondratieff’s waves.

Keywords: surface cleaning; laser powder bed fusion; selective laser melting; atmospheric plasma
sources; dielectric barrier discharge; nickel alloy; titanium alloy; anticorrosion steel

1. Introduction

Additive technologies for the production of products are the primary trend of recent
years in power engineering, automotive, mechanical engineering, biomedical engineering,
aerospace, and defense industries [1–4]. Additive technologies fundamentally change the
production process by layer-by-layer growing solid according to a digital 3D model [5–9].
The introduction of additive technologies provides ample opportunities to manufacture
complex profile products with high accuracy, up to ±0.05 mm, depending on the used
modes [10–12]. The technology also allows working with non-standard materials up to
oxide ceramics and glasses [13–15] and using the technology as thermal post-processing of
three-dimensional complex-shaped products made by other methods [16].

Increasing additive production’s mobility and flexibility have modified the digital
system of technological production preparation. It has moved it into a virtual environment
allowing a quick transition to the production of new products without developing the
specific technological documentation and tooling for each specific product that usually
hampers rapid technical preparation for the production of new products in a short time
(work preparation process can be reduced from traditional 6–12 to 1–2 months for engineer-
ing products) [17,18]. Digitalizing the production causes traditionally as well the ability
to reduce the impact of the human factor on the quality of the resulting products [19] and
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reduce the duration of design and technological preparation on extra tooling of the first and
second order (for example, stamps and dies and profile cutters for their production) [20,21].

The possibility of manufacturing parts that are not inferior and sometimes even
exceed the physical and mechanical properties of parts obtained by traditional methods
can be named as one of the known advantages that extends the product’s life in the
conditions of extreme exploitation (cyclic thermal or mechanical loads) [22,23]. An ability
to manufacture parts of complex configurations with internal structures from bimetals
makes additive manufacturing outstanding from traditional shaping [24,25] and allows
reducing the grown object weight by internal cavities forming. High material utilization
rate due to the production of workpieces with a minimum allowance for subsequent
machining and the recovery of up to 99% of uncured material for reuse in the production
cycle increases production efficiency [26]. However, it should be noted that implementing
traditional machining methods leads to the loss of raw materials that can reach up to
80–85% in the production of dies for injection molds that require the massive volume
milling of the internal cavity of workpieces [27].

Among the most striking shortcomings, scientists identify the high costs for equipment
and electric power, powder material of specific parameters, insufficient rates of newly
developed material introduction, and the inability of quick technology adoption for these
materials in place [4,28,29]. Among others, it can be named high post-processing costs
for small production volumes and relatively low productivity for growing large-sized
solids (with overall dimensions of more than 100 mm can take up to a few days) [30].
Growing large-sized parts is also associated with a deviation in accuracy that grows from
the centrum of the part profile in plane to its periphery. The shape of the laser beam spot
is an axisymmetric circle closer to the center when it looks like an ellipse-shaped with a
more blurred edge closer to the periphery that is especially noticeable on the parts with
an overall size of more than 300 mm in-plane [31,32]. Insufficient quality of single-track
formation influences the quality of the part dramatically and leads to the deviations of the
grown solid [33,34].

Another known advantage is that powder material reusing leads to deterioration of
powder properties during re-exploitation due to the energy excess in the melt pool, ejecting
partly fused particles out of the processing area [35,36]. The absence of scientifically based
recommendations on the choice of LPBF factors for producing the parts from known but
still not adopted for LPBF specifics steels and alloys, non-standard alloys, new metal-based
materials, superalloys, high-entropy alloys, triple fusions, etc. can hampers development
of the technology and transition to the next technological paradigm [37–40].

Despite all mentioned shortcomings, LPBF is considered economically feasible when
shaping is impossible by traditional methods and when time on tooling production slows
down the production of a prototype, and also in the case of the low utilization rate of
high-cost processed materials and the production of high-tech, small-scale or personalized
products [41–43] made of a broad range of engineering materials (Table 1).

Table 1. The most spread engineering materials for LPBF.

Material References

Technical ceramics [44]
Tool steels [45]

Anti-corrosion steels [46,47]
Gradient materials (anti-corrosion steel/carbides of the group 4, 5

and 6 transition metals (with the exception of chromium) [48]

Al and Al-based alloys [1,23,49]
Ni and Ti alloys [50,51]

CoCr alloys [52,53]
High reflective and thermo conductive metals and alloys of the

copper subgroup [54,55]
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LPBF is used in industry to produce complex-profile parts of assembly units and
assemblies, non-separable multi-element assemblies [56], dies and mold parts [57], forming
inserts for chill casting [58], a wide range of engineering scaffolds [59,60].

Formed solidification defects include discontinuities and microstructural imperfec-
tions in the fabricated components that are still inevitable [61,62]. The study of the grown
material defects showed the formation of such defects as intertrack lack of fusions, localized
brittle zones, and grain coarsening in the heat-affected zones, leading to anisotropic ductil-
ity behavior along with layer deposition and growing solid directions. This review paper
provides the associated defects of grown material structures and summarizes technologies
of surface cleaning being deployed to mitigate the defects such as residual stresses, pores,
oxide phase formation, and improving surface roughness.

The work is mainly devoted to the production of engineering products produced if a
wide range of metallic materials to reduce their labor intensity and, in prospect, enlarge
their exploitation properties for working in cyclic loads, in particularly:

- a quarter-turn lock mechanism of the aircraft that includes a pin, washer, and sleeve
made of X20Cr13 (AISI 420) steel with a diameter of 11 mm, a height of 7 mm, complex-
shaped, where the traditional technology is rather laborious and complicated;

- an air intake grille module made of X10CrNiTi18-10 (AISI 321) steel, which is an
element for protecting the air intake duct from the objects entering it and is an obstacle
to the air intake to the engine with overall dimensions of 180 mm × 100 mm × 30 mm
with the minimum thickness of the inclined by 0.5–1.0◦ walls of 0.3 mm; traditionally
the module is characterized by high labor intensity, including following operational
steps such as cutting, bending, manual assembly of almost seventy parts, welding,
and soldering.

The material of the washer should be wear-resistant, the material of which should
differ in strength from the lock pin material by 20%, where the strength is not less than
1300 MPa, hardness is not less than 42 HRC, the density is not less than 7.7 g·cm−3,
arithmetic mean deviation Ra is less than 3.2 μm. Another airplane part should be produced
with tensile strength not less than a standard semi-finished product with a density of less
than 7.9 g·cm−3, and arithmetic mean deviation Ra of less than 6.3 μm. LPBF of these parts
takes the production to a new level [63–65].

Therefore, the task of studying the relationship between the LPBF factors and their
influence on fused material structural defects, understanding the mechanism of defect
formation, design and development of the specific atmospheric plasma source based on a
dielectric barrier discharge for LPBF product surface cleaning is relevant.

The following tasks are defined to achieve minimizing structural defects of LPBF products:

• Study the formation mechanism of an undesirable oxide phase (defects);
• Conduct analysis of methods for removing the oxide phase by atmospheric plasma

sources from the surface after exposure to a laser beam;
• Highlight and systematize an atmospheric plasma source principles based on the

dielectric barrier and other discharges as part of a technological installation.

2. Study of Formation Mechanism of Oxide Phase (Defects)

2.1. Study of the Effect of Process Parameters on Defects in LPBF

Currently, additive technologies are implemented based on light-beam and electron-
beam energy sources. However, today’s most popular additive technologies based on laser
radiation are related to melting, sintering, and direct metal sintering principles. When
implementing the technology of selective laser sintering, the compaction of the layer of
powder material occurs due to solid-phase sintering. In the basis of direct laser sintering of
metals, densification occurs according to the mechanism of liquid-phase sintering due to the
melting of a fusible component in a powder mixture. In the basis of the laser powder bed
fusion method, the compaction of the powder material is carried out due to the complete
melting and spreading of the melt. The structure of the product obtained by selective laser
melting is shown in Figure 1 based on some findings in [33,34].
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Figure 1. The schematic structure of the metal product obtained by LPBF: (a) Top view; (b) Cross
section; (c) Longitudinal section.

Obtaining a surface of the required quality is one of the most critical issues of LPBF.
However, the lack of data on the modes of laser powder melting and the powder materials
themselves necessitates multiple research projects in this area [66–72]. The LPBF process is
multifactorial, and a whole set of factors influences the formation of defects [33,34,71].

Further improvement of additive installations is associated with using a more powerful
laser generator, a smaller diameter of the focusing spot, and a thinner layer of powder,
which made it possible to use LPBF to obtain products from various metals and alloys of
the required quality level.

With LPBF materials such as aluminum and copper subgroup, an important issue is
their high reflectivity [1,23,49,54,55], which determines the need for a powerful laser system.
However, increasing the power of the laser beam can adversely affect the dimensional accuracy
of the product because if heated excessively, the powder material will melt and sinter outside
the laser spot due to heat transfer. In addition, the high power of the laser generator can lead
to a change in the chemical composition because of metal evaporation, which is typical for
alloys containing low-melting components and having high vapor pressure.

One of the important conditions in the implementation of the LPBF is creating a
protective environment that prevents the oxidation of the powder. The composition of the
gaseous medium in the working chamber is an important technological parameter of the
LPBF. It is known that the absorption of atmospheric gases during metal melting negatively
affects its physical and mechanical properties. Therefore, a protective environment of
inert gases (N2 or Ar) is created and maintained in the working chamber. However, inert
nitrogen gas as a shielding gas is limited because nitrides may form (e.g., AlN, TiN in the
manufacture of aluminum and titanium alloy products), which leads to a decrease in the
material’s ductility. Furthermore, it has been established that the flow rate of the working
gas and the direction of its flows affect the degree of porosity in titanium alloys synthesized
using the LPBF technology due to the possible transfer of oxide inclusions formed during
powder melting to the scanning zone [1,23,51,73,74].

Practice shows that working with technologically difficult materials such as titanium
and nickel alloys leads to the formation of residual stresses, leading to warping of parts
and even cracks [50,51,75,76]. Compared with stainless steel, aluminum powders have a
higher powder reflectivity (over 91% for aluminum) for laser radiation and higher thermal
conductivity, making the process more difficult. Oxide formation on particles when using
aluminum powders can lead to defects due to the ingress of oxide films into the alloy
since aluminum oxide has a higher melting point (2072 ◦C) than pure metal (660.3 ◦C). The
upper oxide film from the melt pool evaporates under the action of the laser beam, whereas
the oxide films located deeper in the melt are untouched and remain inside, representing
defective zones. Finally, the hydrogen content of the powder can cause pores in the part if
the melt pool crystallizes faster than the gas evaporates.
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The quality of powder materials is characterized by granulomorphometric properties
(sphericity, dispersion), geometric dimensions, and physicochemical characteristics. The
study of the effect of particle size on the properties of finished products showed that in
order to obtain high-quality products without porosity, the presence of small particles is
necessary. During laser exposure, small particles are first melted, thereby creating favorable
conditions for melting larger particles. In addition, the spherical particles improve the
fluidity of the powder and can be packed more densely. A wide particle size distribution
allows for a denser arrangement of particles. A uniform layer is formed with sufficient
fluidity of the powder. The size distribution of particles affects the mode factors that differ
for large and small particles.

An important characteristic of powders is also the structure of their constituent parti-
cles, which can be both compact and porous. In this case, the pores can access the surface
(open porosity) or be closed inside the particle (closed porosity).

Used metal powders must meet the following requirements [77,78]:

– homogeneous chemical composition;
– sphericity of powder particles with a shape factor from 1.0 to 2.0 (sphericity guarantees

high fluidity and packing density, which leads to rapid and reproducible distribution
of powder layers);

– a narrow and uniform range of particle size distribution with an average value of 40
to 75 μm (the content of particles whose size is larger than the allowable or irregularly
shaped particles can cause defects in the finished part).

Powders that meet these requirements have:

– Low coefficient of friction between particles;
– Satisfactory fluidity;
– Increased bulk density;
– Satisfactory density after shaking.

Such requirements allow uninterrupted powder supply and its deposition in thin
layers in the LPBF. Depending on the required level of quality, appropriate post-processing
is required [79–81].

The multifactorial nature of the LPBF, the need to determine the optimal modes of
formation of products of the established quality level, and when using new alloys and
materials hinder the widespread use of this method. Quality management of products
obtained by LPBF technology is based on understanding the mechanism of defect formation.

2.2. Study of the Mechanism of Formation of Structural and Surface Defects

An analysis of the literature sources has shown that, to date, studies of the quantitative
correlation of the formation of defects with process parameters are of a disparate nature.
The main defects of LPBF technology include cracks, delamination of parts/cracking and
warping, porosity, the density of the part, reduced plasticity due to the presence of residual
stresses, surface roughness (Table 2). The table is suitable for nickel and titanium alloys
(including high-entropy alloys), anti-corrosion steels of the martensite-austenite class, and
some oxide ceramics suitable for LPBF.
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Table 2. Defects in laser powder bed fusion.

Defects Possible Reasons Solutions References

Cracks (surface,
internal,
through)

• Too high mode than required
(especcially it is actual for
newly introduced metals and
alloys or difficult-to-process
materials and alloys of
nickel-titanium group, and
high-entropy alloys),

• Powder quality,
• Residual stresses

• Use of supporting structures for fast and
efficient heat dissipation;

• Optimal orientation of parts in the build
chamber to reduce the area of welded
sections;

• Heated build platform, which reduces the
temperature gradient and reduces
residual stresses;

• Chessboard scanning strategy;
• To avoid further cracking during

operation, heat treatment to relieve
internal stresses is recommended, etc.

[14,24,75,76,82,83]

Porosity

• Too high modes;
• Granulomorphometry of the

powder (size, sphericity,
dispersion of the powder);

• The oxide film present on the
surface of the powder
particles;

• Layer deposition density;
• Shrinkage processes, capture

of molecules (nitrogen, argon)
during synthesis

• Selection of the optimal LPBF modes
(speed, laser radiation power, scanning
strategy);

• Selection of optimal
granulomorphometry (shape, size,
dispersion);

• Input quality control of powders;
• Consistency of the quality level of the

used powder;
• Carrying out subsequent processing

methods, for example, hot isostatic
pressing, etc.

[14,30,47,62,84]

Increased degree
of stress-strain

state

• Residual stresses;
• Product geometry;
• Location of supporting

structures;
• Heating and cooling rates;
• Technological heritage;
• Choosen material physical

properties;
• Process parameters (laser

power and speed, powder
layer thickness, scanning
strategy, preheating, etc.)

• Selection of the optimal LPBF modes;
• Carrying out heat treatment (annealing);
• Rescan;
• Platform heating

[8,45,72,82]

Increased surface
roughness

• LPBF process modes;
• Peculiarities of LPBF

(layer-by-layer deposition of
the powder material and the
formation of steps, which are
more pronounced with a
significant inclination of the
surfaces;

• Partial melting of granules
from an array of powder
outside the shaded section due
to partial penetration of the
previous deposited layer)

Selection of the optimal LPBF modes (reducing
the scanning interval leads to an improvement

in surface roughness; reducing the scanning
speed reduces coagulation and improves

surface roughness)

[8,18,47,82,85]

Cracks are among the most dangerous mechanical defects in the LPBF [14,86], in which
low thermal conductivity and high coefficients of thermal expansion create sufficiently
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high internal stresses to break bonds within the material, especially along grain boundaries
where dislocations are present.

Several physical phenomena are important to the LPBF, such as the absorption of laser
radiation by the powder material, melt droplet coagulation phenomena that disrupt the
formation of continuous layers, and thermal fluctuations experienced by the material during
the process, which can lead to cracking and damage to the product being grown [8,86].

Cracks can occur due to not using a laser source with sufficient power or too fast
scanning of the powder surface, which leads to insufficient metal melting and preventing
a strong bonding medium for solidification [87]. Moreover, residual stresses can lead to
cracking (a mechanical defect in which low thermal conductivity and high coefficients of
thermal expansion create sufficiently high internal stresses to break bonds within the mate-
rial, especially along grain boundaries where dislocations are present) of parts and their
deformation [86]. The value of residual stresses is affected by the product’s geometry, the
rate of heating and cooling, and the coefficient of thermal expansion, phase and structural
changes in the metal. Studies were carried out to assess the residual stresses and strains
for various scanning strategies [88]. The maximum stresses along the X and Y axes were
observed for samples with a scanning strategy along the contour when shifted to the center.
Checkerboard scanning, also known as island scanning, has been proven to reduce residual
stresses compared with other scanning strategies using a random sequence of islands.

Secondary effects due to the laser beam can unintentionally affect the properties of
the structure. One such example is the formation of secondary phase precipitates in the
bulk structure due to repeated heating in the solidified underlying layers as the laser beam
passes through the powder layer. Depending on the composition of the precipitates, this
effect can remove important elements from the bulk material. In addition, the laser power
and convection currents generated in powder layers containing oxides can evaporate and
“splatter” the oxides elsewhere. It is typical for the LPBF that the deposited powder is
remelted several times during the construction of the product, ensuring reliable adhesion
of the formed layers (Figure 2) [8,89].

Figure 2. Oxide nanoparticles correspond to a small extent to steel obtained by LPBF.

In this case, the material is heated above the melting point, and a thin oxide film
inevitably appears on the deposited surface, despite the fact that the oxygen content in the
laser chamber is set to no higher than 0.15%. If this film is not removed, then during the
formation of the next layer it will be walled up in the product and during the remelting of
the layer formed above the film, it will remain in the structure of the product in the form of
spherical nanoparticles of the amorphous oxide phase, evenly distributed over the volume
of the product (Figure 2).

These oxides accumulate and do not wet, thereby forming slag, which not only
removes the useful nature of the oxide in the composition, but also provides a mechanically
favorable microenvironment for material cracking [8,90].
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Pore formation is a very important defect in LPBF. Pores are found to form during
changes in the laser scanning speed due to the rapid formation and then collapse of deep
pits on the surface, which trap the inert shielding gas in the solidifying metal.

The main causes of porosity are incorrect selection of LPBF parameters and powder
quality. An increase in the energy density of laser radiation leads to excessive evaporation
of the material and the formation of splashes, which leads to an increase in the pore
volume [85]. In addition, the high energy density of the laser radiation leads to the
formation of a large melt pool, which becomes less stable and leads to the formation of
separate melt droplets (balling effect) rather than a continuous melt path. Melt drops,
under the action of surface tension, draw in nearby powder particles, which leads to the
formation of pits around the drops and, as a result, an increase in porosity [86].

At the same time, when the energy density of laser radiation is insufficient, complete
melting of the powder is not ensured, and large pores appear along the scanning lines. The
size of the melt pool is too small to be in contact with adjacent scan tracks [34,35,87,91].

The speed of laser scanning affects the type of pores formed during the
LPBF [30,33,71,84,85]. The porosity and pore size increase significantly with an increase in
the scanning speed.

Insufficient distance between the tracks leads to an increase in porosity in the synthe-
sized products, which is associated with the formation of a non-continuous melt track [34].

The deterioration of the process of spreading and wettability by the melt of the
underlying layer is also facilitated by the presence of oxygen, which, dissolving in the
metal, increases the viscosity of the melt.

The authors of [82] suggested that the oxide film present on the surface of the powder
particles remains in the melt bath, thereby creating residual porosity in the crystallized
volumes. The authors of [92,93] showed that the oxide film on the previous layer prevents
interlayer bonding and leads to melt droplet coagulation, since metal melts usually do not
chemically react with oxide films.

In addition to the LPBF parameters, the appearance of pores is influenced by the
quality of the used powder materials, the size and sphericity of the particles, and the
granulometric composition’s uniformity (dispersity).

The more the shape of the particles approaches a spherical shape, the greater the
density of the backfill. Less spherical particles form structures of the second order, which
are characterized by large extended pores.

The study of the effect of particle size on the properties of finished products showed
that in order to obtain high-quality products without porosity, the presence of small
particles is necessary [94]. During laser exposure, small particles are first melted, thereby
creating favorable conditions for the melting of larger particles. The presence of particles in
the powder, the size of which is larger than the allowable or particles of irregular shape,
negatively affects the porosity of the product.

Methods for reducing porosity in LPBF [95,96] include mainly powder quality control
(granulomorphology and granulomorphometry, particularly degree of reflection/absorption
of laser radiation by the powder), search for the optimal range of process factors, additional
methods of leveling/compacting the powder in the layer, pre-drying, leveling the layer,
pressing, wetting, pre-heating or heating, pre-melting, subsequent post-processing. The
input control of the powder is carried out by assessing the presence of voids and their vol-
ume, particle size, shape and linear dimensions, which is important for assessing whether
the particle size falls within the desired range.

In addition, subsequent processing methods such as hot isostatic pressing (HIP) can
reduce porosity [97]. The use of HIP makes it possible to eliminate residual porosity and
improve the physical and mechanical properties of the material.

After additive manufacturing by the LPBF, materials are characterized by anisotropy
of properties, increased strength and reduced ductility due to the presence of residual
stresses [8,86,97]. Annealing is carried out to remove residual stresses, obtain a more
balanced structure, and increase the viscosity and plasticity of the material [98]. Sometimes
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remelting or premelting can be used to increase density, reduce residual stresses, etc. [99].
This strategy requires double scanning of the same layer with possibly different parameters
without applying powder, although this may increase production time. Platform heating
allows reducing the gradient and reducing residual stresses [100].

A checkerboard scanning strategy can also be used to reduce residual stresses in metal
parts [94,101]. This strategy works by dividing the scanned area into squares of a given size,
which reduces the size of the scanned sections and reduces the length of the scan vector.

However, a team consisting of scientists from the National Institute of Standards and
Technology (NIST), Livermore National Laboratory Lawrence (LLNL) and other institutions
found that the island scanning method actually increases residual stresses when printing
certain bridge-like geometries [102]. Those, the use of the staggered scanning strategy
makes it possible to reduce residual stresses, but has restrictions on the geometry of the
products. A subsequent heat treatment can be used to relieve internal stresses. The grown
parts, fixed by supporting structures on the building platform, are placed in an oven and
aged according to the modes [30,47].

The main reason for the increased surface roughness of products obtained by the
LPBF method is the way the technology is implemented: layer-by-layer melting of powder
material by means of high-power laser radiation. According to the results of studies [103],
the roughness of the surface layer is influenced by the parameters of the technological
process such as the power of laser radiation, the scanning speed, the layer thickness and
the scanning strategy. Surface roughness is directly dependent on technological modes and
correlates with the nature of the change in porosity.

It was found that coagulation has a great influence on the roughness of the surface
layer. Coagulation is the fusion of small powder particles into larger ones under the
influence of laser radiation. A decrease in coagulation was observed with a decrease in
the scanning speed, which is due to an increase in the melting time of the powder and
a decrease in the viscosity of the melt. Increasing the scanning step leads to an increase
in surface roughness. The surface roughness has the smallest value of 15 μm at a laser
power of 200 W and a scanning speed of 3000 mm/s. The authors proposed to improve the
roughness of the inclined surface due to the contour scanning of each layer with increased
energy density [85].

The study of the influence of the quality of the powder material on the roughness
showed that the smaller the powder particles, the more accurately it is possible to build
products by reducing the scanning step and to obtain a smoother surface by reducing
the thickness of the powder layer. However, in the process of product synthesis, a very
rapid melting process occurs in the area of the laser spot, accompanied by boiling of the
metal with the splashing of the melt and “carrying out” of fine light powder particles
from the construction zone, which leads to the formation of an increased roughness of the
product [52,53]. This effect can be reduced by using low-power lasers, but this significantly
reduces productivity. Subsequently, processing (sandblasting, grinding, and polishing) is
used to improve the roughness [30,47].

3. Analysis of Methods for Removing Oxide Phase by Atmospheric Plasma Sources
after Laser Treatment

3.1. Investigation of Methods for Removing Oxide Phase

One of the main problems in the selective laser melting of metal powders is the oxide
phase. It complicates the LPBF of metal powders and prevents the normal formation of
layers during melting.

It is necessary to clean the formed surfaces for the further LPBF carefully to reduce the
negative effect of the oxide phase. Mechanical, chemical, electrochemical, physical, thermal,
and combined cleaning methods are used to remove the unwanted oxide phase.

Ultrasonic, plasma, laser, spark, induction, gas thermal, and combined methods can be
used to remove the unwanted oxide phase in the LPBF operating chamber. A comparative
analysis of the methods for oxide phase removal in LPBF is presented in Table 3.
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Table 3. Methods for removing the oxide phase.

Nature Method Ability to Clean Complex Shapes Remarks Sources

Physical

Ultrasound
The need to use special solutions,
the need for complex ultrasonic

transducers

Exclusion of the use of flammable
and toxic solvents [104,105]

Plasma

Allows you to clean products
without the use of heat and the use
of special liquid media, allows you
to process parts of complex shape

Ability to clean geometrically
complex objects [106–108]

Laser
does not require Additional

resources, cleaning the surface
retains its original appearance

Possibility of 100% localization of
cleaning products [109]

Spark There are restrictions on the
thickness of the processed material

The complexity of the equipment,
causes surface modification [110]

Thermal

Induction cleaning,
redox annealing

The technology is effective when
using long bars

Possibility of surface overheating,
sophisticated equipment and

qualified personnel
[111]

Gas-flame
Slight heating of parts, used to
clean parts with a thickness of

more than 5 mm

The need for subsequent cleaning
by mechanical action, combustion

products remain on the surface
[112]

Combined Plasma-beam,
plasma-spark

Allows processing of
complex parts

The complexity of the equipment,
the complexity of the

implementation process
[113]

The performed analysis showed that one of the methods that allows to efficiently and
effectively remove the oxide phase that occurs during the LPBF, providing conditions for
reliable and durable formation of the product, is the plasma method.

3.2. Analysis of Methods for Removinge Oxide Phase by Sources of Atmospheric Plasma

Atmospheric pressure plasma is generated at atmospheric pressure without the use
of complicated and expensive vacuum equipment. In this regard, atmospheric plasma
is one of the promising processing tools in various fields of science and technology. At-
mospheric low-temperature plasma and devices based on it, realizing a corona discharge,
glow discharge, discharge with a dielectric barrier, and others, are widely used in various
technologies [114,115].

Atmospheric plasma can be used to local clean surfaces of various materials such
as metals, various types of ceramics, and other temperature-resistant metal- or ceramic-
based materials.

The purpose of atmospheric pressure plasma cleaning is to remove contaminants,
any substrate, even molecular traces of contaminants that form on the surface. Surface
cleaning is the initial step in the surface preparation process. There are two types of
pollutants—“natural” and “technological”. Natural effects of the surrounding atmosphere
appear, mainly containing oxygen-carbon or carbon-hydrogen bonds of organic substances,
oxides, and adsorbed water particles. A technological type of pollution may occur during
the part’s manufacturing process.

There is another classification of pollution based on [8,47,82,116–122]. All pollution is
divided into physical and chemical ones. Physical pollutions are held on the treated surface
due to Van der Waals forces (electrostatically); chemical ones are due to chemical bonds.
Different types of contaminants are removed by different methods (Table 4).
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Table 4. Pollution classification.

Type of Pollution Cleaning Method References

Physical

Washing [116]
Ultrasonic cleaning [82]

Heat treatment [47,82]
Plasma cleaning [8,117,118]

Chemical

Processing in solutions [119]
Acid and alkali etching [120]

Gas etching [47]
Laser chemfical cleaning [121,122]

Surface treatment with plasma flows creates a low-temperature environment by using
electrical energy rather than thermal energy to stimulate chemical reactions. The speed of
plasma cleaning is not high (~0.4 mm/hour) [123,124]; therefore, plasma cleaning is often used
as a finish cleaning, immediately before further processing (for example, coating deposition).

Plasma treatment satisfies the progressiveness criteria (the degree of progress in
technology, technological equipment and organizational forms of processes, which includes
qualitative and quantitative indicators [125]) such as:

– Low duration of the process;
– High degree of cleanliness of the treated surface;
– Homogeneity of the cleaned surface;
– No changes in the structure of the substrate material;
– Environmental safety;
– The possibility of quick disposal of cleaning products.

During the implementation of plasma surface treatment, electrons, ions, and radicals
are generated. The atmospheric pressure plasma flow, interacting with the treated surface,
causes the following phenomena leading to effective cleaning: heating of the surface to be
cleaned, spraying, and etching. The advantages and disadvantages of these processes are
shown in Figure 3.

Figure 3. Plasma methods for removing the oxide phase.
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Plasma treatment with atmospheric plasma reduces surface contamination by 5–6 times
than chemical cleaning methods. Atmospheric plasma cleaning prepares the surface without
any harmful waste.

Depending on the design solution and practical implementation of plasma surface
treatment in order to clean it from the oxide phase and ensure strength properties, plasma
cleaning, plasma activation, and plasma etching are used [126,127] (Figure 3).

When implementing plasma heating to clean the surface, the substrate to be cleaned
is heated mainly by bombarding the surface with the electron and ion components of
the plasma and by plasma radiation. It is possible to increase the plasma energy flux by
applying a bias potential. Surface heating is usually limited to a low temperature (~600 ◦C)
due to the prevention of the formation of metal carbides. At the same time, such a process
can remove only lightly bound unwanted particles of a substance.

When implementing the plasma sputtering (physical vapor deposition (PVD) method
of thin film deposition by sputtering that involves ejecting material from a target (source)
onto a substrate (part)), a necessary condition is the presence of an additional voltage. A
voltage is applied between the plasma and the substrate. Typically, the “floating poten-
tial” is about 10–20 V. Plasma sputtering is a more productive process. For example, a
contaminated h = 100 nm layer can be removed in 500 s [128,129].

Plasma spray cleaning can be accompanied by removing the main part of the substrate
material. In addition, the formation of surface defects is also possible [130].

Plasma spray cleaning can be accompanied by removing the main part of the substrate
material. In addition, the formation of surface defects is also possible. Atoms or radicals
chemically interact with the substrate during the plasma etching process. The first stage
of plasma etching is adsorption, which is determined by the chemical composition of the
substrate and temperature. Then, two ways of interaction are possible [131,132]: either
adsorbed atoms and molecules interact with the surface or desorbed without chemical
interaction. When volatile compounds are formed, atoms and radicals are desorbed into
the gas phase and removed by pumping. Too high a temperature enhances desorption from
the plasma. There is an optimum temperature when the etching process has the highest
speed and slight heating of the treated surface. A combination of the above processes can
give the highest cleaning efficiency.

The main parameters of surface treatment with atmospheric pressure plasma flows are
the type of used inert working gas, the time of exposure to the substrate during cleaning,
and the power of the plasma generator source.

These parameters affect the degree of plasma flow ionization, which determines the
quality of cleaning [133].

In addition, the quality of plasma cleaning is affected by the duration of the process
and the power of the plasma generator used, which implements a particular type of
discharge, which must be taken into account to prevent overheating the surface of the
parts during cleaning. The efficiency of plasma cleaning depends on many factors, starting
with the substrate material, the duration of plasma exposure, the discharge used, the gas,
the features of the physicochemical processes occurring during plasma treatment, the
design features of the equipment used, and the parameters of the surrounding working
environment.

The conducted analysis showed that the oxide phase can be removed effectively by one
of the described plasma methods, and even more, oxide film formation can be minimized
by plasma cleaning using additional ion bombardment.

4. Research of Atmospheric Plasma Sources Based on a Dielectric Barrier and Other
Discharges as a Part of a Production Setup

4.1. Characteristics of Atmospheric Plasma Sources

Atmospheric plasma sources are designed to activate and clean metal and non-metal
surfaces, apply thin films, air purification, surface preparation before coating deposition,
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gluing, painting, etc. In addition, atmospheric plasma can be used to clean the surface of
organic and biological contaminants, dust particles, and oxides.

Various plasma sources are used to clean the surface from the oxide phase and other
contaminants (Table 5). Special attention is paid to high-frequency (HF) and super-high-
frequency (SHF) plasma sources that are carefully considered below.

Table 5. Comparison of low- and high-pressure plasma sources.

Name
Pressure

Type
Medium Process Features Notes Reference

DC glow
discharge low vacuum

electron
bombardment

(plasma cleaning by
etching)

the product is
located on the

anode

An additional power
supply is required,

discharge combustion
stabilization system

[134]

ion bombardment
(surface sputtering)

the product is
located on the
cathode (E ≈
102–103 eV)

can lead to the creation
of defects, an

additional power
supply is required, a
system for stabilizing

the burning of the
discharge

High
frequency
discharge

low vacuum
plasma etching

the product is
located on a

grounded electrode

used for cleaning
metals and dielectrics [135]

ion etching
the product is
located on the

power electrode

used for cleaning
metals and dielectrics [136]

plasma etching
(reduced ion

energy)

the product is
located on a

separate electrode

“soft” mode of plasma
etching [137]

Glow
discharges

with a hollow
cathode

low vacuum

HF-discharge
(plasma cleaning,

etching)

high density of
plasma

high energy efficiency,
low temperature [138,139]

magnetron etching
and sputtering

uses a strong
magnetic field

application of
magnetron type

discharge
[140]

Super high
frequency
discharge

low vacuum

microwave plasma
with high radical

density for cleaning
and etching

high rate of
chemical reactions

electronic cyclotron
mode [141]

Dielectric
barrier

discharge
(DBD)

systems

high atmospheric plasma filamentary
discharge cleaning

frequency of 10–104

Hz, a continuous
energy source must

provide the
required degree of

ionization

use of high-velocity
gas streams to remove

cleaning products
[142]

Capillary
barrier

discharge
high atmospheric

plasma cleaning by
a filamentary

discharge
implemented by a

device with a
dielectric material
with a number of

small holes

the uniformity of
the discharge

depends on the
location of the

capillaries

provides a higher
plasma density, the

possibility of the
appearance of

unwanted substances
on the substrate

[143]
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Table 5. Cont.

Name
Pressure

Type
Medium Process Features Notes Reference

Corona
discharge high atmospheric plasma cleaning

and etching

the addition of oxygen
is required for the
decomposition of

organic contaminants,
the possibility of

surface oxidation, and
the decomposition of

cleaning products

[144]

use of a needle
(wire) electrode

use of a planar
electrode

High
frequency
and super

high
frequency
discharges

high atmospheric HF-cleaning

the conditions are
realized as in the

case of a glow
discharge; the

plasma is generated
in He, N2, Helium

with the addition of
1–3% gas (O2, N2,

H2, or CF4).

high energy efficiency,
low temperature [145]

SHF-cleaning

parameters within
the arc and

atmospheric
pressure glow

discharge

provides significant
heating of the cleaned

surface

High frequency (HF) discharges can carry out surface cleaning, microwave discharges,
plasma flows, and dielectric barrier discharge (DBD) systems [146–150]. These sources are
of low and high pressure operating in a vacuum and at atmospheric pressure.

Plasma processes at atmospheric pressure do not require the use of expensive vacuum
equipment. In addition, time is not wasted during the implementation of the technological
process to create a vacuum. However, the process of plasma cleaning at atmospheric
pressure also has disadvantages [151,152]: cleaning with a plasma flow requires the use of
shielding gases. The process is carried out in sealed volumes using high-velocity gas flows
to prevent re-contamination of the surface with cleaning products.

Atmospheric pressure plasma sources used for surface cleaning include:

– Sources of dielectric barrier discharge (DBD);
– Sources realizing pulsed direct current discharges (corona discharge);
– HF and SHF frequency sources.

4.2. Sources of Dielectric Barrier Discharge

One of the promising sources of plasma at high pressures is an electric discharge
controlled by dielectric barriers, the so-called dielectric barrier discharge [153].

The design of the Dielectric Barrier Discharge (DBD) source can be implemented
according to the traditional scheme and using a dielectric electrode, which has a number of
small-holed capillaries.

Operating principle. DBD sources generate nonequilibrium plasma with a relatively
low gas temperature. AC power sources generate the discharge power with 10–104 Hz
frequencies. The DBD source consists of two plane-parallel electrodes, one of which is
covered with a dielectric material (Figure 4) [154,155]. There are design schemes when both
electrodes are covered with a dielectric material. An alternating voltage of 50–20,000 Hz is
used when generating a discharge. The amplitude significantly exceeds the breakdown
voltage. Microdischarges that occur locally are evenly distributed over the interelectrode
gap. The gap between the electrodes is more than 1.5 mm. The gap size varies and depends
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on the gas and its pressure. Glass, quartz, ceramics, and polymers are used as dielectric
materials. Distinguish discharges by geometry, volumetric, and surface.

Figure 4. DBD device used for surface cleaning.

The charges are collected on the dielectric surface and discharged in microseconds
during operation. The discharge exists at a certain degree of ionization. The gas filling the
discharge gap causes the emission of a photon during the discharge, and the frequency and
energy of the photon correspond to the type of gas [156].

Other devices for implementing the discharge have also been developed. For example,
a device has been developed that implements the DBD method, characterized in that a high-
resistance dielectric layer is used to cover one of the electrodes. Such a device generates a
discharge called a resistive barrier, and a gallium arsenide (GaAs) semiconductor layer can
be used as the dielectric layer.

The rate of purification by a device implementing DBD depends on the plasma gas
composition. For example, adding a few percent of gaseous O2 to the composition of the
inert gas Ar makes it possible to intensify the process. However, a higher concentration of
O2 leads to slower removal of surface contamination or to the formation of an undesirable
oxide layer. Nitrogen can also be additionally introduced into the composition of the
mixture, which also contributes to a better purification process [157].

Source advantages are in the possibility of implementing DBD in technologically
simple installations at atmospheric pressure, high electric field strength, soft impact on the
treated surface. Disadvantages are limited length of the discharge gap, increased energy
consumption.

In addition, in the practice of implementing cleaning with a dielectric barrier discharge,
a device can be used in which the dielectric electrode has a number of small holes and
capillaries. Such a device implements a capillary barrier discharge. Finally, a diagram of a
device that implements a capillary barrier discharge is shown in Figure 5 [158].

Figure 5. Capillary discharge device used for surface cleaning.

21



Metals 2022, 12, 760

Operating principle. A discharge implemented by a DBD source ignited at atmospheric
pressure in a nitrogen working gas environment or in air. As in the implementation of
the above discharge, a dielectric barrier is installed between the electrodes, in which there
are holes and capillaries. The temperature and density of the plasma of a capillary barrier
discharge depend on the initial pressure of the gas, its chemical composition, the diameter
of the hole (capillary), and the amplitude value of the current [159]. In addition, the high
plasma density allows a higher cleaning power to be achieved.

In contrast to the discharge implemented by the DBD source, a capillary discharge
produces stable plasma flows up to 4 cm long. The uniformity of the discharge, in turn,
depends on the location of the holes in the dielectric electrode [151]. Source advantage is
greater cleaning efficiency compared with traditional DBD. A flaw is in the possibility of
surface damage and the deposition of undesirable substances on the substrate.

4.3. Sources of Corona Discharge

Plasma sources realizing a corona discharge operate in an electric field with high
intensity, at high air pressure. Ionization processes during discharge generation occur only
near the corona electrode. The diagram of the device is shown in Figure 4.

Operating principle. Using a corona discharge for cleaning the surface is possible
using non-uniform fields that occur at electrodes with large surface curvature. Such an
independent discharge is typical for electrodes in point, thin wires. Near such cathodes, a
corona-shaped glow appears, and the field strength has higher values. The flow of a corona
discharge is observed if an electron arises during the random ionization of a molecule
(neutral). It accelerates in the electric field, acquiring energy enough to ionize another
molecule. As a result of the process, a new negative electron and a positively charged
ion are formed. Thus, a stream of charged particles is formed that then passes into an
avalanche. The characteristics of a corona discharge depend on the type of corona (negative
or positive) and the pulse applied to the corona electrode [160,161]. The scheme of the
device that implements the corona discharge is shown in Figure 6.

Figure 6. Corona devices used for surface cleaning.

Corona discharge device configurations use needle electrodes (thin wire) or planar
electrodes. In this case, the energy is concentrated on the needle electrode, and the flat
one is grounded. The addition of oxygen is necessary for the decomposition of organic
pollutants. Voltage during processing is applied to the upper electrode. The dielectric in the
system is located between two electrodes and air gaps. The bottom electrode is grounded.
The gradually increasing voltage ionizes the air between the two electrodes and creates a
corona discharge.

The main source advantage is in the ability to initiate a chemical reaction on the surface
to be cleaned. Flaws are significant weakening of the plasma effect during processing,
oxidation of the substrate surface due to ozone release, and the need for sophisticated
ozone neutralization equipment.
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4.4. High Frequency and Super High Frequency Discharges

For excitation in sources of High Frequency (HF) and Super High Frequency (SHF)
(microwave) discharges, two electrodes must be in direct contact with the plasma. The
direct current glow discharge is ignited and maintained, which is necessary to implement
the cleaning process. However, such conditions can lead to disruption of the discharge due
to the formation of a non-conductive film on the electrodes. The diagram of the device is
shown in Figure 7 [162,163].

Figure 7. Plasma source for surface cleaning.

Atmospheric glow discharge is generated using a high-frequency discharge and mi-
crowave (microwave) at high pressure. Plasma is generated in He, N2, air, and He with the
addition of 1–3% molecular gas such as O2, N2, H2, or CF4, providing sufficient concentra-
tion of the plasma stream to clean the surface material effectively.

The atmospheric pressure plasma source is a device with an internal electrode and
a grounded external electrode. The plasma gas flows between the electrodes at high
speed and exits the nozzle. The plasma jet propagates from the anode (the anode is
grounded). Plasma source operating modes: voltage of several hundred volts, power~1 kW.
Surface treatment can be realized in HF and microwave modes. Plasma is generated in
the resonant chamber and enters the processing zone through the opening-nozzle in the
chamber [129,157]. The parameters of the plasma realizing the microwave discharge are
close to the parameters of the arc and glow discharge of atmospheric pressure.

Device advantages are in the possibility of modifying the surface to be cleaned; the
ability to control chemically active substances to improve the quality of cleaning.

Flaws are in limited areas of impact of HF and SHF discharge; there is significant
heating of the substrate in the process of exposure to the source, and possible overheating
of the surface. A plasma source based on atmospheric plasma based on a dielectric barrier
discharge is most suitable for use as a source of plasma surface cleaning.

5. Conclusions

Today, the introduction of additive technologies, particularly LPBF in production, is
hampered by the lack of scientifically based recommendations on the choice of process
parameters for newly introduced metal-based materials and alloys. It is related to the
lack of systematic studies of the LPBF, the influence of its factors on the quality of grown
products, the formation of defects related to the presence of the oxide phase in the structure
of the solids, and the lack of critical engineering solutions to minimize these types of
structural defects and surface roughness. The analysis of oxide phase formation shows that
the formation of structural and surface defects such as cracks, pores, oxide phases, etc., is
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determined by many process factors and related to the LPBF specifics depending on the
chosen modes, material, and powder properties (reflectivity, sphericity, etc.).

Surface plasma cleaning methods demonstrate their ability to remove the oxide phase
in metal products that can be used in laser powder bed fusion as a part of the unit. This
provides conditions for reliable product growing that can be even more durable in extreme
conditions by removing the oxide phase, smoothing the surface, and recrystallization by
heat treatment (decrease in grain size). Systematization and comparative analysis of the
existed plasma-based methods provided by different types of plasma sources for physical
surface cleaning have shown that the plasma processing using additional ion bombardment
by a plasma source based on an electric discharge with a dielectric barrier can be preferable
to minimize the oxide phase and other structural and surface defects after LPBF.

Using a newly developed plasma source as a part of the LPBF unit can significantly
reduce the labor intensity of production engineering products with the specific requirements
to their physical and mechanical properties and surface quality and, in prospect, enlarge
their exploitation ability and service life for working in cyclic loads.

Developing the LPBF production setup equipped with an atmospheric plasma source
based on a dielectric barrier discharge could contribute to creating a new type of hybrid
equipment for transition to the sixth technological paradigm associated with Kondrati-
eff’s waves.

6. Patents
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Abstract: Heat treatments are frequently used to modify the microstructure and mechanical properties
of materials according to the requirements of their applications. Laser surface treatment (LST) has
become a relevant technique due to the high control of the parameters and localization involved in
surface modification. It allows for the rapid transformation of the microstructure near the surface,
resulting in minimal distortion of the workpiece bulk. LST encompasses, in turn, laser surface melting
and laser surface hardening techniques. Many of the works devoted to studying the effects of LST in
cast iron are diverse and spread in several scientific communities. This work aims to review the main
experimental aspects involved in the LST treatment of four cast-iron groups: gray (lamellar) cast
iron, pearlitic ductile (nodular) iron, austempered ductile iron, and ferritic ductile iron. The effects of
key experimental parameters, such as laser power, scanning velocity, and interaction time, on the
microstructure, composition, hardness, and wear are presented, discussed, and overviewed. Finally,
we highlight the main scientific and technological challenges regarding LST applied to cast irons.

Keywords: laser treatment; cast irons; microstructure; mechanical properties; wear

1. Introduction

Over the last few decades, cast irons have been widely used in a variety of applications,
such as for shafts, axles, engines, and gears in automobile parts or general industrial
machinery [1–4], due to their high machinability, good mechanical properties, and low cost
compared to other alloys.

Because of the increased production volume, an exhaustive characterization of the
mechanical properties and fatigue behavior of cast irons has been extensively reported in
the past literature. In addition, several tribological studies have been performed to address
the wear mechanisms under diverse sliding conditions, as well as to establish a comparison
of their wear rates against other industrial materials.

In general, intense loads in sliding tests reveal higher wear rates in cast irons than in
steels. Thus, in extreme wear applications, e.g., mining, marine, aeronautic, or military
industries, it is frequently required to improve their hardness and wear resistance in critical
points of the material to meet requirements related to corrosion or fracture/fatigue failures.
For this purpose, many conventional treatments have been developed and implemented
to enhance the performance of cast irons in specific applications. Nonetheless, these
techniques usually involve a full transformation of the workpiece, altering many of its
beneficial bulk properties.
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In this context, laser surface treatment (LST) has emerged as a novel opportunity to
improve the useful life of cast irons. This technique is characterized by a precise, clean, and
fast thermal process, where the heat input from a laser beam raises the temperature at the
surface of the specimen, and then it is rapidly conducted into the rest of the material. The
objective of LST is to achieve temperatures above the point of critical transformation (aust-
enization or melting temperature), following a self-quenching process from the unaffected
case bulk. Depending on the cooling and solidification rates to which they are exposed dur-
ing the treatment, new phases can arise, directly influencing the new mechanical properties
of the material.

Past articles and reviews have addressed, in general terms, the benefits and challenges
of LST of a variety of cast irons. However, a thorough comparison and analysis of the im-
portance of the initial microstructure and laser properties is yet to be performed. Therefore,
this article presents a review of the literature according to LST of industrial iron castings, in
order to understand the similarities and differences associated with these parameters and
to serve as a guide to a reliable implementation and optimization of this technique.

First, a brief description of typical cast irons is provided, highlighting the different
morphologies and conventional heat treatments that are commonly conducted in each one.
Secondly, a more detailed theoretical basis of LST is presented, along with a summary of
standard laser configurations used in metallic surface treatments, i.e., laser type, power, and
scanning velocity. Moreover, the influence of other advanced parameters in the efficiency of
LST is remarked. Afterward, an exploration of the results obtained in LST of gray cast irons
(GIs) is offered to establish the influence of graphite morphology on the microstructural
transformations that the treatment induces, as well as the resulting properties of the
samples. Then the most relevant works for ductile irons (DIs) with predominantly pearlitic
matrices are exposed, emphasizing the results as a function of laser configurations and
characterization tests. Subsequently, investigations on laser-modified austempered ductile
iron (ADI) castings are reviewed, mainly highlighting the differences in the scope of the
treatment in terms of hardness, wear resistance, and depth of the affected area. Articles
dealing with ferritic nodular cast iron treatments are then presented, addressing the main
challenges of transforming the microstructure without melting the original matrix. To
complete the review, a discussion of LST across all types of cast irons is given, highlighting
the differences in achieved microstructure, hardness, and wear-related properties as a
function of base material and laser operating parameters. At the same time, the main
advantages and limitations of the treatments are presented, noting the improvement in
overall performance compared to as-cast specimens. Finally, future technological, economic,
and investigation areas related to the LST of cast irons are suggested.

2. Cast Irons

Cast irons comprise a large family of solid ferrous alloys. The main difference with
steels is the higher carbon (C) and silicon (Si) content, with the richer carbon phase being
critical in the microstructural transformations of the matrix. Additionally, significant
amounts of manganese (Mn), phosphorus (P), and sulfur (S), as well as minor contents of
molybdenum (Mo), chromium (Cr), and nickel (Ni), can be found in these castings. The
most common classification for cast irons is based on microstructural features. The first
feature is graphite morphology, where cast irons can be classified mainly as lamellar (gray)
or nodular (spheroidal or ductile). On the other hand, the matrix phase can be used to
identify cast irons as ferritic, pearlitic, martensitic, austenitic, or bainitic [5].

GIs are a broad class of casting alloys characterized by a lamellar (flake) graphite
disposal, usually in a ferrous matrix. They are traditionally used in industrial applications,
due to their good castability, flexible mechanical properties, and low cost compared to
steel [6,7]. A variety of fatigue and crack growth models have been performed [8–10]
to predict the fatigue life of GIs in standard applications, while other tribological stud-
ies [11–16] have identified the main wear mechanisms under dry and lubricated conditions,
emphasizing the high variability in wear rates in different tribo-systems. Graphite plays a
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major lubricating role that helps reduce the wear coefficient. However, a cracking tendency
is observed under high loads, and adhesion is the main wear mechanism in lubricated
environments.

On the other hand, DI is a ferrous material containing graphite in a small and rounded
shape, due to the nodulizing effect of magnesium, and it is present in higher concentrations.
In comparison, DI exhibits higher strength and ductility, which is the main reason for
its growth in industrial applications [5]. The effects of cooling rate and matrix type (i.e.,
pearlitic/ferritic) on the mechanical properties of DIs have been explored both experimen-
tally and numerically [17–22], figuring that an increment of the ferritic or pearlitic phase can
lead to very dissimilar properties. Thus, an appropriate balance of the alloying elements
and the initial microstructure is needed to achieve the desired performance. In this regard,
studies on crack growth have been conducted [23,24] that show a comparable behavior
to that of GIs. However, under similar conditions, DI presents better fatigue resistance
due to the higher stress intensity factor and the nodular shape of graphite that blunts the
crack, while the lamellar shape of GI exhibits an anisotropic behavior that leads to stress
concentrations at the interface between the matrix and the flake tips. Furthermore, wear
analyses of DIs have been carried out to understand the underlying wear mechanisms
and to compare the removal rates with those of industrial steels [4,25–28]. In mild wear
environments, plowing is the predominant wear mechanism, and as the load applied in-
creases, sliding wear becomes more severe, due to enhancement of the plastic deformation
and initiation of cracks in the subsurface. Moreover, the influence of both bulk and matrix
microhardness in the wear rates of ferrous alloys has been addressed, revealing that some
initial cast irons microstructures could lead to tribological performances in the range of soft
industrial steels, e.g., 52,100 and 1070.

Over the last decades, austempered ductile cast iron (ADI) has emerged as a novel
option for achieving a good combination of mechanical properties. Because of its low cost
and good machinability, ADIs have gained more interest in automotive and agricultural
applications [2,3,29]. The characteristic ausferritic matrix is achieved by a pre-heating cycle,
whose quality is primarily influenced by the processing window [30], i.e., the time interval
between the ausferritic transformation and the carbide precipitation (Figure 1). Additional
modifications of the austempering process have been explored to enhance the mechanical
properties of ADIs [31,32].

Figure 1. Phase transformations and variables of a conventional austempering heat treatment
(Reprinted with permission from ref. [30]. 2015 Springer Nature).

The main limitations of ADI are its lower machinability and ductility when compared
to as-cast ductile iron, due to higher austenitic content and the absence of pro-eutectoid
ferrite, responsible for the work hardening of the material [29]. Nonetheless, tribological
studies have demonstrated a superior ADI wear resistance in comparison to both GI and
DI [33]. This difference is attributed to the higher toughness achieved by the bainitic
microstructure of ADI, as it leads to severe plastic deformation in the direction of sliding
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with minimum material loss. Moreover, wear resistance can be further enhanced in ADIs
based in the pre-austempered iron matrix, as graphite morphology plays a significant role
in the control of crack propagation and thermal conductivity of the material and, therefore,
of its thermal fatigue resistance.

Alternatively, the improvement of mechanical properties to fulfill industrial require-
ments has been achieved by applying conventional heat treatments on as-cast iron samples
that can modify their entire primary microstructure. The most common treatments consist
of normalizing, annealing, or quench-tempering, where furnaces are operated to provide
uniform heating through the metallic piece until a critical temperature is reached, since, in
the absence of chromium, iron carbides can be dissociated into austenite and graphite at
annealing temperatures [34]. The microstructural transformations are also influenced by
the cooling rate, which varies with the selected treatment.

The main results of normalizing are the enhancement of different properties, such
as hardness, impact toughness, and tensile strength, and can be optimized with selected
temperature, holding time, and cooling rate [35]. If the goal is to achieve high ductility
and machinability at the expense of strength, then full annealing is conducted. The matrix
transformations include the removal of cementite and decomposition of pearlite into
graphite and ferrite [36]. Quench-tempering is used to mostly improve the wear resistance
and strength of cast irons. The resulting microstructure of GIs consists of a retained
austenite matrix with carbon-saturated martensite plates that becomes finer with higher
alloying elements content [37], while a primary martensitic structure with small soft ferrite
regions adjacent to the graphite nodules can be achieved in DIs [38].

3. Laser Processing of Cast Irons

As reviewed in the previous section, conventional heat treating of cast irons has been
extensively used to enhance their performance to higher standards. However, it has been
acknowledged that altering the properties of the entire bulk, e.g., to achieve a hardening
effect, can be detrimental to the machinability advantages of these materials. Therefore,
LST has appeared as a major opportunity to efficiently improve the overall performance of
cast irons.

This technique is characterized by a highly localized, chemically clean, automatable,
and fast thermal process, where only controlled regions of the material are hardened during
the treatment. Steen and Mazumder [39] extensively detail the theoretical basis of LST, in
which a laser beam is defocused or oscillated to irradiate a small area with high power
density, and the relative motion between the beam and the sample, usually provided by a
CNC table, allows users to precisely cover complex geometries (Figure 2). The laser heat
supply raises the temperature at the surface of the specimen, which is transferred into the
metallic body by thermal conduction.

Figure 2. Schematic representation of LST in rectangular samples.
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The objective of LST is to achieve temperatures above the point of critical transforma-
tion, which is the austenitizing temperature (solid-state transformation) in the case of laser
surface hardening (LSH), or the melting temperature in the case of laser surface melting
(LSM). Then a rapid self-quenching process takes place, because of the large volume of
adjacent and unaffected material, resulting in a controlled low distortion of the workpiece.
Since the heating rates are very high, the initial transformations take place under conditions
far from equilibrium, while phase transformations on cooling can be addressed with the
help of suitable continuous cooling transformation (CCT) diagrams. Depending on the
cooling and solidification rates to which they are exposed during the treatment, the final
microstructure directly influences the new mechanical properties of the material.

Laser surface modification of metallic samples, including cast irons, has been per-
formed for over fifty years. As one of the first available tools, CO2 lasers have been widely
employed to achieve both LSH and LSM, usually aided by the application of a thin coating,
in order to ensure higher absorption and thermal efficiency. However, modern break-
throughs have allowed the use of more efficient lasers for these purposes, such as Nd:YAG
and diode lasers, where LST has been carried out with and without coatings with successful
results. As shown in Table 1, other LST features include setting an appropriate scanning
velocity, the laser power distribution, spot geometry and size, the number of scanned tracks
(with or without overlapping), and the use of shielding gas to prevent oxidation. As some
authors define, the linear energy density (or heat input) is a global parameter that includes
the effect of both laser power and scanning speed by the following expression:

E =
P
v

, (1)

where E is the heat input, P is the laser power, and v is the scanning velocity. In circular
spots, this definition can be modified to consider the geometry of the irradiation zone and
the energy distribution.

Table 1. Typical parameters and characterization tests used in LST of cast irons.

LST Parameter Regular Value/Selection

Laser type CO2, Nd:YAG, fiber (diode)
Coating (optional) Graphite, manganese/zinc phosphate
Shielding gas (optional) Argon, nitrogen, helium
Laser power Fixed, PID controller, linear ramp
Power distribution Gaussian, uniform
Laser scanning velocity Fixed, single, or multiple passes with overlapping
Spot geometry Circular, elliptical, rectangular

Characterization tests OM/SEM, macro/micro hardness, GDOES, XRD,
wear/erosion resistance, residual stresses

Table 2 summarizes the main differences and challenges that LST poses for every
reviewed as-cast iron. It is apparent that each material presents different limitations to the
extent of LST; therefore, the laser parameters and conditions must be carefully selected
to fulfill the technical requirements. In the following sections, a detailed review of the
characterization and results of LST in cast irons is performed to delve into the differences
and advantages of the technique as a function of the initial composition.
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Table 2. Comparison of LST challenges for each iron casting.

Cast Iron Main Challenges

GI Graphite flakes act as stress raisers in sliding or rolling contact systems;
Limited improvement in wear resistance.

ADI Susceptible to tempering effect and crack propagation in LSM;
Extended costs and processing time, due to pre-austempering stage.

Pearlitic DI
Matrix carbon enrichment during heat transfer lowers the melting point
around graphite nodules and produces local melting;
Reduced processing window for hardening without melting.

Ferritic DI

A lesser amount of pearlite further triggers local melting around
graphite nodules;
LSM cannot be avoided for significant hardened case depths (>250 μm);
Wear resistance is commonly lower than pearlitic DIs under similar
operating conditions.

4. Laser Surface Treatment of Gray Cast Irons

LST on GIs date back to the beginnings of this technology. CO2 lasers are the most used
for this purpose, but it is frequently necessary to apply thin coatings to increase absorptivity.
The characterization of this technique is carried out mainly in terms of microstructure,
hardness, and wear/erosion resistance, and the relevance of each work resides in the
variation of some inputs of LST or the exploration of new approaches and tests for further
understanding of the process.

Regarding the microstructural changes, when the laser parameters are sufficient to
ensure reaching the solid-state transformation temperature without surpassing the melting
temperature, it is reported that a martensitic structure is obtained from the fast cooling
of the austenitic matrix. Hwang et al. [40] used a 5 kW CO2 laser with fixed parameters,
ranging from 1 to 4.5 kW and from 1 to 13 m/min, to modify the properties of as-cast GI
samples with pearlite matrix and small amounts of cementite and steadite (iron phosphite,
cementite, and ferrite). The purpose of their work was the improvement of the performance
of GI piston rings used in marine diesel engines by LSH, and from the experimental results,
the authors determined a proper heat input window from 30 to 45 J/mm to achieve the
desired hardening effect.

This conclusion is supported by Liu and Previtali [41], as the authors agree that the
feasibility window for hardening without melting (LSH) is very narrow since the melting
point of cast irons is lower than in pure iron or steels. In this work, a Gaussian distribution
diode laser with higher absorptivity was used, and two constant temperature levels were
set on the surface of the samples (1000 and 1100 ◦C), varying the laser power using a
proportional–derivative–integrative (PID) controller, to avoid the melting of the material
during heating.

Furthermore, Wang et al. [42,43] compared the effects of LSH on five types of GIs:
untreated (GI), quench-tempered (QTGI), austempered (AGI), quench-tempered and laser-
hardened (LHQTGI), and laser-hardened austempered (LHAGI) samples. A continuous-
wave Nd: YAG laser with Gaussian energy profile and 8 ms pulse duration was used,
considering a 2 mm spacing between adjacent laser spots. Three similar zones were
observed in the laser-treated cases: a central laser-hardened zone, where graphite flakes
completely dissolve during heating and transform to a ledeburitic matrix; a heat-affected
zone (HAZ) consisting of martensite, due to self-quenching, without changes in graphite
morphology; and a typical substrate microstructure of tempered martensite below the
HAZ. Figure 3 presents the microstructural transformations of LHQTGI as a function of
the tempering temperature.
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Figure 3. Microstructure of LHQTGI with different tempering temperatures: (a) laser hardened zone
(Zone 1) at 316 ◦C, (b) Zone 1 at 399 ◦C, (c) Zone 1 at 482 ◦C, (d) Zone 1 at 552 ◦C, (e) interface
between Zone 1 and Zone 2 (heat-affected zone) at 316 ◦C, (f) interface between Zone 1 and Zone 2 at
399 ◦C, (g) interface between Zone 1 and Zone 2 at 482 ◦C, (h) interface between Zone 1 and Zone 2
at 552 ◦C, (i) interface between Zone 2 and Zone 3 (substrate) at 316 ◦C, (j) interface between Zone 2
and Zone 3 at 399 ◦C, (k) interface between Zone 2 and Zone 3 at 482 ◦C, (l) interface between Zone 2
and Zone 3 at 552 ◦C, (m) Zone 3 at 316 ◦C, (n) Zone 3 at 399 ◦C, (o) Zone 3 at 482 ◦C, (p) Zone 3 at
552 ◦C (Reprinted with permission from ref. [43]. 2020 Elsevier).

On the other hand, Trafford et al. [44] made the first approach to LSM in GIs with
different sets of fixed laser power and scanning velocity, established to ensure three different
cases on the surface: hardening without fusion, with an incipient degree of fusion, and
one with complete fusion on the laser path. In the case of LSM, three differentiated regions
can be seen along the cross-section of the laser path: a fusion zone close to the surface,
characterized by a fine ledeburite structure, which is caused by the rapid rate solidification
of graphite sheets completely dissolved during heating; a deeper transition region, formed
by a matrix composed of retained austenite and thick martensite plates, in which there is a
partial degree of undissolved graphite sheets surrounded by a layer of ledeburite; and a
base zone, where the action of the laser is not enough to produce the phase transformation.
The authors also observed that cracks formed on the surface, with increased number and
size according to the degree of fusion.

De Oliveira [45] also implemented a computer interface to control the temperature
at the surface of GI samples, to ensure the transformation to austenite without melting,
by linearly changing the heat input of a 2 kW Nd:YAG laser. However, this could not be
fully achieved near the center of the laser spot, as three zones were identified by using
microscopic observation: a melting zone next to the surface, with an arrange of needle-like
martensite plates; a transformed region, in which graphite flakes remain unaltered and
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the pearlite matrix transforms to austenite during heating, and then to larger martensite
plates after the cooling process; and the substrate material zone, where no transformation
was observed. The author also highlighted the difference between the shape of martensite
plates, due to the high thermal conductivity of the nearby graphite flakes and the amount
of diffused carbon into austenite. Moreover, a continuous heating transformation (CHT)
diagram was described to explain these transformations as a function of temperature and
heating rates.

In terms of mechanical properties, the hardening effect is mostly measured with
Vickers microhardness tests. Hwang et al. [40] reported an increment in the hardness
from about 300 to 800–950 HV0.1 in the heat-affected zone. This satisfied the piston rings
requirement of the minimum hardness of 450 HV0.1 in an effective depth of 300 μm. A
tempering effect was also identified in overlapping zones, where hardness dropped to
470 HV0.1, still fulfilling the desired condition.

These results are in agreement with the work of Liu and Previtali [41]. A region of
maximum hardness between 800 and 900 HV0.3 was generated in the non-overlapping
area, while in the overlapping region, there was a tempering effect which reduced the
hardness to 300–400 HV0.3 (Figure 4). Since overlapping is used to create a homogeneous
modified surface in the case of a Gaussian laser, this unwanted effect is unavoidable. In
this sense, the authors determined that an overlapping degree between 1 and 1.25 mm
was acceptable to comply with industrial requirements, and this, based on their research,
equaled a transformed zone with a minimum depth of 0.25 mm and hardness greater than
700 HV0.3. Wang et al. [42,43] also obtained similar hardness profiles with a Rockwell
test (HRC), since the 2 mm spacing between adjacent laser tracks ensured avoiding the
back-tempering effect.

 

Figure 4. Microhardness profile as a function of overlapping size (Reprinted with permission from
ref. [41]. 2010 Elsevier).

In the case of LSM, the improvement in hardness is comparable to LSH, but with a
different magnitude. Trafford et al. [44] measured a maximum hardness of 850 HV0.3 for
laser surface hardening without melting, and 950 HV0.3 for the LSM treatment. These
values were reached in regions close to the surface, where the transformation is homoge-
neous, while hardness rapidly decays to the base value when the heat-affected zone (HAZ)
is exceeded. De Oliveira [45] found a similar trend but with higher dispersion. The average
hardness increased from 250 to about 600–900 HV, and the high variation was attributed to
the randomness of the indentation location. Moreover, the higher hardness values were
related to a higher content of martensite, as proved by X-ray diffraction (XRD) tests.

Concerning the improvement in wear resistance of GIs, Hwang et al. [40] first applied
a pin-on-disc test under ASTM G99 conditions to evaluate the wear loss in both the pin
(using LSH and untreated GI samples) and a conventional cast-iron disc. It was determined
that LSH can double the wear life of the piston rings, which was supported with SEM
observation to address the nature of the wear mechanisms. In untreated piston rings,
adhesive wear features, such as plastic flow and tearing damage, were noted, while in
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laser-modified samples, only mild wear was observed around the remaining graphite flakes
that acted as stress raisers.

Instead, Wang et al. [42,43] conducted ball-on-plate reciprocating sliding wear tests
with a hard 4 mm–diameter alumina ball (45 HRC and surface roughness of 10 nm). Both
laser-hardened specimens exhibited significantly lower mass loss, since they bared harder
surfaces, with LHAGI displaying better performance (Figure 5). The worn surface of laser-
treated cast irons revealed a polishing effect of the ceramic ball, while the severe damage in
untreated specimens was related to the stress concentration around graphite flakes and the
low fracture toughness of tempered martensite (zone 3), as in Hwang et al. [40]. The main
wear mechanism was crack formation (Figure 6), which surged around the edge of graphite
flakes on the surface or subsurface. Then, these cracks propagated along with the graphite
flakes, conceiving either small-scale pits or large-scale spalls. From these observations,
the authors suggested the possibility of using LHQTGI as a replacement for AGI, since
its overall performance was enhanced, and the cost and energy consumption could be
substantially reduced.

Figure 5. Mass loss of GI specimens after complete sliding wear test (Reprinted from ref. [42]).

Figure 6. Worn surfaces of LHAGI and LHQTGI samples with different tempering temperatures:
(a) 232 ◦C and (b) 316 ◦C (Reprinted from ref. [42]).
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Trafford et al. [44] also compared the enhancement in wear resistance by LSH and
LSM, using friction wear tests with a silicon carbide (SiC) platform, at a frequency of 2.5 Hz
and a load of 5 kg, without lubrication. Wear rates, expressed as the amount of lost volume
as a function of the total sliding distance and applied load, revealed that both LSH- and
LSM-treated samples had higher resistance compared to the as-cast state, with less wear
damage in the ledeburitic structure obtained by LSM.

As a summarizing work, Paczkowska [46] performed LST treatments by using various
sets of laser powers and scanning velocities to determine the ranges of the surface energy
density and interaction time that allowed the researcher to achieve different applications
of the laser, such as tempering, hardening from the solid-state (LSH), fusion (LSM), or
alloying. From the microscopic observation, as well as the measurements of temperature
and hardness on the surface of the samples, the author defined the desired ranges based
on a continuous wave CO2 laser, as reported in Figure 7, highlighting how limited the
processing windows are and the importance of finding the optimal laser parameters for
each case.

Figure 7. Energy density ranges for different heat treatments with CO2 lasers on GI (Reprinted with
permission from ref. [46]. 2016 Elsevier).

5. Laser Surface Treatment of Ductile Irons

LST on DIs has been also studied over the last decades to a similar extent, sharing the
same transition between CO2 to solid-state lasers, as well as most of the characterization
tools with gray irons. However, the results indicate a strong dependence on the initial
metallic matrix (e.g., pearlite or ferrite), which is responsible for the magnitude of diffusion
times and cooling rates that play a major role in achieving LSH or LSM for a fixed laser
input. Moreover, as Steen and Mazumder [39] proposed, many authors have verified the
difficulties of achieving LSH on DIs due to the lowering of the melting point around the
graphite nodules as carbon diffuses away from the graphite during the process.

5.1. Pearlitic Ductile Irons

One of the first works in the context of pearlitic DIs was carried out by Mathur and
Molian [47]. The authors applied an LST treatment with a Gaussian CO2 laser on both
gray and ductile iron samples. The latter, named ASTM class 80-55-06, had a matrix with
approximately 50% of pearlite. Three power levels (0.4, 0.8, and 1.2 kW) were defined,
coupled with scanning velocities ranging from 4.2 to 169.3 mm/s. In addition, a manganese
phosphate coating was used to increase the absorptivity of the material. The ductile
iron changed its microstructure, initially pearlitic with graphite nodules surrounded by
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ferritic shells to one made up of two well-defined areas. The closest zone to the surface was
identified as the fusion zone, where graphite nodules completely dissolved and solidified to
give rise to a martensitic-like structure, while the HAZ was evidenced by graphite nodules
surrounded by martensite rings. Furthermore, in the cross-sections to the laser passing
direction, the shape of the transformed zone was parabolic, similar to the original laser
distribution. In addition, the researchers qualitatively determined, from several attempts
to fit the experimental data, the relationship between the variables of the experiment (laser
power, diameter, and scanning velocity) and the size or depth of the transformed zone. It
was concluded that the reached depth was directly proportional to the power of the laser
and inversely proportional to the diameter of the laser and the scanning speed.

Moreover, Molian and Mathur [48] explored the differences of applying the same
treatment but changing the laser circular shape to a square and elliptical type and making
single or multiple passes through the working section. The authors were able to determine
a linear correlation between the depth of the transformed area and the square-shaped laser
parameters considered in the term P/

√
v. On the other hand, one-dimensional (1D) and

three-dimensional (3D) heat-conduction models were used to simulate the temperature
on the surface of the cast iron at constant power and different scanning velocities, with
sufficiently high dispersions to conclude that the thermal response of the sample to the
treatment could not be described by any simplified model.

The influence of the heat input and the solidification rates was further addressed by
Chen et al. [49], where a 1 mm–diameter circular CO2 laser was used at different powers
and velocities to transform the structure of a pearlitic DI. For solidification rates greater than
5 × 104 K/s, the resulting microstructure consisted of primary austenite dendrites inserted
in a continuous interdendritic cementite network, while martensitic microstructures with
lamellar ferrite–cementite arrays were obtained for low rates.

These transformations are consistent with the work of Gadag et al. [50], where both
a CO2 laser at different levels of constant power (1 to 2.5 kW) and a 400 W Nd:YAG laser
were used, coupled with different sets of scanning velocities. In this case, three zones were
identified after LSM, aided by XRD patterns: a stationary region with a homogeneous
microstructure consisting mainly of ledeburite, eutectic austenite, and cementite; a slowly
decreasing section below the melting zone, with martensitic and fine pearlitic microstruc-
ture; and a rapid transition to the as-cast state. Moreover, a numerical simulation of the
temperature during the treatment and the cooling rate at different locations was performed
based on a 3D model of the heat equation that is written as follows:

ρCp

(
∂T
∂t

)
= ∇(k∇T)− UρCp

(
∂T
∂x

)
, (2)

where T represents the temperature, t is the time, ρ is the density of the material, Cp is
the specific heat for ductile iron, k is its thermal conductivity, and U is the constant laser
scanning velocity. The finite-difference solution for the temperature at different depths
was determined as a function of time. With this dataset, a successful comparison with the
experimental HAZ depth was achieved, both for its magnitude and parabolic shape, thus
validating the considered model.

Fernández-Vicente et al. [51] focused on the formation of cracks during the application
of LSH and LSM treatments on pearlitic and bainitic DI castings used in the production of
hot industrial rolls. A surface energy density of 60 J/mm2 was experimentally found to
be the transition between LSH and LSM treatments, using scanning velocities from 2 to
14 mm/s and powers between 2.5 and 4.4 kW. Visible cracks were observed on the samples,
as illustrated in Figure 8. Only for the lowest energy density LSH, the transformation
occurred without the generation of microscopically observable cracks. The homogeneous
structure of the fusion layer determined by Gadag et al. [50] was also present in this work,
as evidenced by a matrix composed of primary martensite (M) dendrites, together with
interdendritic cementite (C), residual blocks of retained austenite (A), plate-shaped carbides
(D), and ledeburite (LD).
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Figure 8. Microstructure of LSM ductile iron, formed by a parabolic remelted layer (RL), a heat-
affected zone (HAZ), and the base material (BM), with visible cracks indicated by arrows (top);
magnification of RL microstructure (bottom) (Reprinted with permission from ref. [51]. 2012 Elsevier).

A first approach on the hardening effect of LSH/LSM in pearlitic DIs was made in
References [47,49], where Vickers tests were performed to measure an average hardness
of 800–1000 HV in the fusion zone, compared to an original hardness between 220 and
290 HV, similar to the results found later in Molian and Baldwin [52]. However, the authors
emphasized the difficulty of obtaining generalizable values in the HAZ, due to the influence
of graphite nodules and their heterogeneous location in the microstructure. Moreover, in
Reference [48], the effect of overlapping reported in References [40,41] for gray irons is
verified for LSM.

A correlation between surface and microhardness as a function of LST parameters was
also carried out by Gadag et al. [50], where it was evidenced that, the longer the interaction
time (i.e., lower scanning velocities), the greater the HAZ depth. Moreover, the surface
hardness increased with laser power (heat input). On the other hand, Nd:YAG produced
greater surface hardness than CO2 lasers under the same conditions, which was attributed
to greater absorptivity and efficiency.

Recent investigations performed by Ghaini et al. [53] allowed us to develop a model
that is able to address the absolute thermal efficiency of LSH on GGG-60 cast irons in terms
of a hardening efficiency index (HEI) and a hardening ratio. A 600 W fiber laser with
shielding argon gas was used at two different sets of power and four beam travel speeds to
ensure a reasonable hardened area without melting. After microscopical observation and
Vickers tests, the hardening efficiency index was defined as follows:

HEI =
ΔHardness (average)× Hardened area

Heat Input
, (3)

where the maximum achievable hardness was around 1020 HV0.3, the hardened area (or
volume per unit length) was obtained from the microhardness profiles and the overall
transformed region in cross-section micrographs, and the heat input was measured as the
ratio between beam power and laser travel speed. A linear relationship between HEI and
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the term P5/v was found, and it was compared to those of tool steels at similar operating
parameters. Finally, the hardening ratio was established as follows:

Hardening ratio =
A × ρ × (

∫ Ac3
T1

CpdT + ΔHa)

P/v
, (4)

where A is the area of the hardened case in cross-section, ρ is the density, T1 is the ambient
temperature, Ac3 is the full austenite formation temperature, Cp is the specific heat, dT
is the temperature differential, and ΔHa is the austenization enthalpy. The results were
correlated with the obtained values for HEIs, and it was determined that LST with 500 W
laser power and 2 mm/s travel speed achieved the maximum thermal efficiency of 15.3%.

The wear mechanisms and resistance of laser-treated pearlitic DIs were initially eval-
uated by Chen et al. [54], based on their previous treatments [49]. From surface erosion,
abrasion, and scratch tests, it was revealed that the rate of material loss from the laser-
treated bodies was reduced by a factor of up to four times, depending on the surface
hardness. Subsequently, transmission electron microscopy (TEM) and scanning electron
microscopy (SEM) allowed them to conclude that, for continuous high applied loads, se-
vere plastic deformation on the surface of the treated samples generated a state of internal
stresses that was responsible for the growth of microcracks that propagated, favoring the
wear rate of the material.

Gadag and Srinivasan [55] also provided evidence of the improvement in the behavior
of DIs treated with LSM against cavitation erosion. The authors used three classes: a
pearlitic type (600/3 class), a ferritic one (400/12 class), and a 600/3 DI treated with
LSM. The researchers compared the corrosion resistance in different environments, and
the rate of material loss was measured from observation by optical microscopy (OM)
and SEM. For the erosion tests, the three samples were exposed to artificial seawater.
A linear relationship between corrosion wear and exposure time was identified, while
LSM reduced the erosion rate between 6 and 8 times compared to the as-cast specimens.
This improvement was attributed to the transformation of the material into a finer grain
structure (consisting of ledeburite in the melting region and martensite in the hardened
area) with a uniform distribution of plastic deformations and a reduction in the free path
for movement of dislocations.

Molian and Baldwin [52] suggested that the improvement in erosion resistance by LST
could be attributed to the emergence of beneficial compressive residual stresses during
the transformation to fine martensite and retained austenite microstructures. Fernández-
Vicente et al. [51] further studied the nature and magnitude of both thermal and transfor-
mational stresses due to LSM. First, thermal stresses were estimated from the temperature
variations during the cycle. In particular, the only contribution to the strain was the dif-
ference between the peak temperature of the heating cycle and the temperature after the
irradiation ceased. These temperatures were also approximated by simplified solutions for
the heat equation, and then the value of the thermal strain was measured as follows:

ε = (1 + ν)αΔT, (5)

where ε is the thermal strain, ν is the Poisson’s ratio, α is the thermal expansion coefficient,
and ΔT is the temperature variation. Then, following the linear elastic theory, the thermal
stresses were estimated as follows:

σ =
E

2(1 + ν)
ε, (6)

where E is the elastic modulus, and σ is the thermal stress. On the other hand, the authors
indicated that, for higher retained austenite contents (over 40%), the observed cracking
in LSM treated samples was due to an increment in the tensile stresses from the lower
specific volume of retained austenite compared to martensite or bainite (Figure 9). Finally,
the retention of nucleated cracks in LSH specimens was associated with the relatively high
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fracture toughness of the Fe3C carbides present in the microstructure, and this contributes to
the absorption of the thermal and transformational stresses generated during the treatment.

 

Figure 9. Laser processing window for LSH/LSM treatments as a function of retained austen-
ite content, scanning velocity, and surface temperature (Reprinted with permission from ref. [51].
2012 Elsevier).

5.2. Austempered Ductile Irons

Since austempering produces a unique initial matrix, LST can lead to different mi-
crostructural transformations and mechanical properties. Lu and Zhang [56] first carried
out LSH with a CO2 laser on bainitic ADI samples. The material followed a standard
austempering process, with an austenitizing temperature of 890 ◦C, a cooling interval at
360 ◦C for 2 h, and a final quenching to ambient conditions. The initial austenitic bainite
matrix also exhibited ferrite and austenite enriched in carbon, with a smaller portion of
retained austenite and martensite. After laser hardening, the matrix changed to an acicular
structure of martensite and retained austenite, with graphite spots close to the surface, as
seen in other ductile iron samples.

An extensive numerical model of LST in ADIs was carried out by Roy and Manna [57],
with the goal to predict the temperature in the vicinity of graphite nodules. The estimation
is based on the heat equation for the case of a continuous wave CO2 laser with Gaussian
distribution profile. This equation is expressed as follows:

∇2T − 1
α

∂T
∂t

+
qr

λ
= 0, (7)

where T represents the temperature, α is the thermal diffusivity, qr is the magnitude of the
heat delivered by the laser per unit volume and time, λ is the thermal conductivity, and t is
the time. Assuming that heat losses are negligible and that the thermal properties of the
material do not depend on the temperature, the equation was solved analytically, and the
temperature profile was used to determine the magnitude of carbon diffusion away from
the graphite nodules, according to Fick’s law, written as follows:

C(y, t) =
Cf − Ce

2

[
1 − erf

(
y

2
√

Dt

)]
+ Ce, (8)

which determines the carbon concentration toward the edges of the nodule. In this expres-
sion, Cf is defined as the carbon% in the austenitic phase at the matrix–nodule interface, Ce
represents the carbon concentration in the matrix, y is the measured horizontal distance
from the center of the nodule (assuming a perfect circular shape), D is the diffusion coeffi-
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cient (which depends on temperature), and t is the time. This carbon concentration was
then utilized to define, from the iron–carbon–silicon (Fe–C–Si) phase diagram, what the
temperature is when fusion occurs. Then, by selecting the proper laser parameters, this
model would allow us to achieve the material hardening without melting. The authors
conclude that, for laser powers below 800 W and a fixed scanning velocity of 60 mm/s,
the fusion width is negligible compared to the distribution of nodules in the matrix, and,
therefore, the microstructure is predominantly martensitic.

Subsequently, Roy and Manna [58] compared the results of LSH and LSM on ADI
samples, using sets of parameters to ensure melting and hardening without melting. A
variable laser power between 0.8 and 1.5 kW and a speed between 20 and 1000 mm/s
were selected for the case of LSM, and a power between 0.5 and 1 kW and a speed of
60 mm/s were chosen for LSH analysis. The depth of the transformed zone maintained a
linear relationship with the power and an inverse correlation with the scanning velocity,
regardless of the chosen parameters. Microscopic observation and X-ray diffraction analysis
(XRD) made it possible to determine that LSM produced a higher proportion of retained
austenite in the metallic matrix, while, in LSH, martensite was the predominant phase.

Zammit et al. [59] also compared the results of implementing LSH and LSM on ADI,
considering a discrete spot laser in order to avoid the reported hardness reduction in
overlapping zones. A 9 kW CO2 laser with Gaussian energy deposition profile was used
to generate stationary pulses, decreasing the total energy input and, thus, producing
lower distortion and processing costs. First, it was determined that melting caused severe
distortion on the surface, given by an increment in surface roughness from 0.15 to 1.34 μm
(in arithmetic value). Moreover, the molten region was depleted of graphite nodules,
forming soft phases, such as austenite and residual ferrite, along with low carbon martensite.
On the other hand, LSH only increased the average surface roughness from 0.15 to 0.43 μm,
while the microstructure was mainly composed of martensite with unaltered graphite
nodules. Some nodules were surrounded by a bullseye ledeburitic structure, implying
that the carbon diffusion lowered the melting point locally around them, as in Roy and
Manna [57]. Soriano et al. [60] were then able to verify the microstructural features of LSH in
ADI by using an Nd:YAG laser coupled with a PID controller to keep the temperature in the
center of the laser constant at 975 ◦C, so that the melting point was not exceeded during the
treatment, as in Liu and Previtali [41]. A hardened zone composed of coarse martensite in
the near-surface, as well as a finer acicular structure below it, was distinguished, associated
with the rapid solidification without melting of the material (Figure 10a). Moreover, as
evidenced in Figure 10b, the mixture of retained austenite and upper and lower bainite
structures below the coarse martensitic array verified the occurrence of a softer thermal
cycle in this region.

  
(a) (b) 

Figure 10. Micrographs of (a) top and (b) medium zones of the laser hardened ADI sample (Reprinted
with permission from ref. [60]. 2011 Elsevier).
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Regarding the hardening effect of the LSH, the profile as a function of depth, measured
by Lu and Zhang [56], with a Knoop test with 0.2 kg load, followed the trend of the results
shown in Gadag et al. [50], with a homogeneous hardness of approximately 600 KHN in
the transformed zone (~250 μm) and a subsequent rapid decay to the base value of the
ADI specimen (300 KHN). Putatunda et al. [61] provided more evidence of the effects of
LSH on the mechanical properties of ADIs. Hardness, yield stress, and ultimate tensile
strength tests were conducted after initial austempering conditions similar to those of Lu
and Zhang [56]. Changes in these mechanical properties were analyzed for four cases:
(a) untreated ADI; samples treated with the same laser parameters, (b) initially without
any type of coating; and then with two types of coating, namely (c) graphite and (d) man-
ganese. LSH significantly increased most of the properties (except the ultimate tensile
strength), obtaining the best performance under the use of coatings, since a greater energy
absorption was responsible for a cooling rate that ensured the formation of a more resistant
martensitic structure.

In Soriano et al. [60], the improvement of hardness was further backed up by the
analysis of residual stresses (Figure 11) from XRD patterns, using the sin2(ψ) method. The
diffraction peak position of the (211) α-Fe phase was measured at nine different inclinations,
ranging from −45◦ to 45◦. The hardness of the heat-affected zone was quantified in the
range of 700–800 HV, which decreased as the fraction of retained austenite increased in
favor of the martensitic phase. Moreover, in the hardened region, compressive residual
stresses were measured and explained by the volumetric increase associated with the
transformation from austenite to harder martensite. As the depth increased, the degree
of martensitic transformation decreased until the point where the matrix corresponds to
the base material (0.9–1.5 mm), and, thus, the stresses become tensile. This result was also
addressed by Zammit et al. [59] in their study, where it was found that compressive stresses
take place near the surface, due to the 4% volumetric increase of austenite to martensite
transformation. At approximately 160 μm, the stresses became tensile, due to the presence
of retained austenite in the ausferritic bulk, therefore obtaining an estimation of the HAZ
depth of the laser treatment.

 
Figure 11. Evolution of residual stresses in the center of the laser track as a function of depth and
ADI sample ((Reprinted with permission from ref. [60]. 2011 Elsevier).

The tribological performance of laser-modified ADIs was first assessed in Lu and
Zhang [56], where the characteristics of sliding wear were analyzed from a 500-min test
against a steel disc without lubrication, at a relative speed of 1.2 m/s and a variable load
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between 2 and 14 kgf. The results showed a linear relationship between the mass loss
due to friction and the time of the test, as in Gadag and Srinivasan [55], but it was also
determined that the wear rate, in both cases, consisted of two stages: a mild one (for loads
less than 10 kgf) and a severe one (for loads greater than 10 kgf). These stages were related
to microstructural changes during the wear test, where the austenite phase decreased as the
applied load increased. The mild phase of wear is characterized by an oxidative mechanism
near the surface, while the severe phase is dominated by lamination and delamination
processes, the effect of which was observed by SEM in the formation of microcracks in
the surface.

Roy and Manna [58] established a relationship between the hardness profiles and
the wear resistance of ADIs. The hardness distribution in LSM was parabolic, while, for
LSH, it was approximately constant within the transformed zone. Thus, the presence of
a more homogeneous hardened zone in LSH provided the best tribological behavior, as
observed in Figure 12. For a 5 kg load, three stages in the evolution of wear were identified.
Initially, a high wear rate was associated with maximum contact area. Then a stationary
stage was established, due to the adherence of surface asperities originated in the first
phase, to finally give way to an accelerated wear stage due, to the formation of furrows
and debris separation. The optimal performance obtained by LSH is supported by a lower
extent of micro-fractures that is attributed to the lower probability of causing microcracks
during friction contact. This result is in agreement with the deformation restrictions at the
austenite–martensite interface that are caused by changes in the residual stresses during
the transformation from austenite to martensite, as detailed in References [59,60].

 

Figure 12. Evolution of displaced material as a function of sliding wear distance for as-received and
laser-treated ADI samples (left); SEM micrographs of worn surfaces (right) for (a) LSM treated ADI,
(b) magnified view of wear debris of (a), and (c) LSH-treated ADI (Reprinted with permission from
ref. [58]. 2001 Elsevier).

The tribological characterization of LSH was completed in Zammit et al. [62]. Based
on the results of Reference [59], the authors carried out discrete spot LSH treatments
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by using the same CO2 laser at 600 W and 300 ms of pulse duration and considering
three different arrays: laser spots separated by one spot diameter, adjacent spots, and
50% overlapped spots. Scuffing (pin-on-disc) and rolling contact fatigue (RCF) tests were
performed to address the wear resistance and mechanisms. In the first test, as-austempered
and laser-treated ADI pins were considered, with a hardened and oil-lubricated AISI
D2 steel counterpart disc rotating at 1450 rpm under 10 MPa constant pressure. LSH
treatment with adjacent spot tracks exhibited the highest sliding cycles to failure, followed
by separated spots, showing that the back-tempering effect on hardness, due to overlapping,
reduced the ADI wear resistance by an order of 10–100 times. Moreover, adjacent spot LSH
treatment induced a higher martensite volume fraction, which is harder than the initial
microstructure and is able to delay crack initiation and propagation. On the other hand,
RCF tests were performed only on as-austempered and adjacent spot laser-treated ADIs.
The LSH increased the number of cycles until fatigue failure over 106 times. This increment
was also attributed to a harder microstructure and compressive residual stresses near the
surface. It was concluded from SEM and pit observations that the main wear mechanism
is governed by plastic deformation and propagation of cracks around graphite nodules,
and the overall wear resistance is comparable to that of carburized steels. As a conclusion,
the authors suggest that laser-treated ADIs could be suitable replacements for a variety of
engineering components.

5.3. Ferritic Ductile Irons

Among all the ductile iron structures, LST in ferritic DIs has gained importance in
the last decades because it lacks a significant pearlite amount (whose carbon content is
higher due to the presence of cementite plates). This means that it is very difficult to find
conventional ways of transforming the matrix to a martensitic type, and, on the other
hand, it is difficult to achieve hardening without melting, since carbon diffusion from
graphite nodules locally lowers the melting point, favoring the occurrence of melting near
the surface [39].

The first modeling of the phase transformations during LST of ferritic DIs can be found
in Grum and Sturm’s study [63], where LSM was carried out with a low-power CO2 laser.
To ensure the fusion of the surfaces, an overlapping of 30% was considered. Three new
regions arise after LSM: the melted zone, the hardened zone, and an intermediate transition
zone. In the region where the liquidus temperature is exceeded, the predominantly ferritic
matrix melts, and the graphite nodules diffuse toward the melted surface. This causes a
strong dissolution of carbon in the liquid matrix, whose rapid solidification transforms it
into austenite and ledeburite dendrites. The intermediate zone is characterized by a highly
localized fusion process around the graphite nodules that, depending on the magnitude of
the carbon diffusion toward their edges, can generate a ledeburite and/or martensite ring.
The transformation scheme is shown in Figure 13. The differences between the transition
zone and the hardened zone are that, although the matrix transforms into austenite during
the heating cycle and is enriched in carbon due to diffusion away from the graphite nodules,
this is not enough to locally reduce the melting point, and, therefore, the matrix becomes of
martensitic type with residual austenite. In addition, due to the heterogeneous distribution
of the nodules, there are areas with low carbon content where austenite reverts to ferrite
during cooling.

48



Metals 2022, 12, 562

 

Figure 13. Schematic representation of phase changes around graphite nodules during LSM: (a) Initial
DI microstructure, (b) transformation to nonhomogeneous austenite during heating, (c) carbon en-
richment in austenitic matrix after diffusion, (d) local melting around graphite nodules, (e) formation
of martensitic shells around graphite nodules after cooling, (f) formation of ledeburitic shells above
graphite nodules that suffered local melting (Reprinted with permission from ref. [63]. 1996 Elsevier).

In Grum and Sturm [64], the analysis of LSM in ferritic DIs is completed, experimen-
tally and numerically comparing the thickness of the martensite and ledeburite layers that
surround the graphite nodules in transition and hardening zones. As described in Roy and
Manna [57], from simplified models of temperature during the heating and cooling cycle,
in conjunction with diffusion equations based on Fick’s law, the authors determined, at
different depths, if the temperature around the nodule is enough to produce fusion (and the
formation of ledeburite when cooling), in addition to calculating the magnitude of the radial
diffusion of the carbon atoms. As shown in Figure 14, the simulation precisely adjusted
to what was experimentally determined, which validates the use of the aforementioned
models. The average standard deviation obtained is less than 10% and can be explained
by model simplifications, mainly in terms of diffusion, as average values that do not vary
with temperature were used.

 

Figure 14. Comparison of the experimental and predicted thickness of martensite and ledeburite
shells around graphite nodules (Reprinted with permission from ref. [64]. 2002 Elsevier).
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This microstructural analysis was completed in Grum and Sturm [65], where the
authors applied LSM to a similar DI sample to verify their previous models, as well as
XRD and residual stress tests. The metallic surface was characterized by a high content
of martensite (41%) and a portion of residual austenite (23%), and at higher depths, a
reduction of the martensitic phase was observed in favor of the austenitic phase (24%
and 42%, respectively, at 240 μm from the surface). From these results and the residual
stresses measured at different points on the surface, it was determined that the residual
austenite and martensite contents were the most influential on the nature of the internal
stresses (Figure 15). The stresses on the surface always have a tensile character, since
the transformations to austenitic phases involve a volume reduction of such magnitude
that they cancel the effect of the transformation to martensite, thus implying a volumetric
increase and, consequently, stresses of a compressive type.

 

Figure 15. Evolution of residual stresses at the ductile iron surface as a function of volumetric %
of phase constituents (reprinted from Reference (Reprinted with permission from ref. [65]. 2005
Inderscience Enterprises Ltd.).

Benyounis et al. [66] presented a new approach on the surface melting of DIs by
conducting a comparison between the microstructural changes caused by two technologies:
Nd:YAG laser and TIG. In the case of LSM, the laser was used at low power (0.1 kW)
and speed of 1 mm/s with 50% overlapping, while in the case of TIG, the voltage was
maintained at 50 V and the current was varied between 80 to 120 A to ensure fusion. The
microstructure obtained by LSM consists of a fine dendritic structure of retained austenite,
with residual percentages of martensite and cementite (Fe3C). Although in TIG melting
a dendritic structure was also observed in an austenite and cementite matrix, the main
difference was the higher amount of retained austenite in LSM, which was attributed to a
superior cooling rate.

The dendritic microstructure is also present in Alabeedi et al. [67], where LSM was
carried out on an 83% ferrite, 11% pearlite, and 6% graphite ductile iron. A Gaussian
distribution CO2 laser was used at 3 kW power, with a scanning velocity of 10 mm/s. To
achieve melting, a 50% overlapping was considered, and argon shielding gas was applied
to also prevent oxidation and contamination of the specimen. The obtained microstructure
was identified by SEM as austenite dendrites immersed in a cementite network, attributed
to the high cooling rate during solidification. An additional transition region was observed
below the melted zone; it was formed by a mixture of dendrites and thick martensite plates
and added to some undissolved nodules surrounded by ledeburite layers.

Recent studies have further supported these results; for instance, Pagano et al. [68]
carried out a complete analysis of the effects of the LSM technique on a ferritic DI, using an
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Nd:YAG laser operating at 1 kW of power, with circular spot and Gaussian distribution. A
parabolic transformed cross-section was obtained, coinciding with the laser distribution.
In the area where fusion occurred, the microstructure became a network of austenite and
ledeburite dendrites, with a small portion of martensite. Then a transition region with
localized fusion was observed around the graphite nodules that did not melt. Finally, a
hardened area was appreciated, where the graphite spheres are surrounded by a layer
of martensite and immersed in a matrix of ferrite and residual austenite. These results
corroborate the work of Grum and Sturm [63,64].

Another approach for LSH/LSM was conducted by Catalán et al. [69], where a fiber
delivery diode laser with uniform energy distribution and rectangular shape was used.
Two linear power ramps, along with two scanning velocities, were defined to achieve four
different sets of linear energy densities in order to establish a relationship between the
experimental results and the joint effect of all laser parameters, as well as to determine the
transition between hardening from solid-state and melting. It was concluded that, for high-
velocity settings (1000 mm/min), microstructural changes were not significant, whereas,
for low-velocity cases (570 mm/min), severe changes could be observed. The melted zone
depth increased directly proportional with the average linear energy (Figure 16), correlating
with changes in the linear energy absorbed by the material and the thermal diffusion
properties of the surface-modified samples. The chemical composition, as determined by
GDOES, was strongly affected by the laser, with a significant increase for C and decrease for
Si compared to the as-cast sample, due to the transformation of graphite nodules to carbides
during the heating process. Regarding input parameters, at low energies, a Fe3C phase was
detected by XRD, whereas γ-Fe2O3 was raised at high energy densities, suggesting that
surface oxidation occurred during the heating cycle.

 

Figure 16. (a) Melted zone (MZ) and hardened zone (HZ) of laser surface-modified microstructure of
DI; (b) melted depth as a function of the average linear energy of the laser (Reprinted with permission
from ref. [69]. 2021 Springer Nature BV).

On the subject of hardness improvement, many of the reviewed works have quantita-
tively addressed the efficiency of LSM in DIs. For instance, Grum and Sturm [63] observed
a uniform hardness distribution throughout the transformed layer (800–900 HV0.1), and
when the limit of the hardened zone (≈550 μm) was exceeded, it fell rapidly to the base
value (around 250 HV0.1), and this is in agreement with the posterior measurements of
Pagano et al. [68]. Benyounis et al. obtained a harder microstructure when using TIG
melting over LSM (750 and 500–600 HV, respectively), since the supplied energy and the
interaction time ensured less retained austenite content, implying that the tempering effect
of melting was reduced.

In the melted zone, Catalán et al. [69] found a stable microhardness of 1000–1100 HV0.3,
which was five times higher than the nominal value. This was attributed to the car-
bide/oxide formation in the transformed matrix, as observed in Figure 17, since the men-
tioned XRD analysis supported the existence of these harder phases. The main difference
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with other works is the uniformity in both hardness measurements and microstructure
for the melted and hardened zones, since the laser energy distribution was uniform and
rectangular shaped. Thus, overlapping of laser tracks was not needed and the tempering
effect was avoided.

 

Figure 17. (a) Evolution of microhardness as a function of depth and linear energy. (b) Surface
hardness and composition of as-cast and laser modified DIs (Reprinted with permission from ref. [69].
2021 Springer Nature B.V.).

The wear response of laser melted DIs is broadly detailed in Pagano et al.’s [68] study,
where a rotating steel cylinder for sliding wear tests was chosen to roll against the samples
before and after being treated with LSM. The evolution of the coefficient of friction and
material loss was recorded as a function of the total sliding distance. In this test, two stages
were observed: initially, the coefficient of friction (COF) increases linearly with the sliding
distance (run-in stage), and then it decreases to a stationary value (steady-state), due to
the lubricating effect of graphite release. In this phase, since there is a partial dissolution
of graphite in the hardened area, an increase in the adhesive component of the COF is
generated by reducing the lubricating effect. Furthermore, the presence of hard phases,
such as cementite and martensite, causes an increase in the abrasive component of the COF,
which accounts for doubling the friction coefficient of the untreated DI. From Archard’s
equation for sliding wear, we obtain the following:

V = K
(

FN · S
H

)
, (9)

the authors verified that, for the same sliding distance (S), applied load (FN), and wear
factor (K), the greater hardness (H) of the LSM sample generated a lower volumetric loss V.
This was supported by the fact that the original samples showed rapid plastic deformation
during the test, while the presence of oxides on the surface of the specimens modified by
LSM gave evidence of a moderate triboxidative wear regime.

Subsequently, Ceschini et al. [70] compared the tribological experiments carried out by
Pagano et al. [61] for four different specimens: untreated GI (GJL300), as-cast DI (GJS400),
low-energy melted DI (GJS400-LHV at 500 W), and DI treated with LSM at high energy
(GJS400-HHV at 1000 W), using the same equipment and tests as the work in comparison.
Due to different energy densities, the two LSM-treated DIs exhibited different surface
hardness, with the GJS400-HHV being the hardest (1100 HV1, compared to 850 HV1 for
the GJS400-LHV). The sample with the best performance was the GJS400-LHV, followed
by the GJS400-HHV, as observed in Figure 18. In both cases, a slight triboxidative wear
regime was observed, such that the differences reside in the presence of microcracks in the
HHV cast iron, associated with its greater hardness and lower toughness. Furthermore, the
results showed that graphite morphology in cast irons is a major factor in wear resistance,
with the lamellar graphite shape (GJL300) being the one that acts as the greatest stress
concentrator, favoring nucleation and crack growth during the sliding test.
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Figure 18. Worn surfaces of different cast irons for a 20 N applied load (Reprinted with permission
from ref. [70]. 2016 Elsevier).

The erosion resistance enhancement due to LSM has been also assessed by
Alabeedi et al. [67] in their study, where silica particles were bombarded at an average
speed of 50 m/s at different incident angles. The amount of mass loss as a function of
exposure time increased linearly, as in Gadag and Srinivasan [55], with a cumulative loss
at the end of each trial (45 min) between 35 and 100 times less in the case of the treated
samples. Furthermore, SEM examination evidenced that the wear mechanism in the un-
treated specimens begins with the deformation of the softer graphite nodules, which then
favor the nucleation of cracks by acting as stress concentrators. Thus, the cracks form larger
craters as they spread, so that the surface fractures and becomes dimpled. In contrast, wear
in laser-modified samples is attributed to the initiation of fatigue cracks, which develop
only into small craters. However, the hard structure formed in the process does not allow
these cracks to propagate through the matrix and cause more damage, mainly due to the
presence of retained austenite.

Finally, Boccardo et al. [71] developed a unidirectional coupled thermo-metallurgical
model in order to predict the phase transformations of laser-treated DIs. In particular,
the thermal model computed the temperature evolution during the process, while the
metallurgical model predicted the phase evolution as a function of the temperature. The
possible transformations during heating include the reverse eutectoid transformation (RET),
homogenization of the austenite carbon content (HA), and melting transformation (MT),
whereas the cooling process can comprise the eutectoid transformation (ET), solidification
(ST), and martensitic transformations (MDT and MWT). To test the performance of this
model, the authors considered the same DI as in Catalán et al. [69], with the four sets of
linear power ramps and scanning velocities detailed in their work. Figure 19 shows the
relationship between experimental and simulation results for 180 J/mm energy density.
According to the presented metallurgical model, the observed thickness of the melted zone
(Figure 19a) agrees with the computed temperature (Figure 19c), because it is greater than
the temperature at which melting transformation ends (TLe). For a depth of 100 μm, the
material partially melted, because the temperature remains between the limits where melt-
ing transformation starts (TLs) and ends. Finally, for depths bigger than 300 μm, there is no
phase transformation, since the temperature does not reach the point where RET starts. On
the other hand, Figure 19b illustrates the evolution of the volumetric fraction of ledeburite,
one of the main constituents of ductile iron during these transformations. The comparison
between the computed ledeburite fraction and the thickness of melted, transition (hard-
ened), and base material zones (Figure 19a) shows that the thermo-metallurgical model
is able to identify these regions as a function of the ledeburite fraction in the transformed
matrix. A linear correlation between measured and simulated martensite/ledeburite thick-
ness layers was obtained, thus verifying that, for low thicknesses, the thermo-metallurgical
model reasonably captures the trend of experimental results, and it slightly overestimates
the thickness at higher magnitudes. Moreover, the thickness of the ledeburite–martensite

53



Metals 2022, 12, 562

layer depends on the laser parameters, and it is increased with the increment of laser power
and the decrement of scanning velocity.

(a) (b) (c) 

Figure 19. (a) Optical microscopy image of resulting microstructure of modified DI. (b) Computed
ledeburite volume fraction at fixed laser parameters. (c) Computed temperature distribution at a
fixed instant and parameters as a function of depth (Reprinted with permission from ref. [71]. 2021
Springer Nature B.V.).

5.4. Overall Facts of Surface Laser Treatment of Cast Irons

Considering the literature review, some similarities can be found in LST of cast irons,
regardless of their initial microstructure. As presented in Figure 20, laser modification of
iron castings generally leads to a martensitic or ledeburitic microstructure, depending on
the amount of supplied energy and the subsequent phase transformations.

Figure 20. Summarizing diagram of microstructural transformations and overall response of laser-
treated cast irons.

Moreover, mechanical/tribological characterization shows an improvement on hard-
ness and wear resistance after LST, as explained by the formation of harder phases during
rapid solidification. Microhardness curves tend to exhibit a stable, harder region, with
a quasi-exponential decay to the as-cast value in zones with low degree transformation.
In the case of tribological tests, mass loss is significantly reduced by both LSM and LSH;
however, the wear rate is highly variable, and it depends on the conditions of the friction
system. Finally, since LST encompasses volumetric transformations, the analysis of residual
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stresses is important, and it usually reveals a change from compressive stresses near the
surface to tensile stresses further into the as-cast region.

6. Concluding Remarks

This review highlights the evolution of the characterization of the surface thermal
treatment by laser in different iron castings, divided by the main constituents and structure
of their matrix. Based on what is presented in this article, LST holds numerous advantages
over conventional heat treatments, as it is a precise and highly localized process for which a
harder and more wear-resistant microstructure is obtained without generating a significant
distortion of the workpiece. The following main conclusions can be stated:

• The use of diode and Nd:YAG lasers without coatings allows for higher absorption
coefficients of the radiated energy than when using conventional CO2 lasers.

• Lasers with circular geometry and Gaussian energy distribution generate a parabolic
heat-affected zone in the transverse section, where properties are not uniform within a
constant layer depth.

• Single-pass LST with rectangular-shaped and uniform energy distribution lasers,
as well as adjacent discrete laser spots, can be used to avoid a tempering effect
of overlapping.

• Following laser modification, DIs and ADIs present lower wear damage under com-
parable conditions than GIs, since graphite flakes act as stress raisers, favoring crack
nucleation and growth during friction, as in dry sliding tests.

• Regardless of the initial microstructure of the cast iron, the linear energy is the key
parameter, since it considers the joint effect of experimental parameters, such as laser
power, absorption layer thickness, and scanning velocity. It is suggested to apply
surface hardening without melting on DIs and ADIs to achieve higher wear resistance,
because of the nature of the residual stresses created during phase transformations
(compressive in LSH and tensile in LSM).

• Further research challenges include the analysis of the effect of alloying elements, such
as Mo, Cr, or Ni, on the thermal process and mechanical properties induced by LST.
Moreover, extra features, such as grain growth and surface roughness, must be added
into LST simulations in order to ensure a reliable validation and determination of the
scope and precision of the model.

• Future technological challenges involve the analysis of costs and implementation of
LST at the industrial level, especially in high-technology and -impact environments,
to evaluate the performance of this treatment in real conditions. In this regard, the
information presented in this review article is a guide to encourage future investigation
prospects in cast irons and ferrous alloys in general.
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Abstract: A uniform distribution of power density (energy flux) in a stationary laser beam leads to a
decrease in the overheating of the material in the center of the laser beam spot during laser powder
bed fusion and a decrease in material losses due to its thermal ablation and chemical decomposition.
The profile of the uniform cylindrical (flat-top) distribution of the laser beam power density was
compared to the classical Gaussian mode (TEM00) and inverse Gaussian (donut) distribution (airy
distribution of the first harmonic, TEM01* = TEM01 + TEM10). Calculation of the Péclet number, which
is a similarity criterion characterizing the relationship between convective and molecular processes of
heat transfer (convection to diffusion) in a material flow in the liquid phase, shows that the cylindrical
(flat-top) distribution (TEM01* + TEM00 mode) is effective in a narrow temperature range. TEM00

shows the most effective result for a wide range of temperatures, and TEM01* is an intermediate
in which evaporation losses decrease by more than 2.5 times, and it increases the absolute laser
bandwidth when the relative bandwidth decreases by 24%.

Keywords: energy excess; heat diffusion; laser beam mode; laser powder bed fusion; numerical
simulation; profiling; power density distribution; thermal conductivity

1. Introduction

The well-known drawback of some laser material-processing technologies is non-
uniform thermal conditions in the spot. The material is overheated in the center of the
laser spot when an excess of the energy leads to intensive material evaporations and
chemical decompositions [1–4], which is not characteristic of other additive technologies
using alternative sources of concentrated energy flow [5,6]. Inversely, the material does not
attain the necessary processing temperature at the periphery of the spot, and the energy
is essentially lost by heat diffusion in the treated body (the target) [7–9]. Modern optics
proposes shaping a laser beam that provides alternative laser power density distributions
of transverse electromagnetic (TEM) mode:

• Airy distribution of the first harmonic (donut) TEM01* = TEM01 + TEM10;
• Uniform cylindrical (flat-top) distribution TEMFT = TEM01* + TEM00.

These technical solutions have multiple laser powder bed fusion attempts but have
never been researched theoretically with correction to the beam motion [10–12].

The lack of a reliable solution in terms of heat redistribution leads to the following
disadvantages affecting the quality of parts obtained by laser-additive manufacturing and
processing productivity (Figure 1) [13–17]:

- Local overheating, capturing the underlying layers, creating additional stresses during
metal solidification (partially solved by subsequent heat treatment and preliminary
heating of the substrate) [18–20];
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- Active evaporation of the material and its chemical interaction with the atmosphere
of the chamber (reduced due to the use of more gentle processing modes, which
dramatically affects productivity) [21–23];

- Ejecting material from the processing area (reduces the surface quality of the part
itself, damages the optics, and is reduced by gentle modes and preheating of the
platform) [24–26].

Figure 1. The main consequences of the active interaction of powder material with atmosphere and
the existing ways of solving them.

An obvious disadvantage of using optical means for redistributing laser energy into
the beam can be its expansion by 150–350%, which may not allow for obtaining more
precision parts, but can become a significant advantage in the production of products with
dimensions of more than 100 mm, for which the width of the heat-affected zone will be
significantly reduced [27,28]. Figure 1 is based on the results of optical diagnostics and
video monitoring described in detail in [27].

There are many factors that influence the final surface quality (roughness, uniformity,
and dimensional accuracy) [29–33] such as:

• laser power, spot size, and laser power distribution among the laser system and
optic parameters,

• scanning speed and strategy and hatch distance among strategy parameters,
• powder particle size, shape and morphology, and layer thickness among

powder parameters,
• inertness of the atmosphere, impermeability of the chamber, dimensions of the part on

the working platform (maximum angle of deviation of the beam from the vertical),
and so on.
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The conventional power (energy flux q, W/mm2) density distribution in radius r of
the laser focus is the classical bell-like one approximated by the normal Gauss distribu-
tion (Laguerre–Gaussian mode, circularly symmetric beam profile TEM00) of the optical
resonator as:

q =
P
πr2

0
exp

(
− r2

r2
0

)
, (1)

where P is the laser beam power, W and r0 is the radius circle, mm.
In some laser-based technologies such as lithography (photo-activated processes) [34,35],

laser scribing [36,37], and thin surface laser treatment (including medical purposes) [38–41],
the optimal beam profile seems to be the flat-top (TEMFT) one that provides the energy flux’s
uniformity (uniform laser power density distribution). The typical powder consolidation
mechanisms in laser powder bed fusion are thermo-activated [42]. Then the objective is
transferred from the uniform power density distribution (energy flux q, W/mm2) to a
radiation-induced uniform temperature field T (◦C).

Since the thermal energy is released on an adiabatic plane bounding a uniform con-
ducting half-space inside a circle of radius r0 (mm), with radial distribution [43]:

q =
P

2πr2
0

1√
1 − r2/r2

0

, (2)

the temperature rise over the circle:

T0 =
P

4λr0
, (3)

where λ is the material thermal conductivity, W/mm·K. In this case, the laser radiation is
absorbed by layered powder to heat a massive body with conduction as the principal heat
transfer mechanism. Then profile (2) can be better for laser powder bed fusion and similar
laser-based powder technologies. TEMFT profile (the cylindrical flat-top temperature
distribution) is challenging to obtain because of a discontinuity at the beam boundary
where r = r0. Then the airy distribution of the first harmonic, (donut of the first overtone)
TEM01*, seems to be a reasonable compromise [43]:

q =
P
πr2

0

r2

r2
0

exp

(
− r2

r2
0

)
, (4)

In the thermo-activated processes, the laser beam scans the powder surface, resulting
in a non-uniform temperature distribution over the laser spot for various laser beam
profiles [44,45]. An inverse problem of heat diffusion for the scanning laser beam can be
solved to find the ideal power density distribution. Still, the solution mainly depends
on the scanning speed factor—its value and direction. The influence of direction on the
absorbed energy flux shows that the laser beam profile would be asymmetric. Moreover,
the laser beam scans quite fast (up to 400 mm/s) and changes direction rapidly. Therefore,
it can be an even more complicated scientific and technical task never solved before,
since most of the published work on beam profiling considers the symmetric beam for
their calculations.

This work aims to compare three types of abovementioned laser beam profiles, research
the influence of the scanning speed in a linear medium, and develop a non-linear model,
including the material evaporation factor.

2. Numerical Simulations

2.1. Simulations and Influence of Scanning Speed

The powder layer on the target surface is considered thermally thin and is not taken
into account. Laser radiation is supposed to be absorbed on the surface. In the case of
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partial reflection, the laser power in the equations mentioned above means the absorbed
part of the laser beam radiation. In the coordinate system moving with the scanning speed,
the steady-state heat diffusion equation is [43]:

αΔT + us
∂T
∂x

= 0, (5)

where us is scanning speed, m/s; α is the thermal diffusivity, m2/s; and Δ is the Laplace
operator. Equation (5) is solved by numerical or analytical methods where possible, with
boundary condition:

T → Ta at x → ±∞, y → ±∞, z → ∞, (6)

where Ta is the ambient temperature. The target surface z = 0 is adiabatic, excluding the
laser spot where

− λ
∂T
∂z

= q. (7)

The temperature fields are presented in Figures 2 and 3.

Figure 2. Normalized distributions: flux density of the absorbed laser energy q over the target surface
z = 0 (top row); temperature T over the target surface (second and third rows); temperature T over
the vertical plane of mirror symmetry y = 0 formed by the beam axis and the scanning line (two rows
on the bottom). Red in the q/q0 graph indicates the approach to the area of the discontinuity at the
beam boundary where r = r0.
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(a) (b) 

  
(c) (d) 

 
(e) (f) 

Figure 3. 3D plot of the implicit function q0 (a); implicit function q0 for various values of r0 (b);
normalized implicit function q/q0 (TEM00 profile) (c); normalized implicit function q/q0 (TEMFT

profile) (d); normalized implicit function q/q0 (TEM01* profile) (e); and temperature distributions
along the direction of the scanning speed on the surface, when y = 0, z = 0 (f). The beam boundary
where r = r0 is marked red in graphs (c–e).
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The scanning speed is specified by the thermal Péclet number:

Pe =
2r0us

α
. (8)

The temperature rise relative to the ambience (T − Ta) is normalized by T0 specified
by Equation (3). Normalizing coordinates by r0 makes the obtained results universal for a
linear conductive medium. The results significantly depend on the Péclet number. The top
row in Figure 2 shows two-dimensional views of laser profiles (1), (2), and (4) normalized
by [43] (Figure 3a,b):

q0 =
P
πr2

0
. (9)

The normalized graphs of profiles are as follows (Figure 3c–e):

qTEM00

q0
= e

(− r2

r2
0
)
, (10)

qTEMFT

q0
=

1

2·
√

1 − r2

r2
0

, (11)

qTEM01∗
q0

=
r2

r2
0
·e(−

r2

r2
0
)
. (12)

The other rows in Figure 2 are two-dimensional temperature distributions over two
characteristic planes. The 3D plot of the implicit function is shown in Figure 3a.

Figure 3f shows all the obtained results as profiles of the surface temperature along
line y = 0, z = 0. For all laser profiles, the temperature profiles decrease with the increase of
Pe that corresponds to the increase of the scanning speed. The forward temperature front
becomes sharper with the increase of Pe, and the backward temperature front is insensible
to Pe, according to the well-known asymptotics:

T − Ta

T0
=

2
π

r0

R
exp

(
Pe
4

x − R
r0

)
, (13)

with R2 = x2 + y2 + z2, shown by dashed lines in Figure 3f. In the case of mode TEM00, all
three numerically calculated temperature profiles are bell-like. At Pe = 0, the maximum is
in the origin. The numerically obtained maximum value is about the analytical result Tmax,

Tmax − Ta

T0
=

2√
π

, (14)

shown by a horizontal dash in Figure 3f. The increase of Pe slightly shifts the position of
the temperature maximum in the direction opposite to that of the scanning speed vector
that is explained by the thermal inertia of the target.

At Pe = 0, the flat-top laser beam profile forms steady-state temperature distribution

T − Ta

T0
=

2
π

arcsin
2r0√

(r − r0)
2 + z2 +

√
(r + r0)

2 + z2
, (15)

where r2 = x2 + y2, with an exactly horizontal plate over the laser spot. When Pe increases,
this plate inclines towards the scanning speed vector and slightly sags. In the case of donut
mode, the surface temperature distribution inherits the ring-like ridge. The ridge becomes
more asymmetric with the increase of Pe (Figure 3f).
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2.2. Temperature and Energy Flux Profiles

Temperature distribution in a cross-section perpendicular to the scanning direction
cannot objectively characterize the temperature conditions for laser powder bed fusion
because retarding the maximum target temperature relative to the central cross-section
x = 0. The retardation depends on the scanning speed value and the distance from the
scanning axis (X). The most representative quantity is the maximum temperature along
axis X for threshold-like and Arrhenius temperature dependencies of the process kinetics.
Figure 4a shows the transverse profile of the quantity on the surface [43]:

max
x

T(x, y, 0), (16)

 
(a) (b) 

Figure 4. Maximum temperature T on the target surface z = 0 versus distance y from the scanning
axis (a); the testing profiles (q/q0) and estimation of their radii at half-width r1/2 (b).

The asymptotics at Pe = 0 are given by Equation (13) at x = 0. At Pe = 0.71 and
Pe = 2.86, the asymptotics are obtained by numerical treatment of Equation (13) by
Equation (16). The widths of the re-melted zone on the surface often estimate the con-
tact’s width between the consolidated powder, and the substrate can be deduced by
this profile.

The transverse profiles of the surface temperature shown in Figure 4a present the
thermal conditions for laser powder bed fusion. They cannot be compared with the tested
laser beam profiles because all the obtained temperature profiles have different absolute
maxima. The tentative laser-beam radius r0 is not an objective measure of its width
applicable to various beams’ radial profiles. Thus, beam TEM01* in Figure 4b seems wider
than beam TEM00 at the same r0. Let us estimate the width of a laser profile by its diameter
at half-maximum d 1

2
that is conventional in laser technology applications. The scheme for

estimating the corresponding radius at half-maximum r 1
2

= d 1
2
/2 is shown in Figure 4b and

Table 1.
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Table 1. Calculated absolute maximum of temperature Tmax versus Péclet’s number Pe.

Laser Beam Profile
Beam Radius at Half Maximum,

r1/2/r0

(Tmax − Ta)/T0

Pe = 0 Pe = 0.71 Pe = 2.86

TEM00 (Gaussian)
√

ln 2 = 0.8326 2/
√
π = 1.128 1.027 0.8417

TEM01* (donut) 1.6366 1.6453 0.5889 0.4735
TEMFT (flat-top) 1 1 0.9613 0.8819

It should be noted that temperatures above Tmax are unallowable because of material
evaporation or chemical decomposition. Temperatures below the minimum Tmin are not
sufficient to complete the specified physical or chemical processes. The boiling point
is specified as Tmax, and the melting point is Tmin for laser powder bed fusion of pure
metals [46,47]. For alloys, Tmax and Tmin are determined by the component with the lowest
boiling and melting points, correspondingly.

The temperature dependencies of the kinetic constants can be taken into account to
define the laser powder bed fusion interval (Tmin, Tmax). The maximum temperature in
the laser-processing zone and the width of the laser beam characterized by d1/2 or r1/2
can be effectively controlled by variation of the laser power or by laser beam expansion.
The former quantity can be set at Tmax. The latter quantity can be set at the specified
dimensional uncertainty.

Figure 5 shows the same temperature profiles as in Figure 4a to apply the chosen
criterion for evaluating the laser beam profiles. However, these profiles are renormalized
by their absolute maxima, height, laser beam radii at half maximum, and width. The
normalizing constants for all the nine testing profiles are obtained from the data shown
in Figure 4a,b and Table 1. A qualitative review of the temperature profiles shown in
Figure 5 indicates that laser profile TEMFT results in the broadest top of the temperature
profile, as expected. Laser profile TEM00 results in the broadest base of the temperature
profile. This means that evaluating the three tested laser profiles is not straightforward and
depends on the acceptable temperature range of laser treatment Tmax − Tmin relative to
the maximum temperature increment Tmax − Ta. If the acceptable temperature range is
narrow, the treated band of the surface is near the top level of the temperature profile. In
this case, theoretically, the flat-top profile provides the widest laser-treated band, which
means the most effective use of the laser energy. If the acceptable temperature range is
wide, the most effective profile seems to be TEM00.

Figure 5. Normalized transverse profiles of the maximum surface temperature and the definition of
the widths of laser-treated band (B1/2 and B0.9).
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3. Model Evaluation

3.1. Quantitative Evaluation

Let us introduce the width of the laser-treated band Bn where non-dimensional pa-
rameter γ for quantitative evaluation of the laser beam profile characterizes the relative
temperature range of the laser treatment [43]:

γ =
Tmin − Ta

Tmax − Ta
. (17)

The definitions of B1/2 and B0.9 are shown in Figure 5. Band B1/2 approximately
corresponds to laser powder bed fusion of metals and alloys such as CoCr at the ambient
temperature Ta with Tmax equal to the boiling/decomposition point (~2800–3300 ◦C) and
Tmin equal to the melting point (~1250–1650 ◦C) [48]:

γCoCr =
1458 °C − 20 °C
3000 °C − 20 °C

≈ 0.4826. (18)

The main properties of the cobalt-chromium alloy are shown in Table 2. The data
presented in the table are taken from [49,50].

Table 2. Properties of the cobalt-chromium alloy (64–65% of Co, 29–30% of Cr).

Properties
Density,

g/cm3
Melting
Point, ◦C

Boiling
Point, ◦C

Tensile
Strength,
kN/cm2

Yield
Strength,
kN/cm2

Young’s
Modulus,

GPa

Coefficient
of Thermal
Expansion,
×10−6 ◦C−1

Thermal
Conductivity,

W/(m·K)

CoCr
alloy 8.0–8.4 1250–1650 2800–

3000 ≥61.7–70 ≥50–64 210–250 11.2–14.2 13

Band B0.9 corresponds to laser-additive manufacturing of oxide ceramics at the am-
bient temperature Ta with Tmax equal to the temperature of chemical decomposition
(~2900 ◦C) [51–55]. Tmin should be chosen as high as possible because of the Arrhenius
temperature dependence of the powder consolidation rate [56].

The calculated values of B1/2 and B0.9 versus Péclet’s number for the laser beam
profiles are shown in Table 3 and Figure 6. In the considered range of Péclet’s numbers
(Pe = 0–2.86), the conventional Gaussian profile of TEM00 seems to be the most effective
for the wide temperature range of laser treatment of 1

2 (alloys, metals) when the flat-
top profile can be significantly more advantageous for the narrow temperature range of
0.9 (mostly oxide ceramics). For B1/2, profile TEM01* seems to be the least effective one,
and the flat-top is intermediate. For B0.9, profile TEM00 seems to be the least effective one,
and TEM01* is intermediate.

Table 3. Calculated widths of the laser-treated band B1/2 and B0.9 versus Péclet’s number.

Laser Beam Profile
B1/2/d1/2 B0.9/d1/2

Pe = 0 Pe = 0.71 Pe = 2.86 Pe = 0 Pe = 0.71 Pe = 2.86

TEM00 (Gaussian) 1.57 1.485 1.32 0.53 0.535 0.50
TEMFT (flat-top) 1.415 1.28 1.118 1.012 0.974 0.775
TEM01* (donut) 1.39 1.24 1.07 0.80 0.70 0.565
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Figure 6. Widths of the laser treated band B1/2 and B0.9 versus Péclet’s number.

3.2. Dynamic Evaluation

Let us calculate the steady temperature at the laser spot boundary for two laser modes
and a laser power of 100 and 400 W. The experimental diameter of the laser spot will be
approximately 100 μm (0.001 m) for the TEM00 mode and 300 μm (0.003 m) for the TEM01*
mode (Table 4) [57]. As can be seen, with an increase in the power of laser radiation to 400 W,
due to excess heat, a multifaceted local overheating is predicted (the calculated temperature
is 2.56 times higher than Tmax) at the boundary of the laser radiation of the Gaussian mode
(as a result, active evaporation of metal from the processing zone). At the same time, when
using the reverse Gaussian profile (donut), the temperature at the edge of the laser spot
does not reach Tmin (less than 2.34 times), which means that there is no sufficient heat to
initiate the CoCr alloy granule fusion. The powder consolidation temperature can be closer
to the melting temperature. Implicit graphs of the function of temperature on the radius for
a cobalt-chromium alloy (λ = 13 W/(m·K)) depending on the power of laser radiation are
shown in Figure 7 (Equation (3)). It should be noted that Figure 7a is an implicit graph of
the temperature (Tmax − Ta) on the radius and laser power function for the material with
the mentioned material thermal conductivity, where the solution area is marked red, since
only values above zero can be taken into account for technological purposes, since other
areas have no physical sense in the context of engineering.
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Table 4. The steady temperature values at the laser spot boundary for two laser modes.

Laser Beam Profiles Laser Spot Diameter, mm
Steady Temperature (Tmax − Ta), K

P = 100 W P = 400 W

TEM00 (Gaussian) ~0.1 1923 7692
TEM01* (donut) ~0.3 641.03 2564

 

(a) (b) 

 
(c) 

Figure 7. Implicit graphs of the function of temperature (Tmax − Ta) on the radius depending on the
power of laser radiation for λ = 13 W/(m·K): (a) 3D-plot; (b) P = 100 W; (c) P = 400 W.

Table 5 presents two evaluated groups of laser beam parameters based on the experi-
mental data obtained by optical achievements of the laser beam profiles using an expander
and profiler installed in the LPBF setup and optical evaluation of the obtained profiles [28].
Specific energy contribution (J/m2) was calculated by:

E =
q0

us
. (19)
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Table 5. Parameters of laser powder bed fusion chosen for modeling.

Factor Measuring Unit Values

Absorbed power of the beam, P W 100 400
Laser beam radius, r0 mm ~0.1/2 ~0.3/2
Scanning velocity, us m/s 0.0213 0.0286

Normalized power density
distribution, q0

W/m2 0.320 × 108 0.142 × 108

Specific energy contribution, E J/m2 1.5 × 105 0.5 × 105

Péclet’s number, Pe - 0.71 2.86

Two numerical calculations for Gaussian (Equation (1)) and donut (Equation (4)) laser
beam profiles are made for each group. Thermal diffusivity of CoCr alloy is presented in
Table 6 [58,59]:

α =
λ

ρ·Cp
, (20)

where ρ is density, kg/m3 and Cp is specific heat capacity, J/(kg·K). The dependence of the
Péclet number on the laser spot radius and scanning speed for a cobalt-chromium alloy is
shown in Figure 8.

Table 6. Thermal diffusivity α of CoCr alloy.

Thermal Diffusivity α, cm2/s

at 20 ◦C at 500 ◦C

0.02–0.14 0.03–0.074

Figure 8. The implicit graph of the Péclet number on the laser spot radius and scanning speed for a
cobalt-chromium alloy (α = 5.2 × 10−6 m2/s) (3D-plot).

Figure 9 shows the calculated temperature fields for two types of laser beam profiles:
TEM00 and TEM01* at laser powers of 100 and 400 W, correspondingly, when laser beam di-
ameters are 0.109 and 0.310 mm, respectively. The difference from Figure 2 is that laser beam
profiles are shown at the level of calculated steady temperatures (Table 4). Formation of the
temperature plateau is explained by a small value of overheating sufficient for evaporation
under the given conditions. In the case of mode TEM01*, the characteristic temperature
sink is still visible in the center. The energy losses for evaporation are listed in Table 7. The
corresponding mass losses are proportional to the energy ones [43]. Comparison of values
listed in Table 7 indicates that the change from mode TEM00 to mode TEM01* decreases the
evaporation loss for all four calculations made. Thus, the laser profile corresponding to
mode TEM01* seems to provide more efficient laser power density distribution (Figure 10).
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(a) (b) 

  
(c) (d) 

Figure 9. Calculated temperature distributions (Tmax − Ta) in CoCr alloy: (a) over the vertical plane
of mirror symmetry y = 0 formed by the beam axis and the scanning line for P = 100 W, Pe = 0.71;
(b) over the vertical plane of mirror symmetry y = 0 formed by the beam axis and the scanning line for
P = 400 W, Pe = 2.86; (c) results of temperature fields modeling for P = 100 W, Pe = 0.71 (cross-section);
(d) results of temperature field modeling for P = 400 W, Pe = 2.86 (cross-section).

Table 7. Calculated values of power loss for evaporation Pv for CoCr alloy for the laser beam profiles.

Parameter
Evaporation Loss, Pv (W)

TEM00, P = 100 W, Pe = 0.71 TEM01*, P = 400 W, Pe = 2.86

Max vapor velocity uv, m/s 3.63 14.51
Max recoil pressure precoil − p0, Pa 17.67 267.67

Mass loss rate Lmass, mg/s 144.30 520.22
Recoil force Frecoil, mN 0.55 7.57

Power loss for evaporation Pe, W 3.53 2.68

Figure 10. Calculated graphical presentation of power loss for evaporation Pv.
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4. Discussion

It should be noted that the proposed dynamic model could not be used for precise
data on the thermal history and simulation of the thermal stresses. The point was in
researching an optimal laser power density distribution for the engineering tasks of LPBF.
As known, the optimal melt pool configuration for the tasks of thick (more than 10 mm
in thickness) material laser cutting or welding is torch-like (Figure 11) [25] and has a
certain disadvantage when the laser power exceeds 100 W [26]. For laser scribing, surface
treatment, and LPBF [40,41], the optimal one can be a more surface-like uniform distribution
related to the following issues [60]:

a. avoiding overheating in the centrum of the melt pool and consequences such as
material loss on evaporation and ejecting granules from the melt pool of thermal heat
with the laser power set at more than 100 W;

b. avoiding secondary remelting and involvement of the previously solidified layers in
the newly formed melt pool; and

c. melt ejection under steam pressure.

(a) (b) (c) 

Figure 11. Melt pool formation: (a) torch-like; (b) torch-like with an increase of energy in the laser
beam; (c) more uniform surface-like with an increase of redistributed energy in the melt pool.

The conducted research confirmed the effectiveness of the proposed approach not
only for static modeling but for a dynamic one, as well. Achieved laser beam pro-
files are presented in Figure 12. As can be seen (Figure 12c), the flat-top profile is
practically hard to be achieved close to the theoretical profile using the existed opti-
cal means [60]. The provided Figure 12d–f are reconstructed from the formed CoCr single
tracks (Figure 12g–i) [61,62]. A detailed description of the developed LPBF setup equipped
with an optical laser beam profiler and expander and optical diagnostics are presented
in [26]. The experimental conditions are presented in [57]. Figure 13 presents the optical
and modulation systems of LPBF setup.

The dynamic melt pool evaluation during experiments with metallic powders by
optical diagnostic means [63,64] is expected for further research.

It should be noted that TEMFT cannot be called a “desirable intensity distribution”
since it was a theoretical proposal [50]. The idea was to achieve a more uniform energy
density instead of peaks in the centrum of the laser beam spot. The picture of energy
distribution in the laser beam spot and adsorbed energy by powder material is different.
However, it can be even more varied, considering the dynamic factor (Pe number). De-
sirability can only be called a distribution that allows the achievement of uniform energy
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adsorption in the laser beam spot [57], taking into account the used material’s thermal
conductivity and dynamic factor. Definitely, it will be already varied for metallic [65,66]
and ceramic [67–69] groups of materials. However, it can also vary depending on granulo-
morphometric parameters of the powder, mainly shape and reflect ability [45,70,71], which
was not considered in the article. The TEM00 + TEM01* equation is the only way to achieve
approximate TEMFT by existing optical means [72,73].

   
(a) (b) (c) 

   
(d) (e) (f) 

   
(g) (h) (i) 

Figure 12. Laser beam profiles (objective control data achieved experimentally): (a) TEM00 (Gaus-
sian); (b) TEM01* (donut); (c) TEMFT (flat-top); reconstruction of the temperature fields’ features
in the formed melt pools: (d) TEM00 (Gaussian); (e) TEM01* (donut); (f) TEMFT (flat-top); formed
experimental tracks: (g) TEM00 (Gaussian); (h) TEM01* (donut); (i) TEMFT (flat-top), where W is a
track’s width, Cz is powder consolidation zone’s width.

Comparing two radiation beams with different profiles is possible only with the
different values for laser beam spot radii (Table 7). The same LPBF setup with a similar
laser beam diameter provided technically and focused on a plane for all cases is practically
used in the conditions of real production. Laser beam diameter corresponds to the main
characteristics of the LPBF equipment (in our case, it is up to 100 μm) and cannot be
changed quickly. The alternative laser beam profiles are experimentally achieved using
a laser beam profiler and an expander and optically evaluated [60]. That was taken
as a basis for theoretical evaluation of the dynamic factor to be closer to the common
industrial conditions.
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Figure 13. Modulation and optical control systems in-build into LPBF setup.

The average laser beam power distribution (E, J/m2) will not be similar in these cases
as it was previously evaluated and compared (Table 5). Still, the question is not in the
energy density in the laser beam spot radii, but in the practically achievable profile that can
be useful and implemented in standard or experimental LPBF equipment (Figure 13).

Practically, the achievable profile by mixing TEM00 and TEM01* is far from the profile
simulated based on Equation (2) due to the use available for market optical means. More-
over, as it was shown theoretically, the TEMFT profile is not the one that corresponds the
most to the technological tasks of LPBF of metallic powder with the high material thermal
conductivity (λ).

5. Conclusions

Three radial laser beam profiles of the power density distribution (energy flux) were
compared for laser powder bed fusion. The uniform cylindrical (flat-top) distribution
(TEM01* + TEM00 mode) was compared with the standard Laguerre–Gaussian law distri-
bution TEM00 and the airy distribution of the first harmonic TEM01* (TEM01 + TEM10 mode).

The TEM00 laser beam profile demonstrated the most effective result for a wide range
of temperatures for thermos-activated processes such as laser powder bed fusion in the
Péclet number range of 0–2.86, while the uniform cylindrical (flat-top) distribution is shown
to be effective in a narrow temperature range. The inverse Gaussian (donut) laser beam
distribution showed an interval result. With an increase in laser power, the transition
from TEM00 to TEM01* mode reduces the evaporation losses by more than 2.5 times, and it
increases the absolute laser bandwidth when the relative bandwidth decreases by 24%.

The prospects of laser beam profiling for the purposes of increasing laser powder
bed fusion productivity stay underestimated by the industry. However, they have a huge
potential in the context of the switch to the sixth technological paradigm associated with
Kondratieff’s waves.
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Abstract: Specific energy is a key process parameter during laser cladding of high entropy alloy
(HEA); however, the effect of specific energy on the microstructure, hardness, and wear resistance
of HEA coating has not been completely understood in the literature. This paper aims at revealing
the influence of specific energy on the microstructure and properties of laser cladded FeCoCrNi
high entropy alloy on the Ti6Al4V substrate, and further obtains feasible process parameters for
preparation of HEA coating. Results indicate that there are significant differences in the microstructure
and properties of the coatings under different specific energy. The increase of specific energy plays a
positive role in coarsening the microstructure, promoting the diffusion of Ti from the substrate to HEA
coating, and subsequently affects the hardness of samples. The HEA coating is mainly composed
of the face-centered cubic phase and body-centered cubic phase, precipitating a small amount of
Fe-Cr phase and Laves phase. Metallurgical bonding is obtained between the base metal and the
coatings of which the bonding region is mainly composed of columnar crystal and shrinkage cavities.
The microhardness of the HEA coating reaches 1098 HV, which is about 200% higher than that of the
TC4 substrate, and the wear resistance is significantly improved by the HEA coating.

Keywords: laser cladding; high entropy alloy; specific energy; phase transformation; wear resistance

1. Introduction

Titanium alloy has been widely used in the aerospace industry due to its superior advantages of low
density, high strength, and anti-corrosion performance [1–4] However, the service life of the titanium
alloy structural part is restricted by the insufficient wear resistance and hardness. Therefore, the surface
strengthening of titanium alloy has attracted massive attention from researchers worldwide [5,6].
High entropy alloy (HEA), as a promising multi-component alloy, has drawn considerable attention
to the repair of seriously worn aircraft flap slide due to its outstanding comprehensive properties,
which is attributed to its effect of high entropy, lattice distortion, and slow diffusion [7–9]. HEA rapidly
attracts massive attention in material science since it was first reported [10–12]. HEA has created an
unexplored area of alloy compositions and exploited the potential to influence solid solution phase
stability through the controlling of configurational entropy.

Preparation of HEA coating on titanium alloy is a feasible method to improve surface hardness
and wear resistance of titanium alloy. At present, the main technologies used to prepare HEA
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coating include thermal spraying [13,14], laser/plasma cladding [15–18], physical vapor deposition [19],
and powder metallurgy [20,21]. Among the above HEA coating methods, laser cladding has advantages
such as high efficiency, reliable metallurgical bonding, high material utilization ratio, and excellent
performance [22,23]. Therefore, laser cladding of HEA coating has been widely adopted for repairing
and strengthening the titanium alloy structural parts.

The mechanism of surface strengthening by HEA was reported in the literature. Huang et al. [24,25]
investigated the structure and properties of high entropy alloys; results indicated that the wear
resistance of the cladding layer was significantly improved due to the second phase strengthening.
The effect of the cladding process on the microstructure and properties of the HEA coatings was
reported in the literature. Joseph et al. [26] conducted a comparative study between arc melting and
laser melting; the microstructure and properties of the HEA coatings were found to be significantly
different under different processes, but the compression experimental results were not much different.
The effect of chemical compositions on the microstructure and properties of the HEA coatings was
reported in the literature. Jiang et al. [27] conducted a comparative study on microstructure evolution
and wear behavior of the laser cladding CoFeNi2V0.5Nb0.75 and CoFeNi2V0.5Nb HEA coatings.
Cai et al. [28] studied the alloying elements and dilution rates on the microstructure and properties of
high entropy alloy cladding layers; results indicated that the migration of the Fe element from the
matrix to the cladding layer could make the mixing entropy of CoCrNi coating close to the theoretical
mixing entropy of FeCoCrNi high entropy alloy. The effect of laser power on the microstructure and
properties of the HEA coatings was reported in the literature. Shu et al. [29] studied the effect of laser
power on microstructure, mechanical and chemical properties of the CoCrBFeNiSi HEA coating; results
indicated that the amorphous content in the coatings had a significant influence on microhardness,
wear resistance, and corrosion resistance. Sui et al. [30] investigated the effect of specific energy on the
microstructure and properties of laser cladded TiN/Ti3AlN-Ti3Al composite coating; results revealed
that the dilution rate of the coating increased with the increase of specific energy, the microhardness
of the composite coating was approximately three times higher than that of the substrate, and the
wear resistance was improved remarkably under optimum specific energy 58.3 J/mm2. In summary,
previous studies mainly focus on the thermal stability, oxidation resistance, microstructure evolution,
mechanical properties, and wear behavior of the HEA coating, however, the effect of specific energy on
microstructure, hardness, and wear resistance of HEA coating has not been completed understood in
the literature.

Specific energy (E) is a key process parameter during laser cladding of HEA on the TC4 substrate.
Specific energy is calculated by using the Equation: E = P/(V × D), where P (W) is the laser power,
V (mm/s) is the scanning speed, and D (mm) is the laser spot diameter [30]. In this study, the influence
of specific energy on the microstructure, phase transformation, hardness, and wear resistance of laser
cladded FeCoCrNi HEA on the TC4 substrate will be systematically investigated, and the mechanism
of surface strengthening lying in the laser cladding process will also be revealed, feasible process
parameters for preparation of HEA coating will be obtained.

2. Materials and Methods

In this research, the experimental setup for the laser cladding process consists of a laser system
(made in Shanghai, China), a 6-axis KUKA robot (made in MS, USA), a water-cooling machine to ensure
the normal operation of the laser system, and a protection chamber to control the argon environment
with less than 60 ppm oxygen content. Overall, the equipment of laser cladding is shown in Figure 1.

During the laser cladding process, the high entropy alloy powder and the surface substrate are
subjected to the radiation of a high-energy laser beam, which quickly melts, diffuses, and solidifies to
form a cladding layer that combines well with the substrate. The detailed schematic diagram of laser
cladding is shown in Figure 2.
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Figure 1. Equipment of laser cladding experiments: (a) laser cladding system with a KUKA robot,
protection chamber, and water-cooling machine; (b) laser head; (c) laser system.

 
Figure 2. Schematic diagram of the experimental setup for the process.

In this paper, TC4 is used as the matrix material, and self-developed FeCoCrNi high entropy
alloy is used as the powder material. The spherical pre-melted FeCoCrNi powders of 15~53 μm were
produced by vacuum gas atomization under the Ar atmosphere. The element compositions of the
substrate and HEA powder are shown in Table 1.

Table 1. Chemical compositions of the substrate and FeCoCrNi powder (wt%).

Materials Ti Fe Co Cr Ni Al V

TC4 Substrate Bal. ≤0.15 – – – 4.96 3.70
FeCoCrNi powder – 24.44 26.18 22.43 Bal. – –

Meanwhile, reasonable control of the process parameters is essential for achieving the desired
performance. However, the properties of laser cladded coating are affected by numerous factors,
such as the laser scanning speed and laser power. Therefore, this paper introduces the concept of
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specific energy, which can reflect the changes in laser power and scanning speed at the same time.
The selected laser cladding parameters are shown in Table 2.

Table 2. Laser cladding experiment parameters.

Case
Laser Power

(W)
Scanning Speed

(mm/s)
Beam Diameter

(mm)
Specific Energy

(J/mm2)

1 900 11 2 40.9
2 1050 9 2 58.3
3 1250 7 2 89.3

After laser cladding, specimens were cut along the transverse sections, then they were ground
and polished to 0.06 μm using colloidal silica, and subsequently they were electrolytically etched
using the standard Kroll’s reagent (HF:HNO3:H2O = 1:2:6) with 10 s. The crystal structure and lattice
parameters of the laser cladding products and TC4 substrate were discussed from the corresponding
XRD patterns. The XRD was tested on a Bruker D8 ADVANCE (made in Karlsruhe, Germany)
Bragg-Brentano diffractometer with an X-ray wavelength of 1.54 Å. The microstructural research and
chemical analysis of the laser cladded samples are performed using an FEI Inspect-F Scanning Electron
Microscope (made in Hillsboro, OR, USA) equipped with an energy-dispersive spectroscopy (EDS)
detector. The microhardness tests were performed using an HVS50 hardness tester, with 15 s load
application time and under loads of 1000 g. Meanwhile, the wear experiments were carried out at
room temperature using CFT-I type fretting friction and wear machine (made in Shanghai, China) with
a normal load of 30 N, a motor speed of 300 t/m, and a wear time of 10 min. Besides, Si3N4 ceramic
balls with a radius of 3 mm were used as the friction pair.

3. Results and Discussions

3.1. Macro Morphology

Based on the selected experimental parameters in Table 2, a high entropy alloy laser cladding
experiment was carried out. The macro morphology of the cladding layer under different specific
energies is shown in Figure 3. It can be seen from Figure 3 that as the specific energy increases,
the surface quality of the cladding layer changes significantly. In order to investigate the influence
of specific energy on the cladding layer, the cross-sections of each high entropy alloy laser cladding
layers are shown in Figure 4.

Figure 3. Surface morphology of high entropy alloy laser cladding layer under different specific
energies. (a) 40.9 J/mm2; (b) 58.3 J/mm2; (c) 89.3 J/mm2.

During the laser cladding process, affected by the influence of surface tension and wetting,
a parabolic morphology was formed during the rapid solidification process. It can be seen from
Figure 4 that the specific energy of laser cladding has a significant impact on the cladding layer
morphology, specifically related to the cladding layer morphology size, that is, the cladding layer
reinforcement (H), width (W), and melting depth (h). The test results are shown in Table 3. The results
show that the specific energy has an important effect on the volume of the molten pool, which is
specifically expressed in the reinforcement, width, and melting depth. With the increase of specific
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energy, the size of the molten pool will increase accordingly. The penetration and width of the molten
pool increase with higher specific energy, while the reinforcement does not show any regularity with
higher specific energy.

Figure 4. Transverse section of the high entropy alloy laser cladding layer under different specific
energies. (a) 40.9 J/mm2; (b) 58.3 J/mm2; (c) 89.3 J/mm2.

Table 3. The size of the cladding layer under different specific energy.

Case E/(J/mm2) H/(mm) W/(mm) h/(mm)

1 40.9 0.58 3.69 0.15
2 58.3 0.8 4.04 0.35
3 89.3 0.28 4.18 0.55

3.2. Phase Transformation

X-ray Diffraction (XRD) is a commonly used phase analysis method [31,32]. The XRD patterns
of the pre-placed powders and the FeCoCrNi coatings are shown in Figure 5, which shows that the
HEA coatings are mainly composed of the FCC phase and BCC phase, precipitating a small amount of
Fe-Cr phase and Laves phase, while the raw powders possess the single-phase FCC crystal structure
only. The addition of the Ti element influences the valence electron concentration (VEC) inside the
FeCoCrNi high entropy alloy, thus inhibiting the formation of the FCC phase in the cladding layer.
Meanwhile, the atomic size of the Ti element is quite different from that of Fe, Co, Cr, Ni, which is
beneficial to the formation of the BCC phase. It is also can be found from Figure 5 that the addition
of the Ti element causes the change of the lattice constant of the FCC phase. This is also due to the
above-mentioned atomic size. Compared with other elements, Ti has a larger atomic radius. Therefore,
its addition led to severe lattice distortion, thereby increasing the lattice constant of the FCC phase.

Figure 5. XRD patterns of as-alloyed powder and high entropy alloy (HEA) coatings.
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Besides, Ti and Co\Cr elements have a low composite enthalpy, hence, the excessively high
temperature inside the molten pool provides an opportunity for the reaction between the elements.
There is a great possibility for the Ti element in Case 3 to be combined with the Co element and Ni
element to form (Co, Cr)2Ti Laves phase (as shown in Figure 5). However, the Ti element content
in Case 1 is extremely small, and the XRD test result is the phase on the top of the cladding layer,
so no detection results are consistent with the detection results of the high entropy alloy powder,
and no obvious BCC phase and Fe-Cr phase are detected. As the specific energy increases, the Ti
element content gradually increases, so the BCC characteristic gradually becomes obvious, and Fe-Cr
can be detected. When the specific energy is too large, the Laves phase inside the cladding layer is
significantly precipitated.

3.3. Microstructure

Based on the substantial investigation on the macro morphology and phase transformation,
the effect of specific energy on the crystal growth and microstructure is figured out in this research.
Figure 6 presents the SEM morphology of the coatings obtained under the condition of different specific
energy. Metallurgical bonding has been obtained between the base metal and the coatings of which the
bonding region is mainly composed of columnar crystal and shrinkage cavities, as shown in Figure 6.
There is a slight increase in the width of the bonding region from 25.5 μm to 60 μm at the function of
specific energy varied from 40.9 to 89.3 J/mm2. With regard to the thermal cycling process, the increase
of specific energy leads to the decrease of actual cooling rate and thus provides an opportunity for the
mixing of HEA alloy and TC4 substrate. As implied in the detailed image, the transformation from
columnar crystal to the cavities is an important feature in this region. It also can be concluded from
Figure 6g–i that there are obvious differences in the size of columnar crystals under different specific
energy. There is a significant increase in the width of the columnar crystal zone from 3.2 μm to 12.1 μm
at the function of specific energy varied from 40.9 to 89.3 J/mm2. It is attributed that the higher heat
provides more energy for the growth or coarsening of sub-grain. Thus, the columnar crystals grow
larger slightly with the increase of specific energy.

The microstructure at the top of the HEA laser cladding layer under different specific energies is
presented in Figure 7. Meanwhile, the chemical composition of different regions, which are shown
in Figure 7, is exhibited in Table 4. It can be seen from Figure 7 and Table 4 that there is a slight
difference between Case 1 and Case 2, while Case 3 shows an obvious difference. The microstructure
of Case 1 is composed of the Fe-Cr phase (point A) and matrix. Compared to Case 1, the rich-Ti
phase is formed with the higher specific energy which provides a promotion to the melting of the TC4
substrate. However, the extremely high specific energy results in sufficient reaction between powders
and substrate. Thus, the (Ni, Co, Ti)-rich phase is formed because of the more negative ΔHmix.

EDS analysis is then carried out along the path from the upper layer to the substrate as marked
in Figure 8. Little fluctuation in the relative concentration curves of Cr, Co, Fe, Ti, and Ni elements
is found in the upper and middle layers in the coatings. However, the content of all the elements
increased and decreased sharply, respectively, in the bottom layers of the coatings, especially in the
bonding region. As the content of Ti elements in the substrate is much higher than that of the coatings,
the obvious dilution effect by the substrate upon the cladded coatings led to the increase of Ti elements
and the formation of the bonding region. Besides, the element change of the sample with lower specific
energy is strongly sharper than that with a higher specific energy. Among the experiments, increasing
specific energy leads to an increase in the dilution ratio. More melted substrate metal is melted to give
birth to a higher dilution rate and thus less obvious difference in the chemical composition between
the HEA coating and substrate.
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Figure 6. (a) SEM image of the transverse section of Case 1, (b) SEM image of the transverse section of
Case 2, (c) SEM image of the transverse section of Case 3, (d) high-magnification SEM image of bonding
region in Case 1, (e) high-magnification SEM image of bonding region in Case 2, (f) high-magnification
SEM image of bonding region in Case 3, (g) high-magnification SEM image of the localized region marked
in (d), (h) high-magnification SEM image of the localized region marked in (e), (i) high-magnification
SEM image of the localized region marked in (f).

 
Figure 7. SEM images of laser cladded coatings in different region. (a) Case 1, (b) Case 2, (c) Case 3.

Table 4. The chemical composition of different points in Figure 7.

Case Point Al(at%) Ti(at%) V(at%) Cr(at%) Fe(at%) Co(at%) Ni(at%)

1
A 1.8 6.95 1.1 35.58 25.63 16.70 12.25
B 1.75 17.06 00.47 20.78 21.43 19.92 18.59

2
A 2.20 7.99 0.83 36.49 24.53 15.04 12.92
B 2.42 16.54 0.7 21.37 20.69 19.71 18.58
C 2.85 47.08 0 17.70 12.78 10.65 8.93

3
A 09.31 40.34 02.29 09.95 07.58 15.56 14.97
B 09.97 61.57 02.30 08.54 06.11 05.29 06.22
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Figure 8. (a) EDS line scanning of Case 1, (b) EDS line scanning of Case 2, (c) EDS line scanning of
Case 3.

3.4. Hardness

Figure 9 presents the hardness depth profile in the transverse cross-section of the laser clad
coating. The hardness was tested with a load of 1000 g. The variation of hardness reflects the coating
microstructure and element changes, which are responsible for the hardness variation. Due to the
interaction between the multi-principal elements that will promote the internal fine-grain strengthening,
dispersion strengthening, and solid solution strengthening of the alloy during the solidification process,
the hardness of the HEA coating is much higher than that of the Ti6Al4V substrate. The hardness of
FeCoCrNi coating exceeds 850 Hv when the parameters of Case 1 and Case 2 are selected. Results
indicate that a better FeCoCrNi coating is obtained than that from the literature [28]. Meanwhile,
Figure 9b shows that the average hardness of HAZ is slightly higher than the substrate. This increase is
likely to be attributed to the localized metallurgical changes that occur in the HAZ associated with the
rapid heating and cooling above the α-β phase-transition temperature of this specific alloy but below
its melting point. It can also be seen that the microhardness of HEA coating in Case 3 is significantly
lower than that in Case 1 and Case 2, which is related to the element content in coatings, as shown in
Figure 8. The content of Ti is much higher than the other element, hence the balance of high entropy
is broken.
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Figure 9. (a) Hardness depth profile in the transverse cross-section of the laser cladded coating, and (b)
average microhardness on the cross-section of samples under different specific energy.

3.5. Wear Resistance

Figure 10 shows the wear morphology of the sample surface after the above-mentioned wear
resistance test. It can be seen from the figure that the surface wear of the TC4 substrate is very serious,
and there are pits and adhesive materials, which is attributed to the that under the action of plastic
deformation and large pressure, the surface material of the substrate will adhere to the surface of the
friction pair and transfer during the sliding process. Therefore, pits and adhesive materials are formed.
In addition, deep furrows were also found. This is because metal particles caused by wear will adhere
to the surface of the friction pair, thereby forming grooves on the surface of the substrate. Meanwhile,
the main component of the cladding layer of Case 3 is the Ti element, so there is not much difference in
the wear morphology. Compared with the TC4 matrix, it shows slight adhesion wear and abrasive
wear. A large amount of Laves phase is distributed in the cladding layer, which increases the hardness
of the cladding layer, so abrasive wear is effectively suppressed. XRD results show that a HEA solid
solution phase is generated in the cladding layer, which improves the plasticity of the material, and the
adhesion wear is also suppressed.

Brittle fracture

 
Figure 10. The wear morphology of TC4 and coatings. (a) TC4, (b) Case 1, (c) Case 2, (d) Case 3.
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Figure 10b,c are the wear morphology of Case 1 and Case 2, respectively. A nearly straight crack
with a smooth fracture appearance can be found on the wear morphology of Figure 10b, so brittle
fracture will likely occur under the action of larger pressure, which will seriously affect the practical
application of Case 1. Therefore, sufficient specific energy is essential during laser cladding of FeCoCrNi
high entropy alloy on the Ti substrate. Case 2 only suffered slight scratches during the wear process.
Besides, as can be seen from the figure, the wear resistance of Case 2 is significantly higher than
that of the TC4 matrix. This is because Case 2 has an equal proportion of elements, solid solution
strengthening, and second phase strengthening, which results in a significant improvement in the wear
resistance of the cladding layer.

Due to the obvious brittle fracture of Case 1, it is difficult to define the size of the wear region.
Therefore, only the wear size statistics of the TC4 substrate and Case 2 and Case 3 are performed.
The results are shown in Table 5. It can be seen that the wearing depth and width of the HEA cladding
layer is significantly lower than that of the TC4, and the wear cross-sectional area is calculated using
the probe of the friction-wear machine, and its wear rate was further calculated, as shown in Table 5.
The results show that the HEA cladding layer plays a significant role in improving the wear resistance
of the TC4 surface, which can effectively protect the matrix material. Results indicate that the wear
resistance of Case 2 is improved by 5 times relative to the TC4 matrix, while the wear resistance of Case
3 is improved by 2.84 times. The reason is that as the hardness increases, the wear resistance of the
material will also increase. Therefore, the feasibility and extent of improve wear resistance of titanium
alloy by laser cladding of HEA is revealed. It is worth noting that the appropriate process parameters
are limited to a small range during laser cladding of FeCoCrNi high entropy alloy on the Ti substrate.

Table 5. The size of the wear region of the cladding layer and substrate under different specific energy.

TC4 Case 3 Case 2

Wearing depth(μm) 116.3 68.6 27.3
Wearing width(μm) 954 569.8 366
Wearing area(μm2) 6.11 × 104 2.15 × 104 9.9 × 103

Wearing volume(mm3) 0.305 0.107 0.050
Wear resistance(mm3/s) 5.08 × 10−4 1.78 × 10−4 8.33 × 10−5

4. Conclusions

FeCoCrNi HEA coatings have been successfully deposited directly on Ti6Al4V alloy using the laser
cladding method. The microstructure evolution and enhanced properties of laser cladded FeCoCrNi
HEA on TC4 substrate have been studied and the main conclusions are as follows:

1. The HEA coating is mainly composed of the FCC phase and BCC phase, precipitating a small
amount of Fe-Cr phase and Laves phase. With the increase of specific energy, there is an
intensification in the transformation from the FCC phase to the BCC phase and precipitation of
the Laves phase.

2. Specific energy has an important influence on the cladding morphology. The coating width will
increase with higher specific energy. Meanwhile, the length and width of the columnar crystal at
the bottom of the cladding layer increase significantly with higher specific energy.

3. Attributed to the various strengthening mechanism, the microhardness of HEA coating reaches
1098 HV, which is about 200% higher than that of the TC4 substrate.

4. The appropriate process parameters are limited to a small range during laser cladding of FeCoCrNi
high entropy alloy on the TC4 substrate. The wear resistance is significantly improved by the
HEA coating by using optimized process parameters. The effect of scanning path and strategy of
the microstructure and properties of laser cladded FeCoCrNi high entropy alloy are worth deeply
investigation in the future.
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Abstract: Dissimilar Ti–Al laser weldings are very interesting due to their difficulties in being
processed because of the different physical properties of the alloys and the crack formations during
cooling and solidification. In this study, the effect of laser offset and defocusing on microstructure,
geometry and mechanical properties response of 2 mm thick dissimilar AA6061/Ti-6Al-4V laser
welds was analyzed. Moreover, in order to reduce residual stresses, the joints were both heat-
treated and mechanically treated by ultrasonic peening. The welds microstructure was found to
be martensitic in the Ti-6Al-4V fusion zone, columnar dendritic in the AA6061 fusion zone and
partially martensitic in the Ti-6Al-4V heat-affected zone. Intermetallic compounds based on the Al–Ti
system were detected at the AA6061/Ti-6Al-4V interface and in the aluminum fusion zone. Both
negative defocusing and higher laser offset improved the tensile performance of the welds, mainly
by reducing the amount of brittle intermetallic compounds. The stress relaxation heat treatment,
leading to the aging of the martensite and the increasing of the size of the intermetallic compound,
reduced the tensile strength and ductility of the joints. On the contrary, for dissimilar Al–Ti welds,
mechanical treatment was effective in increasing joints ductility and, moreover, corrosion resistance.

Keywords: corrosion susceptibility; defocusing; hardness; microstructure; offset; stress relief heat
treatment; tensile test; ultrasonic peening

1. Introduction

Titanium (Ti) and aluminum (Al) alloys are characterized by low density (equal to
4.43 g/cm3 for Ti and 2.80 g/cm3 for Al) and good mechanical properties (the average
ultimate tensile strength is equal to 300 MPa for Al Alloys and 1205 MPa for Ti alloys) [1]. Al–
Ti dissimilar welds are of significant interest in aeronautical and automotive applications,
where weight reduction, combined with high mechanical strength and corrosion resistance,
is required. Moreover, cost reduction can also be obtained by using Aluminum alloy
coupled with Titanium [2]. For example, the passenger seat track after AIRBUS conceptual
design was manufactured with Ti6Al4V crown and aluminum alloy web by laser beam
welding [3]. The benefits and the recent trend of laser welding of Ti/Al alloys in the
academic sector and industry were explored by Quazy et al. [4]. Recent trends also
enclose dissimilar Al–Ti laser weldings based on high-strength aluminum–lithium alloys
for aviation applications [5,6].

However, joining of Al/Ti alloys remains a difficult technological challenge because
of the different physical properties and the formation of intermetallic phases (IMC) that
lead to crack formation during cooling and solidification [4,7,8]. The successful joining of
aluminum to titanium requires the reduction of the thickness of IMC layer at the interface
as well as of the number of IMC particles dispersed on the aluminum fused zone (FZ).
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In fact, although intermetallic compounds based on Ti–Al system are attractive, being
characterized by good strength at high temperature, the development of IMC leads to
restrictions on the available deformation modes. So, the occurrence of those particles is
associated with increased strength but reduced ductility and fracture toughness [5].

Both the convective mixing and diffusion phenomena that increases the occurrence of
IMC can be limited by diffusion bonding [6] friction welding [7], laser welding [4] of these
alloys. In laser welding, the mismatch in thermophysical properties of chosen dissimilar
alloy can be adjusted by shifting the laser beam to one of the substrates. For example,
according to [4], a shift of the laser beam to the aluminum side promoted the formation of
a thin IMC layer and yielded a high tensile strength, whereas a shift to the titanium side
promoted the formation of a thick TiAl3 phase that contained cracks and voids. On the
contrary, according to [8], the thickness of IMC can be significantly reduced by shift the
laser beam on Ti side.

In addition, defocusing the laser beam can modify the IMC thickness of the layer and
IMC particles amount due to the change in the beam energy density and temperatures
values [9]. The defocus distance is the position of the focal plane relative to the in focus
beam plane. A negative defocusing distance occurs when the focal plane is placed under
the “in focus” plane, whereas in positive defocusing, the focal plane is above it. The
negative defocusing leads to a deeper melt pool due to its convergent nature, by comparing
with in focus and positive defocusing. Particularly, when keeping constant laser power
and scanning speed, the defocusing distance (positive and negative sense) can affect the
microstructure and defects presence [9–11].

Post welding heat treatments (PWHT) are usually applied to the welds. The welds
residual stresses may lead to brittle fracture and reduced fatigue life [9,10]. In addition,
the increased dislocation density in fusion welds can reduce ductility of the joints [12]. As
the PWHT temperature increases, residual stresses and dislocation density are reduced
faster. In the case of dissimilar Al–Ti welds the different properties of the alloys, limit the
feasibility of an effective stress relief heat treatment. For example, a significative control of
the Ti-6Al-4V welds could require heat treatments at temperature higher than the liquidus
temperature of Al Alloys [12]. Moreover, the highest temperature suitable must also avoid
grain size and IMC coarsening resulting in decreasing of strength and ductility [13,14].
Many studies were devoted to defining the role of PWHT on microstructure and IMC
growth for dissimilar welds. For example, for a laser welded AA5754/Ti-6Al-4 V joint, the
microstructure of the IMC did not change after heat treatment at 350 ◦C for 336 h [13]. At
450 ◦C for 168 h, nucleation and growth of TiAl3 were observed with consequent decreasing
of joint tensile strength [13]. In another study regarding forty-layered Ti–Al composites
fabricated in a single-shot explosive welding process, the thickness of the TiAl3 layer was
only 0.7 ± 0.1 μm after heat treatment at 500 ◦C for 100 h [15]. Solid-state diffusion between
Ti and Al was investigated between 520–650 ◦C in multi-laminated Ti/Al [16]. The authors
found that the thickness of the TiAl3 layer reached 10.50 ± 0.78 μm and 24.11 ± 5.85 μm
after annealing at 520 ◦C-4 h and 650 ◦C-64 h [16].

As an alternative to the PWHT, mechanical treatments can be applied to reduce resid-
ual stress of welds. The ultrasonic peening treatment (UPT) aims to redistribute residual
stresses by eliminating tensile stresses and introducing compressive stresses [17,18]. The
principle is the same as hammer peening [19,20] and consists of subjecting the material sur-
face to a plastic compression deformation through a hammer gun that vibrates. In the case
of UPT, the hammer gun vibrates at high frequency due to a piezoelectric actuator [17,18].
It has been shown [21] that UPT induces a nanocrystalline surface layers with increased
microhardness. The nanocrystalline surface layer also enhanced the corrosion resistance of
the Zr-2.5%Nb alloy in saline solution [21]. Moreover, this technique allows micro-cracks
and pores closure [18] that are well-known to improve the fatigue strength. The efficiency
of the UPT treatment obviously depend on the geometry of the impactor, on the percussion
intensity and on the duration of the treatment. These parameters need to be accurately
regulated to avoid that the treatment is too mild and thus ineffective, but at the same time
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not too much severe, to not irremediably damage the material [22]. Most papers study the
effects of UPT on fatigue behaviors showing that under correct conditions UPT produces
high improvement in fatigue life [23–25] or wear and corrosion resistance [21,22]. However,
few investigations aimed to evaluate the effects of UPT on tensile properties of laser welded
dissimilar joints.

In this paper, Al-Mg -Si alloy was laser welded to Ti-6Al-4V alloy. The effect of both
focused and negative defocused beam coupled with two different laser offset values on
fusion zone size, heat-affected zone size, intermetallic compounds occurrence and amount,
hardness and tensile performance were investigated. Moreover, the occurrence and distri-
bution along the thickness of the intermetallic particles has also been characterized. Stress
relaxation heat treatment effects at 530 ◦C for 2 h followed by air cooling on the joints
mechanical properties has been analyzed in term of hardness measurements and tensile
test. The stress relaxation heat treatment effects were compared with those induced by the
mechanical treatment of the joints. Potentiodynamic polarization test in NaCl solution was
used to study the corrosion resistance both of aluminum alloy and welds before and after
mechanical treatment. The novelty of this study is that it provides a hitherto unexplored
chance to overpass the main limit of the dissimilar joints that is the low ductility by the
mean of a mechanical treatment.

2. Materials and Experimental Methods

The chemical compositions of as-received Al and Ti alloys are shown in Tables 1 and 2.
Butt joints Al-Mg-Si/Ti-6Al-4V were processed on 2 mm plates. The laser beam was
focused on the Titanium side (Figure 1), respectively, 0.1 mm and 0.3 mm away from the
aluminum edge, which is the laser offset. For each fixed laser offset, two different laser
beam focus positions were used as in the schemes of Figure 1: in focus beam named T as
Top (focus at the top of the thickness joint) and negative laser defocusing (−2 mm) named
B as Bottom (defocused beam at the bottom of the thickness joint), respectively.

Table 1. AA6061 alloy chemical composition.

Si Fe Cu Mn Mg Cr Zn Ti Al

0.40 0.40 0.10 0.50 2.6–3.6 0.3 0.20 <0.15 bal.

Table 2. Ti6Al4V alloy chemical composition.

C Fe N2 O2 Al V H2 Ti C

<0.08 <0.25 <0.05 <0.2 5.5 3.5 <0.03 bal. <0.08

In Figure 1, the macrostructure of the welds cross section is also shown. So, four
samples were processed. The welding speed was 2500 mm/min and the laser power
1500 W. An Ytterbium Fiber Laser System (IPG YLS-4000), with a maximum output power
equal to 4 kW was used for the welding. The laser beam was delivered with a diameter
equal 200 μm and has a beam parameter product (BPP) equal to 6.3 mm/rad. The laser
beam has a wavelength of 1070.6 nm. Argon and helium were employed as shielding
gas with volumetric flow rate equal to 10 L/min. Particularly, since helium has a specific
weight less than atmospheric air, it was employed for the bottom surface, while the heavier
Argon was used on top surface.
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Figure 1. Cross section of the joints 1T (a), 3T (b), 1B (c) and 3B (d) coupled with the schemes of
the process.

The welds were cut perpendicular to the welding direction to characterize the trans-
verse section. They were analyzed by optical microscopy (OM; Nikon Epipkot 200) and
scanning electron microscopy (SEM; Zeiss EVO 40) equipped with energy dispersive
spectrometer (EDS Bruker). The cross sections of the samples were prepared using the
standard metallographic grinding and polishing techniques and attached using Keller
reagent (95 mL H2O, 2.5 mL HNO3, 1.5 mL HCl, HF 1 mL). The grain structure was re-
vealed by electro-polishing (20% perchloric acid and 80% ethanol at 0 ◦C, electro-polishing
parameters: 15 V and 60 s), anodic oxidation (Barker etching, anodizing parameters: 20 V
and 80 s) and subsequent investigation under polarized light in OM. The area size of
FZ, HAZ and intermetallic layer were evaluated using NIS-Element software for imaging
analysis. In addition, the width of FZ at different position along the thickness of the joints
were evaluated using NIS-Elements. NIS Element is a NIKON software supplied with
Epiphot 200 OM. The software is tailored to facilitate image capture, object measurement
and counting. The role of the energy density on hardness evolution was investigated by
Vickers indentation in the cross section of the joints along a line perpendicular to joint inter-
face. For Vickers microhardness profiles, a Vickers Affri Wiky 200JS2 microhardness tester
was used, with load 0.3 kg and time of indentation 15 s (0.3/15 s). The distance between
indentations was equal to 300 μm. For the joints T and B, the hardness measurements were
done 200 and 1800 μm from upper surface. All the welded joints were subjected to tensile
tests. Rectangular samples (length: 20 mm; width: 5 mm; thickness: 2 mm), with sample
length perpendicular to the weld line, were cut for tensile test. Tensile tests were carried
out on a servo-hydraulic testing machine having MTS810 having a load capacity of 100 kN.
The samples were tested using strain rate equal to 0.2 mm/min. The joints 3T and 3B,
characterized by having best mechanical performances, were further treated by stress relief
heat treatment (SRHT) at 530 ◦C-2 h to relax welding thermal stress. After that, joints 3B
and 3T were characterized in terms of hardness at a half of thickness and tensile tests. On
the welded joints 3T and 3B, UPT was applied only on the Aluminum longitudinal surfaces
for 1 min/side by an Ultrasonic Peening Sintes UP 600. The diameter of the peening needle
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was 3 mm and the vibration frequency was 20 kHz. The treated zone (about 6 mm from
the Al/Ti interface) included both Al FZ, HAZ and BM.

Electrochemical measurements were performed with an AMEL 5000 potentiostat/galvanostat
in an aqueous 3.5% NaCl solution. All experiments were conducted in naturally aerated,
near neutral solutions at ambient temperature. A conventional three-electrode cell was
employed, with a platinized titanium expanded mesh counter electrode, a Ag/AgCl
reference electrode and a specimen of AA6061 aluminum alloy, before and after UTP, as
a working electrode. All the potentials were referred to Ag/AgCl. The samples were
insulated using teflon to mask their cut edges and back sides, in order to leave only a
surface area of 0.5 cm2 exposed to the electrolyte. The steady state potential was determined
after 60 min of immersion in the solution at open circuit potential (OCP). Following the
determination of the steady state OCP, potentiodynamic polarisation measurements were
performed from −0.15 V vs. OCP to +1.5 V vs. Ag/AgCl at a scan rate of 1 mV s−1. Each
corrosion test was repeated on two samples.

3. Results and Discussion

3.1. Analysis of Welds Macrostructure and Microstructure

The macrostructure of the joints is shown in Figure 1 together with the scheme of the
processing. The chemical etchant clearly reveals the different zones of the joints consisting
of unaffected base material (BM), FZ and HAZ. In addition, highlighting the intermetallic
layer (IMCL) at the interface. Some small round pores can be observed in the FZ, above all
on the Al side.

The BM AA6061, supplied in the annealed condition, is a precipitation-hardenable alu-
minum alloy, containing magnesium and silicon as its major alloying elements. Figure 2a
highlights the annealed grains of the alloy. The Vickers micro-hardness (HV0.3/15) is
52.5 ± 1.15. The Titanium base material is supplied in mill annealed condition and the
microstructure is characterized BCC (body-centered cubic) beta phase (darker zone in
Figure 2b) that outlines the HCP (hexagonal closest packed) alfa phase (lighter in Figure 2b).
The Vickers micro-hardness (HV0.3/15) of the alloy is equal to 290.3 ± 10.2.

All the joints exhibit an aluminum fusion zone with columnar grains that grow from
the HAZ/FZ interface towards the Ti side (Figure 2c). The growth of columnar grains,
promoted by steep heat gradient, occurred in the opposite direction of the heat flow
(perpendicular to the FZ/HAZ interface). In the HAZ of the aluminum alloy, coarsen-
ing or dissolution of soluble Mg2Si particles, developed due to annealing of BM, can
happens [25–31]. The particles dissolution is more significant as the distance from fused
zone is reduced since, being closer to the fusion zone, the HAZ thermal cycle is character-
ized by higher peak temperature [9,10]. Figure 3a shows the evolution of the 3B joint Al
side microstructure in the different zones (FZ, HAZ) with respect to the BM.

In the titanium side, FZ, the microstructure is martensitic (α′), as shown in Figure 2d [5,27,30].
In fact, as reported in the literature [5,8–10,13,31], the microstructure of the laser fusion
zone of Ti-6Al-4V alloy is due to the complete evolution of the beta phase microstructure
to martensitic one due to the high cooling rate. The HAZ is a mixture of martensitic
and primary α grain [5,8,13,31]. In the HAZ, during the welding heat thermal cycle, an
increase of β phase occurs upon heating but, due to the lower peak of temperature, this
transformation is never complete and some alpha phases remain unchanged, while the
transformed beta grains develop the martensitic microstructure upon cooling. Figure 3a
shows the evolution of the Ti side microstructure in the 3B joint in the different zones (FZ,
HAZ) with respect to the BM.
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(a) (b) 

 
(c) (d) 

Figure 2. Optical micrographs of the AA6061 BM (a), Ti-6Al-4V BM (b), AA6061 FZ (c) and
Ti-6Al-4V FZ (d).

 
(a) (b) 

Figure 3. Optical micrographs showing microstructural evolution in the Al side (a) and Ti side (b).

3.2. Intermetallic Layer and Geometry of Welds Fusion Zones

The IMCL generated during welding at the Al/Ti fused zone interface is due to the
melting and mixing of the different alloys. The shape of the intermetallic layer change with
process parameters. At fixed defocusing, the interlayer was more curved when the offset
was small (Figure 1). At fixed offset, the shape of IMCL become flatter with decreasing
defocusing (Figure 1). In fact, both in focus beam and low laser offset promote higher
temperature close to the interface favoring convective mixing of the melted alloys, as well
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as atomic diffusion [8,13]. Consequently, the thickness of the interlayer was also lower with
negative defocusing (samples B exhibit lower size of IMCL with respect to the samples T in
Figure 4) and increased laser offset (samples 3 exhibit lower size of IMCL with respect to
the samples 1 in Figure 4).
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Figure 4. IMCL thickness size for joints 1T and 1B and joints 3T and 3B as function of the focus
beam position.

For the same previously discussed role of energy density on the mixing of two alloys,
acicular IMC particles could nucleate and grow mainly in the welds processed with focused
beam (Figure 5a,b) thanks to the augmented titanium atoms concentration next to the
interlayer (Figure 5).

The microstructure of the FZ and HAZ of all the joints does not change with process
parameters. Nevertheless, the size and geometry of the different zones exhibit some
differences, as shown in Figures 6 and 7. Regarding the FZ and HAZ sizes, the joints 1T
and 1B are characterized by a lower FZ and HAZ with respect to the joints 3T and 3B
(Figure 6a). Moreover, for the Ti side of joints 1T and 1B, those sizes slightly decreased
with defocusing. In the joints 3T and 3B, due to the higher distance of laser beam from the
Al alloy, the heat input is better confined in the Ti side. The lower heat conductivity of this
alloy [5,9,10,27,29] leads to higher time in temperature and promotes higher size for the FZ
and HAZ (Figure 6b). This effect is strengthened by the lowering of energy density with
negative defocusing, as better shown below in Figure 7, that leads to lower temperature
gradient [9,10].

For the joints 1T and 1B, the heat input better involves the aluminum side, which easily
conducts away the heat due to its higher heat conductivity [5,9,10,27,29]. Therefore, the
size of the FZ are reduced with respect to the joints 3T and 3B (Figure 6). The high thermal
conductivity of aluminum alloy also compensates the effect of the negative defocusing, so
the Al side fused zones do not change significantly with defocusing, while Ti FZ and HAZ
are decreased.
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(a) (b) 

 
(c) (d) 

Figure 5. Intermetallic layer at a half of thickness in the welds cross sections of joints 1T (a), 1B (c),
3T (b) and 3B (d).

(a) (b) 

Figure 6. FZ and HAZ size for joints 1T and 1B (a) and joints 3T and 3B (b). Considering both focused
(T) and defocused beam (B), the joints 1T and 1B (a) are characterized by a lower size of the FZ with
respect to joints 3T and 3B (b).
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(a) (b) 

Figure 7. Width of the FZ side along the thickness for joints 1T and 1B (a) and joints 3T and 3B (b): the size of joint 3B along
the thickness is always higher than the size of 3T joint (b), while the opposite is true for joints 1T and 1B (a).

The geometry of the joints FZ at different process parameters was evaluated by
measuring the width of FZ along the joints thickness. Three measurements were made for
each welds, respectively, at 200 μm, 1000 μm and 1800 μm from the top surface, as shown
in Figure 7. The defocused beam strengthens the effect of Ti and Al heat conductivities on
the size of FZ; therefore, the size of joint 3B along the thickness is always higher than the
size of 3T joint (Figure 7b), while the opposite happens for joints 1T and 1B (Figure 7a).

For the joints processed with the laser offset equal to 0.3 mm, the highest difference in
size with defocusing width was found to be 200 μm from the top (in the Ti side, it was equal
to 700 micron for 3T vs. 960 micron for 3B). Even for the Al side, the highest increasing of
width is registered at 200 μm from the top surface, but the width of Al FZ is more uniform
along the joint thickness.

To summarize the results in Figures 6 and 7, the FZ size is decreased (or increased) with
decreasing (or increasing) laser offset. The negative defocusing strengthens the effect of
laser offset by increasing (decreasing) the size of FZ at the high (low) laser offset. Therefore,
the highest sizes of FZ and HAZ were observed for the 3B joint (Figures 6 and 7). The most
significant change in the geometry of the FZ size was observed for the Ti side of joint 3,
where the width of FZ decreases moving from the top toward the bottom of the joints. The
opposite happens for 1T/1B joints, but less significantly.

3.3. Intermetallic Particles: Count and Distribution

The effect of the process parameter on the occurrence and distribution of intermetallic
particles in aluminum matrix was also investigated. The number and the size of particles
at the Al–Ti interface was evaluated and showed as number of particles for classes of area
(Figure 8). For all the welds, the highest number of particles had an area of lower than or
equal to 10 μm. The number of particles is reduced by defocusing and, at fixed defocusing,
it increases for the welds processed with laser offset equal to 0.1 mm, confirming the role
of the peak temperature on the amount of IMC particles. Moreover, it is interesting to note
that the number of particles decreases by 64%, comparing the 1T to the 3T joint (as well
as from 1T to 1B) and decreases by 78% from the 1B to 3B joint (as well as from 3T to 3B).
Therefore, the shift of 0.2 mm in the laser offset position leads to the same effect of a 2 mm
shift in defocus distance.
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Figure 8. Distribution of IMC particles as function of particles area in 1T, 1B, 3T and 3B joints.

A more detailed analysis on IMC particles distribution was developed, considering the
number and distribution of the IMC particles along the thickness. The FZ of the Al side was
divided in three rectangular window 1000 × 600 μm. The middle window was centered at
a half of the thickness in the aluminum FZ. The other two windows are, respectively, on the
top side (top window) and the bottom side (bottom window) of the central window, as in
the schemes of Figures 9 and 10. Inside each window, the number and size of the particles
were counted. The analysis of the results shows that the amount of particles was always
highest at the top of all the joints, even if, as showed previously, the maximum number
decreases with negative defocusing and increased laser offset. The negative defocusing
lead to energy loss and so lower average temperature at the interface; the same occurs
when increasing the laser offset. In the T samples, the highest number of particles at the
top of the joints is justified by the highest energy density and temperature, which favors
a better mixing of the two alloys. For the negative defocusing, the increasing number of
IMC particles at the top of the joints could be due to the divergent beam at the top, which
imposes a longer time for cooling, favoring atomic diffusion [9,10,29].

The role of the energy density on hardness evolution was investigated by Vickers
indentation (0.3/15 s) in the cross section of the joints along a line perpendicular to joint
interface. For joints T and B, the hardness measurements were conducted, respectively, at
200 and 1800 μm away from the upper surface (Figure 11). These distances were chosen to
investigate the role of energy density in the focus point (joints T) or defocused positions
(joints B). By processing the welds using negative defocusing, the hardness values close
to the AA6061/Ti interface were reduced. The beam defocusing reduces the hardness
imposing lower cooling rate due to lower energy density and the consequent microstructure
coarsening. Moreover, in 3T and 3B welds, the hardness values were closer to each other
for the two different focus conditions (Figure 11b) in both the Al and Ti sides of the welds.
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Figure 9. IMC particles distribution along the thickness of joints 1T and 1B.

The effect of the defocused beam on the hardness values is mitigated as laser offset
increases, probably due to the prominence of the Ti heat conductivity effect on the cooling
rate. With increasing laser offset, Ti heat conductivity dominates the cooling rate and the
microstructure evolution and, therefore, the gap in hardness due to beam defocusing is
less significant with respect to the joints processed with laser offset equal to 0.1 mm.

3.4. Mechanical Properties: Microhardness and Tensile Test of the as Welded Samples

Table 3 shows the average results after performing the tensile test on two specimens
of each type. 3B and 3T welds exhibited the best tensile performances. As shown by
the previous analysis, this behavior can be justified by the lowest thickness of IMCL, the
lowest number of IMC particles and the lowest gap of hardness values at the interface
(Figures 4, 8 and 11). Table 3 highlights the main limit of the joints that is the low value of
ductility. Ductility values depend on microstructure [9,10] and intermetallic compounds
developed in dissimilar Al–Ti welds that are very brittle [5,27,29,30], but also affected by
residual stresses. Residual stresses are significant in the high energy density process (such
as laser or electron beam welding) due to the severe temperature gradients and the high
heating/cooling rate [9,10]. Residual stress leads to brittle fracture and reduced fatigue life
and can be reduced both by heat treatments [9,10,12–16] and mechanical treatment [17–25].
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Figure 10. IMC particles distribution along the thickness of joints 3T and 3B.

3.5. Microstructural Evolution and Mechanical Properties due to SRHT

For the analyzed joints, a feasible PWHT should reduce the residual stress without
hardening the Ti side or softening the Al side in order to not further limit the ductility
and toughness of the welds. A significative control of the Ti side microstructure requires
heat treatments at temperatures higher than the Beta Transus Temperature of Ti-6al-4V
(900 ◦C). Those values of temperature should lead to a completely BCC beta microstruc-
ture that allows one to obtain the appropriate microstructure and hardness values upon
cooling. Such a temperature is higher than the melting point of AA6061 Al Alloy [27,28,30].
Moreover, the highest heat treatment temperature and holding time suitable for Al alloy
must also avoid grain size coarsening. Therefore, the different properties of the alloys limit
the effectiveness of the stress relief heat treatment. Considering that the liquidus T of the
AA6061 alloy is equal to 582 ◦C [32], the temperature of the SRHT was chosen to be 530 ◦C
and the holding time equal to 2 h, followed by air cooling. The treatment was applied to
joint 3, characterized by the best mechanical performance (both strength and ductility).
Hardness measurements were conducted on the cross sections of the heat-treated joints, at a
half of thickness. The results indicate that the HAZ and FZ of Ti6Al4V harden significantly
after SRHT, while in the AA6061 side, the increasing of hardness is not significant (five
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point more or less). In the Ti side, the highest increases of hardness, obtained close to the
weld interface, were equal to 60 HV in 3B joint and 110 HV in 3T Joint (Figure 12).

(a) (b) 

Figure 11. Micro hardness profile as a function of distance from the weld interface at 200 and 1800 μm
from upper surface for 1T and 1B weld (a) and 3T and 3B welds (b).

Table 3. Average results coming from tensile test of two specimens for joints 1T, 1B, 3T, 3B.

Joints Yield Stress [MPa] Ultimate Tensile Stress [Mpa] Strain [%]

1T 95 ± 3 110.2 ± 6 1.4 ± 0.3
1B 88 ± 4 100.0 ± 3 1.2 ± 0.2
3T 118 ± 5 158.1 ± 8 1.8 ± 0.4
3B 98 ± 4 172.7 ± 8 4.5 ± 0.9

The increase in the hardness of the Ti side is due to the aging of the martensite, which
leads to the precipitation of hardening α + β particles [5,27,30,33]. In addition, some
amount of the retained β phase could possibly exist in the FZ and HAZ welds due to rapid
cooling. In this case, the effect of the heat treatment should lead to the microprecipitation
of the α-phase platelet, it being the α phase most stable at low temperature. Therefore,
from the transformation of the retained β, a further hardening effect is obtained, with the
β-phase being comparatively soft and ductile relative to the α phase [5,27,30,33].

Figure 12. Micro hardness profile as a function of distance from the weld interface at a half of
thickness for joints before and after SRHT.

Moreover, it was also observed that the IMC thickness changes with the SRHT and
both IMCL and particles in the Al matrix close to the interface grow up upon the SRHT.
The average growth of IMCL was equal to 2.60 ± 0.6 μm and 1.30 ± 0.3 μm, respectively,
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for the 3T and 3B joints. The growth was evaluated along the thickness and it is also easily
observable due to its lighter color in the optical micrographs, as shown in Figure 13. SEM
micrographs at high magnification (Figure 14) allow one to better observe the growth of the
IMC particles due to SRHT. In the SEM micrographs, the new compounds appear darker.
According to the EDS analysis on the new nucleated particles (particle 1 in Figure 14f,
Table 4) and the previous study of P. Leo et al. [13], the composition of the new nucleated
and grown compounds is Al3Ti, being a thermodynamically favored compound at the
highest percentage of aluminum [5,13,27,29].

(a) (b) 

(c) (d) 

Figure 13. Optical micrographs before (a,b) and after (c,d) SRHT for welds 3 T (a,c) and 3B (b,d).

Due to the microstructure evolution induced by SRHT, both the ductility and strength
of the welds were reduced, as shown in Figure 15.

It is noteworthy that a previous study [33] showed that aging heat treatments of Al
alloy in dissimilar Al–Ti welds could increase the tensile strength, but only with a strongly
reduction of the ductility. In that work, the aging treatment at 180 ◦C required, as a first
step, a solution treatment at a temperature higher than 500 ◦C. The low temperature heat
treatment increased the strength of the Al side by the precipitation of a small and uniformed
dispersion needle shaped Mg5Si6 particles named β” [14,27,29,32], but the strong decrease
in weld ductility could be mainly due to the first high temperature step. That first step
is responsible for the increases in IMCL thickness/IMC particle size (Figures 13 and 14)
and for the strong increase in the hardness of the Ti side, as shown in Figure 12; as a
consequence, the gap in the mechanical property at the weld interfaces results increased
leading to reduced both fracture strength and ductility [33].
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(a) (b) 

 
(c) (d) 

 
(e) (f) 

Figure 14. Scanning electron micrographs before (a,b) and after (c,d) SRHT for 3T weld at 7500× (a,c) and 10,000× (b,d). 3T
sample microstructure after SRHT at 2000× and 7500× with circled the zone of EDS investigation (e,f), together with the
points of analysis (f).
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Table 4. EDS result on particle (point 1) and aluminum matrix (point 2) shown in Figure 14f.

Elements [at%] Point 1 (Particle) Point 2 (Matrix)

Al 72.2 ± 2.6 85.4 ± 3.0
Ti 26.9 ± 1.0 10.7 ± 0.8

 
(a) (b) 

 
(c) (d) (e) 

Figure 15. Tensile curves for joints 3B (a) and 3T (b) as welded, after SRHT and after UPT. Fractured
cross section of B sample after tensile test in as welded state (c), after UPT (d) and after SRHT (e).

The main difficultly in providing good service performance of the dissimilar welds
involves the low toughness and ductility. Therefore, the PWHT of the Al–Ti welds at tem-
peratures higher than 500 ◦C is not the correct way to adjust tensile properties. Therefore, a
possible application of UTP treatments is proposed in this study.

3.6. Role of UPT on Tensile Properties and Corrosion Resistance

The tensile curve of the 3B and 3T joints after UPT (Figure 15) are characterized by
higher elastic modulus with respect the as welded ones. These results could be due to the
reduction of porosity induced by UPT, as shown by Chawla et al. [34] and also verified by
Tian et al. [18] for a AA6061 Al Alloy. The increases in fracture strain observed after UPT
could be justified by the reduction of porosity together with the reduced strain hardening
of the UPT samples (compare the tensile curves in Figure 15) [18,34]. In fact, even if the
ultimate tensile strength of UPT is treated and welded samples do not differ significantly,
the work hardening behavior is different (before and after UPT) because it is affected by
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the presence and the amount of residual stress [34,35]. To describe the mechanical behavior
of the joints after UPT, residual stress analysis and work hardening characterization should
be developed. As shown by Zhoua et al. [36], the reconstruction of the residual stress field
associated with the work hardening is of great importance for an accurate assessment of
the mechanical performances. Therefore, further detailed studies are necessary to define
the relationship between mechanical properties and UPT treatment for Al/Ti dissimilar
joints and possibly introduce further improvements. The data presented in this study are
only intended to provide a hitherto unexplored chance to overpass the main limit of the
dissimilar joints that is the low ductility.

In all the tensile samples, fracture cracks initiate in the Al FZ, at the interface with
IMCL or IMC particles, and propagate mainly along the IMCL, as shown in Figure 15c–e
by the micrographs of the tensile fracture cross sections of the 3B sample in a welded state,
after UPT and after SRHT.

Figure 16a shows the variation of the OCP aluminum alloy before and after UPT,
joint before and after UPT and Ti-6Al-4V specimens, in the near-neutral aqueous 3.5%
NaCl solution, monitored for 60 min. As expected, the OCP value for the investigated
AA6061 alloy is about −0.75 V vs. Ag/AgCl [37]. It is also evident that the OCP value
of the treated sample becomes less negative during immersion until reaching a constant
potential, probably due to the coarsening of the oxide film. A clear difference can be
observed in the behavior of the two samples with an ennobling of the material obtained
after the treatment. The significantly higher OCP values of titanium indicate its more
noble behavior. The OCP values of the untreated and treated joints are similar to those of
the untreated and treated Al6061 samples, respectively, which represent the least noble
element of the joints. The potentiodynamic polarization behavior of the investigated
samples is reported in Figure 16b. The cathodic branch is mainly controlled by oxygen
diffusion, indicating that the corrosion mechanism of the samples is analogous. The anodic
branch shows a continuous increase in current density, indicating susceptibility to pitting
corrosion until pseudo-passivation region is reached, where the current density increases
much more slowly as the potential increases. From the polarization curves, the values of
corrosion potential (Ecorr) and corrosion current density (icorr) can be calculated using the
Tafel extrapolation method and are summarized in Table 5. Polarization shows much lower
Ecorr and higher icorr for the aluminum specimen, both alone and in the joint, indicating
an enhanced corrosion resistance in the aggressive solution containing chloride ions after
UPT treatment. The slightly more negative values of Ecorr and slightly higher of the icorr,
evaluated in the joints compared to the aluminum specimens, may be due to a galvanic
coupling effect with Ti-6Al-4V.

In the pictures of Figure 17, the corroded windows for the Al samples and 3B welds
before and after UPT are shown. In the optical micrographs, the edge between the corrosion
window and the Al alloy (shown in the circle of each picture) is highlighted. The dark zone
in the micrographs is the corroded zone, while the lighter one is the Al alloy. The effect
of the UPT is evident on the treated Al surfaces (Figure 17c,d) compared to the untreated
ones (Figure 17a,b).
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(a) (b) 

Figure 16. (a) Open circuit potential and (b) potentiodynamic polarization curves of AA6061 before and after UPT, 3B joint
before and after UPT, Ti-6Al-4V samples tested in 3.5% NaCl solution.

Table 5. Corrosion potential and corrosion current density extracted from potentiodynamic polariza-
tion curves reported in Figure 16b.

Material
Ecorr icorr

V vs. Ag/AgCl μAχμ−2

AA6061 before UPT −0.719 11.05
AA6061 after UPT −0.603 6.22

Ti-6Al-4V −0.209 0.26
3B weld before UPT −0.724 16.12
3B weld after UPT −0.617 9.28

(a) (b) 

(c) (d) 

Figure 17. Pictures of corroded windows of the samples and optical micrographs of one edge of the
corrosion window (circled in the pictures) for Al sample before UPT (a), Al sample after UPT (c), 3B
weld before UPT (b) and 3B weld after UPT (d).
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4. Conclusions

In this study, the effect of defocusing and laser offset on the microstructures of dissim-
ilar AA6061/Ti-6Al-4V joints, intermetallic layer size and intermetallic particles size and
distribution were analyzed. Moreover, the tensile performances with and without the stress
relief heat treatment at 530 ◦C for 2 h and ultrasonic peening treatment were studied and
compared. The aim of this research is to provide an opportunity for researchers and the
welding industry to overcome the low ductility of Al–Ti welds using mechanical treatment,
since, to date, the research based on post-weld heat treatments on dissimilar joints has not
been effective.

The main conclusions are the following:

1. All the analyzed joints exhibit martensitic microstructure in the Ti fused zone and
partially martensitic microstructure in Ti heat-affected zone. The Al fused zone was
columnar dendritic. The size of those zones decreased with decreasing laser offset.
The negative defocusing strengthens the effect of the laser offset by decreasing the
size of the fused zones as the laser offset decreases and by increasing the size of the
fused zones as the laser offset increases. Therefore, the highest size was observed for
the joint 3B. Specifically, the fusion zone size for the 3B weld was close to 1.4 mm2 for
both Al and Ti size.

2. The thickness and shape of the intermetallic layer, as well as the number of the
intermetallic particles, varied with both defocusing and the laser offset. The layer
was flatter and less thick in the case of negative defocusing and laser offset increased
due to the lower peak temperature at the interface and reduced mixing. Therefore,
the lowest size, equal to 12 μm, was found in the 3B joint. For the same reason, the
amount of particles, highest at the top of all the joints, also decreased with negative
defocusing and increased with laser offset.

3. The hardness measurements executed in the focus (1T, 3T) and defocusing point
(1B,3B) indicated that negative defocusing reduces the hardness, imposing a lower
cooling rate (due to lower energy density) and consequent microstructure coarsening.
With increasing laser offset, the effect of Ti heat conductivity mitigated the role of
beam energy density. Consequently, the gap in hardness between joint 3T and 3B
(equal to 50 HV) was less significant as compared to that of joint 1T and 1B (equal to
100 HV).

4. Joint 3B exhibited the best tensile performances, with an ultimate tensile stress close to
173 MPa and strain to fracture equal to 4.5%. This behavior is justified by the lowest
amount of intermetallic compound and the lowest gap of hardness values at the Al–Ti
interface, as shown in the previous results.

5. The stress relief heat treatment at 530 ◦C for 2 h significantly hardens the Ti side and
induces the growth of the intermetallic compounds. The average growth of IMCL
was equal to 2.60 ± 0.6 μm and 1.30 ± 0.3 μm, respectively, for the 3T and 3B joints.
The microstructure evolution induced by the heat treatment leads to both ductility
and strength reduction.

6. The UPT-treated welds are characterized by higher elastic modulus and fracture
strain with respect to the welded ones, probably due to the reduction of porosity.
The fracture strain of the 3B joint was equal to 4.5% in the weld state and 5.8% after
UPT. The ultimate tensile strength of UPT-treated and welded samples do not differ
significantly, but work hardening behavior is different. Further studies are necessary
to define the relationship between mechanical properties and UPT treatment for Al/Ti
dissimilar joints and, possibly, introduce further improvements.

7. The results of the electrochemical measurements indicate that the corrosion suscepti-
bility of the welds is enhanced by means of UPT treatment.
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Abstract: Within the scope of this study, basic research was carried out on laser micro polishing of
the tool steel 1.2379 (AISI D2) using a square, top-hat shaped intensity distribution. The influence of
three different quadratic laser beam sizes (100 μm, 200 μm, 400 μm side length) and fluences up to
12 J/cm2 on the resulting surface topography and roughness were investigated. Surface topography
was analyzed by microscopy, white light interferometry, spectral roughness analysis, and 1D fast
Fourier transformation. Scanning electron microscopy and electrical discharge analyses indicate
that chromium carbides are the source of undesired surface features such as craters and dimples,
which were generated inherently to the remelting process. Particularly for high laser fluences, a
noticeable stripe structure was observed, which is typically a characteristic of a continuous remelting
process. Although the micro-roughness was significantly reduced, often, the macro-roughness was
increased. The results show that smaller laser polishing fluences are required for larger laser beam
dimensions. Additionally, the same or even a lower surface roughness and less undesired surface
features were created for larger laser beam dimensions. This shows a potential path for industrial
applications of laser micro polishing, where area rates of up to several m2/min might be achievable
with commercially available laser beam sources.

Keywords: laser melting; surface roughness; laser polishing; quadratic laser spot; tool steel 1.2379;
area rate

1. Introduction

Manual polishing of metallic surfaces is still a widespread and common manufactur-
ing process, which primarily aims to significantly reduce the surface roughness. However,
the polishing result often depends heavily on the condition and skill of the person who
conducts the manual polishing. Additionally, the manual polishing process gets increas-
ingly cost intensive and time consuming when the surface to be polished is not a plane
but an arbitrarily formed surface with small surface features and small curvature radii.
Laser polishing is a new manufacturing process with the potential to at least partially
replace manual polishing for small and complex shaped surfaces [1]. This is underscored
e.g., by the proven potential for full automation, by the flexible use of wear-free “polishing
tools”, and by the high spatial resolution of the laser polishing process [2]. Therefore, it is
understandable that an increasing number of researchers and studies aim to strengthen the
fundamental understanding of the laser polishing process.

The special research focus of this study lies on the surface roughness evolution after
laser micro polishing (LμP) of cold working steel 1.2379 (DIN X153CrMoV12, AISI D2)
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using square intensity distributions of different sizes. D2 is typically used for deep drawing
tools since it contains high amounts of carbon and chromium. Adapted heat treatment
cycles usually lead to the precipitation of M23C6 and M7C3 carbides within the martensitic
steel matrix [3]. In conventional forming operations, this results in a high resistance
against the adhesive and abrasive wear of deep drawing tools made from this material
(Sing et al. [3]). Within a DFG priority program of the German Research Association SPP
1676 (“Dry metal forming”), the cold working steel was selected as one ‘standard material’.
Therefore, laser processing and its effects on surface topography, mechanical properties,
and wear received broad attention and were investigated, e.g., for rotary swaging [4,5],
cold massive forming [6], cold extrusion [7,8], or deep drawing [9–12].

Since laser polishing is a highly localized process including extraordinary temperature
gradients of up to 109 K s−1, an intense interaction of radiation and material is typical for
this energy beam-based process [13]. An introduction to the topic of energy beams for
surface modifications including laser polishing was given by Deng et al. [14]. The review
article of Krishnan and Fang [15] focuses more on the specifics of the laser-polishing process
and presents a decent collection of relevant studies and works on laser polishing. Although
already a few years old, Bordatchev et al. [16] also delivers a systematic evaluation of
achieved laser polishing results for a wide range of metals. Bhaduri et al. [17] lists some
key publications on laser polishing (using cw and pulsed laser radiation) for various
materials with high relevance in industrial applications. Concerning specifically LμP,
the studies of Temmler et al. [18,19] include a more detailed introduction to the specifics
and characteristics of LμP for metals. A more general introduction on the interaction
of pulsed laser radiation and material was recently compiled by Li and Guan [20] and
gives a good overview on theoretical fundamentals, which are also partially relevant
for pulsed laser remelting. However, LμP typically aims not to work in the ablation
regime, so that a reduction of surface roughness is achieved by the redistribution of molten
material [21]. Thus, the melt duration is decisive for the effective reduction of spatial
frequencies or wavelengths in LμP [22]. Kuisat et al. [8] found even for the direct laser
interference patterning (DLIP on Ti64 and Scalmalloy©) process using ns laser pulses that
this smoothing effect is inherent to the remelting process and occurs simultaneously to
the DLIP process. This is similar to the WaveShape process, which achieves structuring
and polishing in one process step [23] or even utilizes a spatially adapted laser power
modulation for the reduction of waviness on a surface (Oreshkin et al. [24]). Overall,
the laser polishing process can be seen as a spatial low-pass filtering of a surface [25,26],
resulting in an effective reduction of surface roughness. Therefore, the reduction of surface
roughness in LμP is specifically pronounced for the micro-roughness, while the waviness of
the surface stays typically unaffected [27]. Thus, special tools for surface roughness analysis
are usually required such as spatial frequency [28] or spatial wavelength analysis [27]
based on an adapted fast Fourier transformation. The longest spatial wavelength or
smallest spatial frequency that is effectively reduced by LμP is referred to as critical
wavelength [29] and critical frequency [30], respectively. Nonetheless, a fundamental and
complete understanding of the specific roughness evolution for an arbitrary material is still
not in sight.

In addition to surface roughness, specifically, the mechanical properties after LμP
have been the focus of many studies. A detailed and extensive study on material properties
after laser remelting (continuous wave (cw) and pulsed) of tool steel was presented by
Temmler et al. [27]. Guan et al. [31] investigated the effect of pulse duration and heat trans-
fer for laser pulses in the microsecond domain on Mg alloy AZ91D and found that discrete
laser remelting occurs with a characteristic, homogeneous microstructure. In addition to
surface structuring, Ma et al. [32] showed for additively manufactured Ti alloys that laser
polishing is an effective method to reduce surface roughness, increase gloss, and enhance
microhardness. Morrow and Pfefferkorn [13] found local hardness variations due to a
heterogenic microstructure after pulsed laser remelting on tool steel S7. In the context of
surface hardening in pulsed surface treatment, Maharjan et al. [33] compared the hardness
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of 50CrMo4 steel after laser treatment using fs, ps, ns, ms, and cw laser radiation and found
that the most pronounced hardening effect was achieved for longer pulse duration and cw
laser radiation. Furthermore, alone, the change in microstructure leads to characteristic
surface features resulting from the track overlap of the scanning strategy. Both Morrow
and Pfefferkorn [13] as well as Ma et al. [33] found a characteristic backtempering effect
from overlapping laser pulses due to carbon diffusion [27]. Li et al. [34] found through a
thermal history analysis of the laser-polishing process that martensitic phase formation
in the remelted layer leads to significant effects on fatigue, residual stress, and strength.
Temmler et al. [27] found particularly high residual stresses after LμP of tool steel H11 in
an Argon environment, while Bhaduri et al. [35] found high tensile stresses after LμP of
AlSi10Mg parts in an atmospheric environment. Liang et al. [36] found for laser polishing
of additively manufactured Ti6Al4V an increase in hardness due to reduced porosity, an
improved cycle fatigue life, and an improved cell biocompatibility.

Although different approaches for theoretical and FEM models of the LμP process
exist [37] (e.g., by Mai et al. [38], Ukar et al. [39], Chow et al. [40], Vadali et al. [25],
Ma et al. [41], or Richter et al. [42]), a precise prediction of surface roughness is only possible
for a few selected materials and a narrow range of process parameters [25]. A reason for
this is the complex interactions between laser beam and material based on their multiple
properties, which makes the integration of all aspects into a complete and coherent model
a very challenging task [37]. Particularly, process-inherent surface structure formation,
resulting from specific material properties or from the selected process parameters and
processing strategy as described by Nüsser et al. [43], is not considered in any model.
However, these process-inherent surface features often remain on the surface and lead to a
considerable surface roughness after laser polishing.

Additionally, the specific shape of the intensity distribution (ID) of a laser beam might
be important for a laser-based process. The effects of the laser beam intensity distribution
for laser welding were discussed by e.g., Kaplan [44]. If possible, the ID should be specifi-
cally tailored to the requirements of the laser process, the material, and its application, so
that an adapted time-dependent temperature profile can be created (Völl et al. [45]). With
regard to squared IDs in laser-based processing, Khare et al. [46] came to the conclusion that
squared IDs enable higher process speeds and reduce the risk of centerline solidification
cracking. Furthermore, in comparison to circular laser beams, the squared ID leads to
changes in the microstructural growth, which is dominantly axial instead of columnar
(Kou [47]). More specifically regarding laser polishing, Nüsser et al. [48] found that a
squared ID might be beneficial for LμP of Ti6Al4V.

In this context, this study contributes to expand and strengthen the empirical data basis
for laser micro polishing of high-carbon steels. This study provides an in-depth analysis
of an LμP polished surfaces of 1.2379+ tool steel and demonstrates the transition from a
discrete, pulsed to continuous remelting process for high fluences. Additionally, it provides
a systematical analysis by directional 1D FFT analyses and shows different smoothing
behaviors in the x and y directions. Furthermore, this study investigates a correlation
between carbides and the formation of craters in pulsed laser processing. Finally, this
study contains results and discussion regarding achievable area rates in LμP, and regarding
a correlation of micro-hardness evolution and process characteristics in laser polishing
(LμP or cw laser polishing). Overall, the material 1.2379+ poses multiple challenges for
laser polishing, which were systematically identified, and potential mechanisms were
discussed. Therefore, this work joins the steadily increasing list of experimental studies on
laser polishing over the past decade.

2. Materials and Methods

2.1. Opto-Mechanical Set-Up

The “POLAR” laser polishing machine (Figure 1a) is a prototype and was set up by
Fraunhofer ILT (Aachen, Germany) and Maschinenfabrik Arnold (Ravensburg, Germany)
as part of a publicly funded project. The mechanical basis for this machine was a 5-axis
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milling center C600U from Hermle (Gosheim, Germany), in which an optical set-up for
laser materials processing was integrated (Figure 1b).

(a) (b) 

Figure 1. (a) Photo of processing chamber and optics box of the POLAR machine, and (b) schematic
of the optical set-up and beam path.

A diode-pumped Yb:YAG disk laser (TruMicro 7051, Trumpf GmbH, Ditzingen,
Germany) was used in the POLAR machine for the experimental investigation. The
maximum average laser power of the TruMicro 7051 is approximately PL,max,TM = 550 W at
λem = 1030 nm for pulse repetitions rates between fP = 5 and 20 kHz. In the pulsed
mode, Q-Switch controlled laser pulses were generated with pulse durations ranging from
tP = 1 μs to approximately 3 μs, which strongly depends on laser power. The square
laser beam results from an optical transport fiber with a square, step-index fiber core and
edge lengths of dfiber = 100 μm, which was projected onto the work piece. Different laser
beam dimensions were achieved by means of a zoom telescope, which offers a 20 mm
beam aperture and enables continuous magnification in the range from approximately
0.2–1.8. A laser scanning system from Scanlab AG (Puchheim, Germany) consisting of a
VarioScan 30, a HurryScan 25, and an f-theta objective (focal length 420 mm) was used for
fast laser beam deflection. Additionally, a laser power attenuator was part of the optical
set-up, so that the TruMicro7051 was operated at maximum laser power and the laser
power attenuator was used to control the laser power on the workpiece. This was done to
maximize the pulse stability of the laser beam source and achieve a fixed pulse duration of
approximately tP = 1.2 μs for all laser powers and laser beam sizes. Laser polishing took
place in an approximately 200 L process chamber using a closed-loop control to adjust and
stabilize the residual oxygen content.

2.2. Intensity Distribution and Laser Beam Characteristics

An optical delivery fiber with a square step-index fiber core (100 μm × 100 μm) was
used for beam guidance, delivery, and shaping of the intensity distribution. Using a
continuous zoom telescope, three different dimensions of the intensity distribution were
realized and measured by a so-called “MicroSpotMonitor” (Primes GmbH, Pfungstadt,
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Germany). The “LaserDiagnoseSoftware v2.98” (Primes GmbH, Pfungstadt, Germany)
(LDS) was used to analyze beam caustic and particularly intensity distribution in the focal
plane (Figure 2).

(a) (b) (c) 

Figure 2. Normalized intensity distribution of square laser beams in their focal plane with side
lengths of (a) 100 μm (Q100), (b) 200 μm (Q200), and (c) 400 μm (Q400).

Figure 2 shows intensity distributions for three laser beams with a square basis and
side lengths of 100 μm, 200 μm, and 400 μm, respectively. In the following, these will be
referred to as Q100, Q200, and Q400. Based on 86% energy inclusion, the LDS analysis
delivers the following laser beam characteristics for Q100, Q200, and Q400 (Table 1).
Furthermore, a square asymmetric super Gaussian distribution was fitted to the measured
intensity distribution Equation (1) [49].
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Table 1. Tabular overview of laser beam characteristics.

Material/
Element

M2 zR
[mm]

Φ [mmrad] DoF [mm] M N·M

Q100 5.90 3.16 50.27 1.0 4.50 4.61
Q200 9.31 4.15 55.12 1.3 6.89 6.93
Q400 16.4 10.7 45.44 3.4 8.23 8.44

The main characteristics are the beam diameter a and the numerical parameters M and
N·M. A larger parameter M represents an intensity distribution closer to a square shape,
while a larger product of N·M represents an intensity distribution closer to a top-hat shape.

2.3. Material and Sample Preparation

Particularly in the fields of solid forming, as well as cutting and punching tools,
tool steel 1.2379 (DIN X153CrMoV12, AISI D2) is widely used, since it combines dimen-
sional stability, high wear resistance, and toughness. Furthermore, 1.2379 (D2) is a rec-
ommended material for e.g., punches, ejectors, and tool dies [13]. Dörrenberg Edelstahl
GmbH (Engelskirchen-Ründeroth, Germany) provided a special variant of 1.2379, which
was powder metallurgically (PM) produced and used for all experiments. A special char-
acteristic of the PM variant is a low content of impurities such as sulfur and phosphorus,
a high homogeneity in the distribution of chemical elements, and a segregation-free mi-
crostructure. In terms of suitability for laser polishing, Ross et al. [8] found that powder
metallurgically remelted 1.2379+ is preferable to the standard variant since chromium
carbides are more homogenously distributed within the bulk material, on average smaller,
and mostly spherically formed.

An overview of the chemical composition (wt %) of D2 is shown in Table 2.
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Table 2. Tabular overview of chemical composition for AISI D2 (in wt %).

Material/
Element 1 C Si Cr Mo Mn V Fe

AISI D2 1.56 0.4 11.86 0.83 0.38 0.84 Bal.
Dev. ±0.1 ±0.1 ±0.45 ±0.2 ±0.1 ±0.1 -

1 Based on supplier information.

The dimensions of the samples were approximately 50 × 75 × 15 mm3, while the
initial heat treatment state was soft annealed. The surface of the samples was ground and
showed an initial roughness of Ra = 0.33 ± 0.02 μm. Both sides of the flat samples were
prepared in the same way and used for the experimental investigations.

2.4. Process Principle, Scan Strategy and Process Parameters

Laser remelting of a surface shows a high degree of similarity to a micro-welding
process with the exception that no additional material is required in the remelting process.
Laser remelting not only requires no additional materials, but it is also non-subtractive,
which means that no material is lost during the process. In contrast to additive and
subtractive processes, laser remelting redistributes the material at the material’s surface
while it is molten. Typically, capillary, thermo-capillary, and gravitational forces lead to
a smoothing of the surface. Particularly, the surface tension leads to a smooth melt pool
surface and effective damping of capillary surface waves. Laser micro polishing (LμP)
is a specific variant of laser remelting in which pulsed laser radiation is used to remelt a
surface. (Figure 3a). The combination of pulse frequency and scan speed determines the
pulse distance on the work piece. LμP is typically characterized as a discrete remelting
process, which means that the melt duration is shorter than the temporal distance between
laser pulses (reciprocal pulse frequency). This usually results in melt pool dimensions that
show a high ratio of width to depth [21,22]. Areal processing is typically achieved by a
meandering scanning strategy with a defined track offset between antiparallel remelting
tracks (Figure 3b).

 
(a) (b) 

Figure 3. (a) Schematic of the process principle of laser micro polishing (LμP), and (b) schematic of a
standard scanning pattern for areal laser processing.

Laser micro polishing utilizes pulsed laser radiation and was conducted using a
laser beam source from Trumpf (TruMicro 7051, Ditzingen, Germany). Three similar
investigations were conducted using different square laser beam sizes Q100, Q200, and
Q400 and compared among each other. The experimental approach was based on an
investigation on the influence of laser fluence on surface topography and surface roughness.
An overview, a short description of the investigated process parameters, and the range of
investigation is given in Table 3.
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Table 3. Overview of relevant process parameters and range of investigation.

Process Parameter Q100 Q200 Q400

Repetition rate frep 20 kHz 20 kHz 20 kHz
Side length of laser beam dL [μm] 100 200 400

Scanning velocity vscan [mm/s] 200 400 800
Spot offset dx [μm] 10 20 40
Track offset dy [μm] 10 20 40
Fluence F [J/cm2] 4–12 4–12 4–12

Pulse energy EP [mJ] 0.4–1.2 1.6–4.8 6.4–19.2
Laser power PL [W] 8–24 32–96 128–384
Area rate [cm2/min] 1.2 4.8 19.2

Inclination angle β [◦] 0 0 0
Shielding gas Ar + O2 Ar + O2 Ar + O2

Residual oxygen c(O2) [ppm] 1000 1000 1000

The process parameters for the different laser beam dimensions were chosen based on
the following considerations. The pulse frequency of 20 kHz was the maximum available
at the laser beam source. Scanning velocity was adapted to the laser beam sizes and
repetitions rate, so that the spot overlap (dL/dx) in the scanning direction was 90% for all
laser beams. Track offset was determined in the same way, so that track overlap was also
90%. This results in approximately 100 remelting cycles per irradiated area and strongly
different area rates (polished area per unit time). Fluence is typically a decisive process
parameter in LμP and was investigated in the same range for all laser beam dimensions.
Therefore, the investigated range of pulse energy (and average laser power) was adapted
to the laser beam dimensions. For all experiments, the inclination angle was β = 0◦, and
the shielding gas atmosphere was a mixture of Argon and 1000 ppm residual oxygen from
the ambient air in the process chamber.

2.5. Surface Analysis

Surface analysis was done by micrographs of the surface using a stereo microscope
M205 C by Leica Microsystems. An objective with a numerical aperture of 0.35 and a
maximum optical resolution of up to 1050 LP/mm (line pairs per millimeter) was used.

Since stylus roughness measurements are often not meaningful to determine the effect
of LμP on surface roughness [27], systematic white light interferometry (WLI) measure-
ments of laser-polished areas were conducted. Surface analysis was done by an analysis of
the spectral composition of surface roughness, which is typically presented as a roughness
spectrum (Sa spectrum) [18,27,50,51]. The WLI measurements for these Sa spectra were
conducted with a “Newview 7300” (Ametek-Zygo, Berwyn, PA, USA). The maximum
vertical resolution was approximately 0.1 nm, while the spatial resolution ranged between
0.36 and 9.50 μm. The control and analysis software Zygo MetroPro (V10.3) was used for
all measurements.

3. Results

3.1. Initial Surface and Material Analysis

The initial surface was measured by WLI, and characteristic sections were analyzed
by fast Fourier transformation (FFT). The surfaces exhibit two kinds of marks, which are
a result of the mechanical preparation process. The directions of the grinding marks are
strongly heterogeneous but exhibit a clearly dominant orientation. Therefore, the profile
analysis shows significant differences in the spatial frequency spectrum for horizontal or
vertical sections through the initial surface. While Figure 4 focuses primarily on the macro-
roughness of the surface at spatial frequencies smaller than 50 mm−1, Figure 5 primarily
highlights the micro-roughness up to spatial frequencies of 200 mm−1. Figure 4 gives a
representative impression of the initial surface, while the results displayed in Figure 5 will
be used for an in-depth analysis of changes in micro-roughness and their corresponding
spatial frequencies and wavelengths, respectively.
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Figure 4. (a) WLI image of initial surface roughness; (b) Profile of cross-section along horizontal white dashed line; (c) One-
dimensional (1D) Fourier analysis of profile along cross-section; (d) Profile of longitudinal section along vertical white
dashed line; (e) One-dimensional (1D) Fourier analysis of longitudinal section.

Figure 5. (a) WLI image of initial micro-roughness; (b) Profile of cross-section along horizontal white dashed line; (c) One-
dimensional (1D) Fourier analysis of profile along cross-section; (d) Profile of longitudinal section along vertical white
dashed line; (e) One-dimensional (1D) Fourier analysis of longitudinal section.
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In addition to surface roughness, the initial microstructure and distribution of chemical
elements at the surface was investigated by scanning electron microscopy (SEM) and
energy-dispersive X-ray spectroscopy (EDX). In contrast to the experimental investigation,
the surface was manually polished before SEM and EDX to get a clearer picture and less
errors in measurement.

Figure 6 shows SEM images in different magnifications. While Figure 6a gives an
overview of the overall distribution of chromium carbides (dark gray) in the steel matrix
(light gray), Figure 6b provides a close-up of chromium carbides regarding sizes and
geometrical shapes.

 
(a) (b) 

Figure 6. (a,b) SEM images of manually polished surface in two different magnifications to visualize
size and distribution of chromium carbides (dark gray spots).

Firstly, the dark and light gray phases were characterized by EDX, and it was con-
firmed that the dark gray spots were chromium-enriched carbides (C39.55; Si 0; V3.69; Cr
31.83; Mn 0.39; Mo 1.04; Fe Bal.; in weight %), while the lighter gray areas were the steel
matrix of AISI D2 containing less chromium (C 14.37; Si; 0.91; V 0.35; Cr 7.06; Mn 0.18;
Mo 0.44; Fe Bal. in weight %). The size of the chromium carbides was primarily in the
range from one to three micrometers, while the shape was predominantly ellipsoid and
often spherical (Figure 6b). However, also, agglomerations of multiple chromium carbides
as well as areas with a smaller density of chromium carbides were observed (Figure 6a).
The size, shape, and distribution of chromium carbides are a characteristic feature of the
powder metallurgical production process of 1.2379 (AISI D2). Therefore, this enhanced
version of the material is typically referred to as 1.2379+ in comparison to 1.2379 (standard).

3.2. Surface Topography after Pulsed Laser Remelting

The surface topography and thus surface roughness after laser polishing were investi-
gated in a full factorial design for three different laser beam dimensions—Q100, Q200, and
Q400—and ten different laser fluences ranging from 3 to 12 J/cm2 in equidistant steps of
1 J/cm2. Figure 7 shows micrographs in a matrix form for selected laser fluences and for
the laser beams Q100, Q200, and Q400. Figure 7a represents the initial surface topography
since a fluence of 4 J/cm2 at Q100 was not sufficient to introduce any topographical change
in the initial surface.

121



Metals 2021, 11, 1445

 

Figure 7. Micrographs of surfaces after laser micro polishing using tools Q100 (a–f), Q200 (g–l), and Q400 (m–r) for laser
fluences ranging from 4 to 12 J/cm2.

The smallest laser fluence investigated was F = 3 J/cm2, but this fluence was not
sufficient for any of the laser beam dimensions to remelt the surface at least partially.
Remelting starts at a fluence of approximately F = 4 J/cm2 for Q200 and Q400, while a
fluence of approximately F = 6 J/cm2 is required for Q100. The micrographs for these
fluences show that various small, circular craters were formed during the remelting process.
In general, it is observed that surface topography is significantly different for the same
fluence at different laser beam dimensions (e.g., Figure 7b,h,n). A purely topographical
description shows that small craters are preferably observed for smaller laser beams and
fluences (Figure 7b,g,m). Larger laser beams and higher fluences, on the other hand, tend to
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produce dents, i.e., comparatively long-wavelength dimples or depressions (Figure 7j,o,p),
which clearly differ in their topology from the craters at small beam sizes. At small fluences,
basically only comparatively small, circular craters are visible in the laser-polished surface.
A very large crater density was observed particularly at Q100 and 10 J/cm2 (Figure 7e).
Using larger beam sizes, surfaces with wavy depressions were formed. In particular, at
large laser beam sizes and high fluences, surface ripples are formed in addition to the
characteristic stripe texture (Figure 7q,r).

Additionally, visual process observation enables identifying certain characteristic
process regimes and points toward different mechanisms of surface structure formation in
the remelting process. Particularly, material ablation is a significant effect that is visible for
all laser beam sizes at high fluences. However, the fluence required for material ablation
strongly depends on the laser beam dimensions. Significant evaporation is visible for
Q100 at approximately 12 J/cm2, in comparison to approximately 10 J/cm2 at Q200, and
approximately 9 J/cm2 at Q400. Laser ablation often coincides with clearly visible, parallel
stripes on the surface (Figure 7k,l,q,r). The distance between the stripes corresponds to
the track offset and is typically an indication for a continuous remelting process. These
characteristic stripes get only visible for Q100 at the highest fluence of 12 J/cm2 (Figure 7f).
For Q200, these stripes are already hardly observable at 8 J/cm2 (Figure 7j) but get clearly
visible at 10 J/cm2 (Figure 7k). Qualitatively, the same is true for Q400, but for lower
fluences. Remelting stripes get hardly visible at approximately 7 J/cm2 (Figure 7o) but get
more pronounced for fluences of approximately 8–10 J/cm2 (Figure 7p,q).

In particular, the surfaces remelted at high laser fluence appear to radiate a greater
gloss (Figure 7q,r), i.e., to be significantly smoother at the micro-roughness level. The ob-
served evaporation might lead to a comparatively small micro-roughness at the same time.

3.3. Micro-Roughness

In the following, the evolution of the micro-roughness of the laser remelted surfaces
is presented in detail based on WLI images. The image size is 640 × 480 pixels, which
corresponds to a spatial resolution of approximately 0.1 μm. This resolution and image
size were chosen, because micro polishing particularly achieves or intends to achieve a
reduction of micro-roughness in this range. Remelting has already started at 4 J/cm2 for
Q200 and Q400 (Figure 8g,m), which is evident from the rounded shape of the visible
surface structures. In the case of Q100, effective remelting begins at fluences greater
than 4 J/cm2. At a fluence of 6 J/cm2 (Figure 8b), a rounding of surface features can
already be seen. However, in addition, crater-like depressions are observed with increasing
frequency (Figure 8c,d,g,h). These tend to become deeper and wider with increasing
fluence (Figure 8e,i,j). Furthermore, significant micro-porosity is visible at different laser
beam dimensions and fluences (Figure 8i,j,o,p).

A comparatively small micro-roughness is observed at fluences of more than 8 J/cm2

for large beam dimensions Q200 and Q400 (Figure 8j,k,o,p,q). At the same time, as the
fluence increases, the stripe structure at the distance of the track offset also becomes more
pronounced at increasing fluences (Figure 8k,l,q,r). In all cases, a certain waviness remains
on the surface or cannot be smoothed by micro polishing.

In addition to a general overview of the resulting micro-roughness (Figure 8), in-
dications for the origin of crater-like features were found at selected process parame-
ters. Figure 9a shows a WLI image of the surface topography after laser remelting (Q200,
F = 4 J/cm2) in comparison to a representative SEM image of the surface near chromium
carbide distribution in the initial bulk material (Figure 9b).

Even though an unambiguous correlation is difficult, Figure 9 reasonably suggests that
the size, agglomeration, and distribution of chromium carbides are most likely the cause
and starting point for randomly distributed craters of different sizes after laser remelting.
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Figure 8. (a–r) WLI images of representative surface topographies as a function of laser beam dimension (Q100, Q200, Q400)
and six selected laser fluence used for LμP (4, 6, 7, 8, 9, 10, 12 J/cm2).
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(a) (b) 

Figure 9. (a) WLI image of surface after laser remelting (Q200; F = 4 J/cm2) and (b) SEM images of
size and distribution of chromium carbides of initial surface.

3.4. Surface Roughness

A detailed examination of the resulting surface roughness is carried out based on a
systematic analysis of WLI data for each set of process parameters investigated. Figure 10a
shows the surface roughness Sa as a function of the spatial wavelength (Sa spectrum) for
the laser fluences investigated. Several observations are directly apparent for the smallest
laser beam size Q100. The high standard deviation is due to the large number of craters on
the surface (Figure 7b–e), so that the evaluation strongly depends on the number and the
geometrical dimensions of the craters. Since the WLI data were measured at five randomly
selected positions, this very high standard deviation results from large differences in the
measured surface topographies. Furthermore, for fluences up to about 10–11 J/cm2, only a
small reduction in micro-roughness up to a spatial wavelength of approximately 10 μm
was obtained. In contrast to the other fluences, a high number of craters were formed for
these fluences, which even led to a significant increase in macro-roughness. A significant
reduction in micro-roughness up to a critical wavelength of approximately 80 μm was
achieved only for the highest fluence of F = 12 J/cm2. However, this laser remelting process
was accompanied by a significant evaporation of material. Furthermore, a characteristic
stripe structure is visible in the micrograph (Figure 7f), which indicates that the remelting
process had changed from a discrete pulsed process to a continuous remelting process.
Nonetheless, the lowest surface roughness was achieved for Fpol = 12 J/cm2, so that this
was determined as laser polishing fluence Fpol.

(a) (b) 

Figure 10. (a) Sa spectrum for Q100 and (b) Sa spectrum for Q400 each for fluences ranging from 4 to 12 J/cm2.
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The Sa spectrum for Q400 is significantly different in comparison (Figure 10b). At
a fluence of approximately 4 J/cm2, remelting of the surface started, and a reduction
of micro-roughness was achieved for spatial wavelengths up to 10 μm. The reduction
in micro-roughness and the critical wavelength were continuously increased for larger
fluences. The critical wavelength was increased up to approximately 80 μm for fluences
in the range of approximately 8–10 J/cm2. However, at 10 J/cm2, the visible evaporation
of material already accompanies the remelting process, and characteristic stripes in the
distance of the track offset are visible again on the remelted surface (Figure 7q). Laser
polishing fluence at which the minimal roughness was achieved is approximately at
Fpol = 8 J/cm2

The series of Sa spectra is completed by Q200 (not shown) and exhibits qualitatively
the same interdependencies as the Sa spectrum for the larger laser beam Q400. For Q200, the
minimal roughness was achieved at Fpol = 9 J/cm2. To conclude the analysis by Sa spectra,
the lowest surface roughness for their respective beam dimensions and laser polishing
fluence are compared in Figure 11a, while Figure 11b shows roughness evolution as a
function of area rate for different spatial wavelength intervals. These comparisons reveal
several insights. Firstly, it is revealed that the critical wavelength (λcr = 80 μm) is almost
the same for all laser beam dimensions investigated. Secondly, laser polishing fluence
increases for decreasing laser beam dimensions. Thirdly, for the larger laser beam size, a
greater reduction particularly in micro-roughness was achieved. Fourthly, the achieved
surface roughness for Q200 and Q400 are almost the same. Finally, macro-roughness
was not reduced by any combination of process parameters, but process-inherent surface
features were generated, which led even to an increase in macro-roughness. Furthermore,
Figure 11b demonstrates explicitly that the minimal roughness achieved does not depend
on area rate. This result is principally the same for each specific spatial wavelength interval
up to 40 μm. Therefore, the results indicate that the area rate can be increased without an
increase in resulting surface roughness after LμP. In this study, the area rate was increased
by a factor of 16 from 1.2 cm2/min to 19.2 cm2/min (Figure 11b), while the required
laser polishing fluence was reduced from approximately 12 to 8 J/cm2 at the same time
(Figure 11a). This led to an overall reduction of energy input by approximately 33%.

 
(a) (b) 

λ

Figure 11. (a) Sa spectrum for the lowest surface roughness and laser polishing fluences achieved with each tool Q100,
Q200, and Q400; (b) roughness Sa as a function of area rate and spatial wavelength at laser polishing fluence.

Sa spectra analyze the areal surface roughness but do not allow for any differentiation
regarding a reduction in roughness depending on the orientation of surface features, such
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as grinding or milling grooves. The initial surface showed a strong heterogeneity regarding
the directional roughness, since the milling grooves had a dominant direction, so that the
roughness perpendicular to the grooves was significantly higher than parallel to them (cf.
Figures 4 and 5). Therefore, a representative WLI measurement of the surface showing
the lowest roughness after laser polishing was analyzed by 1D FFT analysis along two
perpendicular sections (Figure 12a). The 1D FFT analysis provides a frequency spectrum for
each section, which was then compared to a similar analysis of the initial surface (Figure 5).

Figure 12. (a) WLI image of LμP surface exhibiting the lowest surface roughness (Q400, F = 8 J/cm2); (b) cross-section along
the marked line in WLI image and corresponding (c) Fourier analysis; (d) longitudinal section along marked line in WLI
image and corresponding (e) Fourier analysis; in direct comparison to a representative (f) cross-section, (h) longitudinal,
and their corresponding Fourier analyses (g,i).

Figure 12a shows a WLI image of the surface with the lowest micro-roughness (Q400;
F = 8 J/cm2). A cross-section along the white dashed line is shown in Figure 12b, while the
profile of a representative longitudinal section is shown in Figure 12d. The corresponding
frequency spectra are displayed in Figure 12c,d, respectively. A similar analysis is shown
in Figure 12f,g for a representative cut-out of the initial surface (Figure 5).

A comparison of sections and their corresponding FFT analyses clearly visualizes
the effect of LμP on surface roughness. Micro-roughness is significantly reduced along
both sections down to spatial frequencies of approximately fy ≈ 83 mm−1 (λcr,y ≈ 12 μm)
for the cross-section (Figure 12c) and even down to fy ≈ 33 mm−1 (λcr,y ≈ 30 μm) for the
longitudinal section (Figure 12e). The comparison of an LμP surface (Figure 12b) and initial
surface (Figure 12f) along the cross-section perpendicular to the milling grooves shows
that these could not be completely smoothed out. This is also visualized and quantified
in the corresponding FFT analyses (Figure 12c,g), which show that the amplitudes of
characteristic spatial frequencies in the range of approximately 1–10 mm−1 could not
be reduced. The profiles and FFT analyses for the comparison along the longitudinal
section show that these low spatial frequencies were not only not reduced but significantly
increased (Figure 12d,e,h,i). Therefore, roughness at low spatial frequencies (long spatial
wavelengths) undergoes a directional homogenization, so that the amplitudes for the
corresponding spatial frequencies in the x and y direction are almost equalized after LμP
(Figure 12c,e).
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3.5. Micro-Hardness

The influence of fluence on micro-hardness was exemplarily investigated for Q400. In
this case, the micro-hardness HV0.1 (20s) was investigated by means of nano-indentation
(Picodentor HM500, Helmut Fischer GmbH, Sindelfingen, Germany) for fluences ranging
from 5 to 12 J/cm2 (Figure 13). Ten hardness measuring points were examined on each
laser-polished surface. The hardness measurements were sorted from the smallest to largest
and are shown in Figure 13a. The initial hardness H0 of the initial surface was measured
the same way, and a micro-hardness of 420 (±210) HV0.1 was determined (red, dashed line
in Figure 13b). The standard deviation on this measurement was very large, depending
on whether chromium carbides were completely or partially hit during the measurement
(cf. Figure 6b). The maximum micro-hardness on the initial surface was approximately
827 HV0.1 (chromium carbides), while the minimum hardness was only 101 HV0.1 (steel
matrix; not shown in Figure 13a).

(a) (b) 

Figure 13. (a) Micro-hardness HV0.1 for ten individual measurements, and (b) average micro-
hardness HV0.1 of laser polished surfaces for fluences ranging from 5 to 12 J/cm2 (Q400).

Figure 13b shows the average micro-hardness and standard deviation as a function
of laser fluence. At fluences of up to approximately 8 J/cm2, the hardness was thereby in-
creased, and the standard deviation was significantly reduced to approximately ±29 HV0.1.
For all laser remelted surfaces, a micro-hardness between approximately 382–464 HV was
achieved. The maximum was reached at 464 (±29) HV0.1 (F = 8 J/cm2), the minimum
average micro-hardness was approximately 382(±36) HV0.1 (F = 8 J/cm2). There is a ten-
dency for greater hardness to be achieved on the discretely remelted surfaces (F < 9 J/cm2)
compared to the presumably continuously remelted surfaces, on which the characteristic
remelting stripes were also observed. This might be a result of the different characteristics
of the remelting process and higher cooling rates associated with the discrete, pulsed
LμP process.

4. Discussion

4.1. Surface Roughness Evolution

In general, surface roughness reduction is achieved, particularly a reduction of micro-
roughness. This reduction depends among others on the initial roughness, which is
clearly visible if the spatial frequency profile along a longitudinal and a cross-section
are compared to each other (cf. Figure 12). Due to the mechanical preparation of the
surfaces, characteristic grinding grooves were created on the surface (cf. Figures 4 and 5).
The roughness perpendicular to these grooves (cross-section) was considerably higher
than that parallel to these grooves (longitudinal section). Accordingly, the smoothing
effect is different for these two directions. Although roughness spectra enable an eval-
uation of surface roughness, directional differences are not visible in these spectra. The
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spectral analysis along a longitudinal section shows that almost all spatial frequencies
larger than approximately fy ≈ 33 mm−1 (λcr,y ≈ 30 μm) are completely reduced to al-
most zero. In contrast, only spatial frequencies larger than approximately fy ≈ 83 mm−1

(λcr,y ≈ 12 μm) were effectively smoothed out along the cross-section. The main reason
for this is that the initial surface features are much more pronounced perpendicular to the
milling grooves than parallel to them. Furthermore, the scanning strategy creates surface
features perpendicular to the scanning direction, such as a stripe-like structure due to the
track offset (Figure 7l,q). Therefore, although it seems that spatial frequencies smaller than
approximately fy ≈ 83 mm−1 and fy ≈ 33 mm−1 were not completely smoothed, it is more
likely that the initial roughness within this range was actually smoothed, but additional
process-inherent surface features were created. This would explain the heterogeneity in the
micro-roughness for these specific spatial frequencies.

4.2. Formation of Craters and Dimples

The formation of crater-like features in the surface was observed for many sets of
process parameters but was particularly pronounced for Q100. As the initial analysis of
microstructure regarding the size and distribution of chromium carbides indicates, it can
be assumed that these chromium carbides are the source or at least the initiation side for
these craters. The number of craters seems to correlate approximately with the carbides
near the surface (cf. Figure 6). The formation of crater-like features is not unknown in
LμP, but it was intensely investigated by Liebing [52] for bearing steel 100Cr6. However,
Liebing [52] primarily identified oxides and sulfides as sources for melt pool disturbances
or evaporation that lead to pronounced crater formation. According to the combined
works of Tolochko et al. [53] and Boley et al. [54], the conclusion can be drawn that the
absorption coefficient of chromium carbides at the laser wavelength is significantly larger
than that of the surrounding steel matrix. Additionally, the intensity distribution for Q100
shows a significant intensity peak in the center of the distribution (cf. Figure 2a). Both
effects in combination are assumed to result in the increased number of craters after laser
remelting. This demonstrates that a top-hat-shaped intensity distribution or at least an
intensity distribution without pronounced peaks is preferable for laser micro polishing.
Additionally, it can be assumed that the chromium carbides also influence the surface
topography evolution for the larger laser beam sizes. However, instead of pronounced
craters, preferably long-wave dimples or depressions were created. Due to larger laser
beam dimensions and thus larger melt pools, the influence of an evaporating chromium
carbide of a certain size is relatively smaller than for a smaller melt pool. Additionally,
larger melt pools lead to longer melt durations and increase the available time for the
effective damping of capillary surface waves [28]. Capillary surface waves may result from
disturbances of the melt pool such as localized evaporation [55]. On the other hand, larger
melt pools lead to the remelting of more chromium carbides at the same time. However, an
evolution mechanism of similar features was discussed by Nüsser et al. [43], who assume
that these dimples result from macro ripple formation and the repeated remelting of these
ripples. An additional effect might result from a low pulse stability of the laser beam
source, which might lead to additional, undesired surface features with the approximate
dimensions of the laser beam [19]. Furthermore, Spranger and Hilgenberg [56] found that a
significant dissolution of carbides was a result of pulsed laser remelting of AISI D2. In sum,
we assume that all these effects play a role in the formation of long-wave dimples. The
partial evaporation and partial dissolution of chromium carbides are assumed to be the
key reasons for disturbances of the melt pool volume, changes in melt pool dynamics,
and deformation of the melt pool surface. These lead to the formation of craters at small
laser beam dimensions and to long wave dimples when remelting with larger laser beams.
Multiple remelting cycles (approximately 100 times per spot) lead to a partial smoothing
and directional homogenization of the specific spatial roughness frequencies, as it is shown
in the roughness spectra (Figures 10–12).
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4.3. Transition to Continous Remelting Process and Micro-Hardness

This stripe-like structure with continuous boundary lines between the individual
tracks (Figure 7l,q) is typically a feature of a continuous remelting process [27]. This is to
be expected for long pulse duration, for large track and pulse overlap, and for high laser
fluences. This effect is essentially due to heat accumulation (Weber et al. [57,58]), so that the
molten pool no longer solidifies before the following laser pulse impinges on the surface.
This is an effect that was observed in LμP particularly by Temmler et al. [18] at high pulse
repetition frequencies for ns laser pulses. The authors defined an empirical formula for an
estimation of a threshold scan speed vscan,th as a function of laser beam diameter dL, pulse
duration tP, and pulse repetition frequency frep, at which the discrete pulsed remelting
process changes to a continuous one (Equation (2)).

vscan,th ≤ dL·tP· frep
2 (2)

Although the criterion from Equation (2) is not fulfilled for the process parameters
used, the threshold scan speed (vscan, th = 192 mm/s; tP = 1.2 μs) is just smaller than the
used scan speed by a factor of approximately 4. Additionally, it must be added that the
introduced criterion was established on an empirical basis and should be valid for a quasi-
continuous remelting process at laser polishing fluence without material ablation. However,
as already determined from the microscope images and visual observations during the
process, a continuous remelting process occurs only at a fluence level, where significant
material evaporation is already clearly observable without optical aids. Therefore, it
is reasonable to assume that the stripes are a clear indication for a continuous remelting
process. This would particularly help to explain that almost no craters were visible anymore
for a small laser beam size Q100 and very high fluences (F = 12 J/cm2).

The effect of surface ripple formation (cf. Figure 7q,r) is probably due on the one hand
to the formation of a continuous melt pool and on the other hand to the irradiation of the
surface in reoccurring, discrete time intervals of 50 μs (20 kHz). This leads to periodic
fluctuations of the melt pool volume, which results in a periodic structuring of the surface.
This principle is typically known from the WaveShape process, where it is specifically used
to generate mostly periodic surface structures [7,59,60]. Furthermore, a low pulse stability
of the laser beam source probably causes the generated ripples to fluctuate in shape and
structure. A similar effect was specifically used by Pfefferkorn and Morrow [61] to achieve
surface structuring by the spatial and temporal control of laser fluence.

The transition to the continuous remelting process also tends to be reflected in the
results of the micro-hardness measurements (Figure 13). A dissolution and/or partial
evaporation of chromium carbides is assumed to lead to a significant reduction of standard
deviation in the micro-hardness measurements. This is presumably because only fewer,
smaller, or no chromium carbides were hit in the micro-hardness measurements. Thus,
the largest micro-hardness measured was approximately 550 HV instead of approximately
830 HV0.1 on the initial surface. However, at the same time, no areas of the comparatively
soft steel matrix were hit any more (≈100 HV 0.1), but the minimal micro-hardness in
the laser-polished fields was approximately 320 HV0.1. This indicates that carbon from
the chromium carbides was increasingly dissolved in the steel matrix. It is assumed that
the entire surface boundary layer was hardened through the formation of martensite and
achieved an average micro-hardness of up to approximately 464 HV0.1 with significantly
smaller standard deviations (partially < 30 HV0.1). Additionally, the micro-hardness of
the discretely, remelted LμP surface tends to be higher than for the continuously remelted
surface. This is presumably due to the higher cooling rates in the LμP process in comparison
to the continuous remelting process. A similar effect has been observed in earlier works on
other steels e.g., H11 (Preußner et al. [62]), or S7 (Morrow and Pfefferkorn [13]). However,
Maharjan et al. [33] found for 50CrMo4 steel that the most pronounced hardening effect
was achieved for longer pulse duration and cw laser radiation, i.e., in principle for smaller
cooling rates. The reason for these contradictory results is unclear, but it is most likely a
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consequence of the different chemical composition of these steels or the specifics of the
temperature evolution during the laser treatment.

4.4. Critical Wavelength/Frequency

The critical wavelength or critical frequency was almost the same for all laser beam
sizes. This underscores the importance of the pulse duration and that the laser beam
size is of secondary importance. However, the laser beam dimensions are assumed to be
at least twice as large as the critical wavelength. The critical wavelength for Q100 and
F = 12 J/cm2 is of special interest since a change to a continuous process is assumed. In a
continuous remelting process, melt duration is typically approximated by the interaction
time of the laser beam and material [39], which is typically calculated by tint = dL·vscan

−1

and is approximately tint = 0.5 ms for Q100. This is two orders of magnitude larger than the
pulse duration (tP = 1.2 μs), but the critical wavelength was not significantly increased to
more than 80 μm (in comparison to Q200 and Q400). This is a little bit surprising, but in this
case, the critical wavelengths are presumably strictly limited by the laser beam dimensions,
since no roughness with larger dimensions than the laser beam can effectively be smoothed
in cw laser polishing. Additionally, melt pool disturbances due to the partial evaporation
and dissolution of chromium carbides counteract a more effective smoothing. This is
particularly imminent for Q200 and Q400, where also a continuous remelting process is
assumed for high fluences of F > 10 J/cm2. This critical wavelength is not only further
increased but even reduced, since the process-inherent formation of surface structures,
e.g., ripples or boundary lines at the edges of the laser tracks, counteracts the smoothing
effect of surface remelting.

4.5. Laser Polishing Fluence and Area Rate

Another important result of this study is that the laser polishing fluence decreases for
larger laser beam dimensions (Figure 11a). A possible explanation results from an energetic
point of view. At fixed laser fluence, a larger laser-irradiated area absorbs more laser energy
in total. An increase in absorbed energy not only results in larger melt pool dimensions but
also in longer melt durations. Additionally, temperature gradients in larger melt pools are
less steep, and thus, cooling to ambient temperature takes longer. Particularly for multi-
pulse processing, this has several consequences. Firstly, if the temporal distance between
subsequent laser pulses is the same as for smaller laser beam dimensions, heat accumulation
is more pronounced due to larger energy input per pulse and smaller temperature gradients
in the melt pool. Heat accumulation not only leads to a reduction in the threshold fluence
for laser ablation [57] but also to a reduction in laser polishing fluence [18]. Secondly,
particularly noteworthy at this point is that the overall energy input for a larger laser beam
size is reduced. This prevents the global heat accumulation of the whole sample and should
reduce thermal effects such as distortion and deformation. Since the laser polishing fluence
is reduced and local heat accumulation is increased for larger laser beams, locally induced
thermal stresses should also be reduced [63]. Based on the insights of Spranger at al. [64],
one could also assume that the very high cooling rates lead to a very fine microstructure in
each case; however, this was not particularly investigated in this study.

The results already show that larger laser beam sizes lead to higher area rates without
increasing the resulting surface roughness if the number of remelting cycles is kept constant
(Figure 11b). In principle, the influence of laser beam dimensions sL

2, repetition rate frep,
and number of remelting cycles n on an achievable area rate AR can be discussed based on
Equation (3).

AR =
s2

L · frep
n ;

with n =
s2

L
dx·dy ; s2

L,max =
EP,max

Fpol
; PL,max = EP,max· frep,max

(3)
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The maximum area rate AR is the product of the remelted area per pulse (A = sL
2)

and the pulse repetition rate frep divided by the number of remelting cycles per spot n
(effectively resulting from pulse and track overlap). Thus, for example, the side length sL of
a square laser spot has a quadratic effect on the area rate AR. However, the required pulse
energy EP scales almost linearly with the remelted area A (EP ~ A). Increasing the pulse
frequency leads to a linear increase in the area rate. Therefore, preferably, the dimensions
of the focused laser beam should be maximized if the pulse repetition rate is crucially
limited. The maximum laser beam dimensions depend on the available maximum pulse
energy EP,max and on the laser polishing fluence Fpol. In turn, the laser polishing fluence Fpol
tends to decrease with increasing dimensions of the laser beam (Figure 11a). Furthermore,
the maximum pulse frequency depends on the maximum available laser power PL,max at
maximum pulse energy EP,max. Applied specifically to LμP, and taking into account this
and other studies on LμP, a reasonably achievable area rate can be estimated for a commer-
cially available laser system. In this work, a spot on the surface was remelted on average
approximately n = 100 times. However, typically, only approximately n = 20 remelting
cycles are required to achieve a minimal surface roughness in LμP of steels [18,27]. Using
the example of a commercially available laser system (e.g., IPG YLPN-HP tP = 120 ns,
PL,max = 5 kW; EP,max = 100 mJ; frep,max = 50 kHz), a realistic area rate can be estimated.
The selected laser beam source already provides a square fiber cross-section. The maxi-
mum pulse energy of approximately EP,max = 100 mJ enables a laser focus with an area of
sL

2 = 20 mm2 at a required laser polishing fluence of approximately Fpol = 5 J/cm2. The
maximum pulse frequency of the laser system is 50 kHz, so that a maximum laser power
of PL,max = 5 kW is available. Thus, considering n = 20 remelting cycles per spot, area rates
of up to AR = 3 m2/min might be achievable. Area rates of this order of magnitude are
already remarkably interesting for industrial applications, even for large-area polishing of
flat components.

Larger laser beam dimensions lead to larger area rates with reduced energy input,
since the required laser polishing fluence decreases (Figure 11). If high spatial resolution
is of secondary importance in LμP and large pulse energies are available, then large area
rates are easily achievable. However, a similar effect of decreasing laser polishing fluence
was observed for high pulse frequencies [18]. Thus, an increase in pulse frequency also
leads to a reduced laser polishing fluence and to a reduction of the overall irradiated
laser energy. Which effect outweighs the other cannot be said without further studies,
but both ways—increasing single pulse energy and increasing pulse repetition frequency,
respectively—are viable ways to significantly increase the area rate in LμP. Since the
product of single pulse energy EP and pulse frequency frep equals the average laser power
PL, Equation (3) can be boiled down to a simple dependency AR ~ PL,max, which is valid for
many laser-based processes. The area rate in LμP basically scales linearly with the average
laser power of the laser beam source. Nonetheless, there are limits to consider regarding the
maximum single pulse energy (regarding damage thresholds of optical components etc.),
pulse duration (maximum pulse peak power), and maximum pulse repetition frequency
(maximum deflection speed of laser scanning systems, etc.).

As a visual conclusion of the discussion, Figure 14 shows the laser-polished surface
with the lowest roughness achieved in this study (Figure 14b) compared to the initial
surface roughness (Figure 14a). A considerable reduction in surface roughness and a
particular increase in gloss are the obvious results displayed in these micrographs.
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(a) (b) 

Figure 14. Micrographs of (a) initial surface roughness in comparison to (b) laser-polished surface
with lowest surface roughness (Q400, F = 8 J/cm2).

5. Conclusions

This work investigated laser micro polishing (LμP) of tool steel 1.2379 (AISI D2) using
a square intensity distribution in three different sizes (Q100, Q200, Q400) and laser fluences
ranging from 3 to 12 J/cm2. A laser fluence of 3 J/cm2 was below the melting threshold,
while 12 J/cm2 exceeded the evaporation threshold and led to significant material evapora-
tion for all laser beam sizes. Additionally, the experimental results for LμP of 1.2379 led to
some noteworthy insights:

• LμP significantly decreases micro-roughness up to a critical wavelength of approxi-
mately 80 μm and increases the gloss of the surface. (e.g., by a factor of ten for Q400
from Sa = 32 nm to Sa = 3 nm in the spatial wavelength regime from 1.25 to 2.5 μm).

• An increase in laser beam dimensions, while adapting pulse overlap and track offset
accordingly, leads to a significant increase in area rate from 1.2 to 19.2 cm2/min
without increasing the resulting surface roughness.

• An increase in laser beam dimensions from Q100 to Q400 leads to a decrease in fluence
from 12 J/cm2 to approximately 8 J/cm2 required for laser polishing, which results in
an overall reduced energy input (approximately 33%).

• A significant increase in laser fluence above the polishing laser fluence leads to a
change of the discrete, pulsed remelting process to a continuous remelting process.
Particularly in the continuous remelting process, macro-roughness was partially
increased, and surface rippling was observed.

• Near-surface chromium carbides are assumed to be partially evaporated during LμP.
This presumably leads to melt pool disturbances and the formation of undesired
surface features e.g., craters, which increase surface roughness.

• The dissolution of chromium carbides during the remelting process presumably leads
to a homogenization of micro-hardness in the surface boundary layer of approximately
382–464 HV0.1.

• Intensity distributions with significant peaks are to be avoided since high peak inten-
sities and local heterogeneities in material absorption increase the risk of uncontrolled
material evaporation and the formation of undesired surface features.

Overall, it is concluded that an increase in laser beam size enables the use of higher
pulse energies and larger average laser power, and it also leads to significantly higher area
rates and less overall energy input. Therefore, besides an increase in pulse frequency, larger
pulse energies and larger laser beam sizes are a viable way to significantly increase the
area rate in LμP. For industrial applications, multi-kW laser systems with suitable pulse
energies and pulse frequencies are widely available, which potentially enable area rates of
several m2 per minute in LμP.
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Abstract: Cement mortar composite has a wide range of applications on construction sites, including
masonry, plastering and concrete repair. In construction sites, scabbling process is a method to remove
from a few millimeters to several centimeters of defect concrete surfaces. As a result, it is essential to
investigate the scabbling characteristics for cement mortar with different silica sand proportion in
laser scabbling process. In this study, 5 types of cement mortar with different silica sand proportions
in mixing were fabricated and scabbled by using a high-density power laser beam. The effects of
silica sand proportion in color changing and penetration depth of the samples after laser scabbling
process were studied. Furthermore, the generation of micro-cracks and pores were observed by
using scanning electron microscopy (SEM). In addition, chemical composition changes between
processed zone and non-processed zone were also evaluated by Energy Dispersive X-ray (EDX)
analysis. The results of this study are expected to provide valuable knowledge in understanding of
the laser scabbling process for cement-based materials.

Keywords: cement-based material; laser scabbling; microstructural analysis; chemical analysis;
thermal properties

1. Introduction

Scabbling method is a technique for removing thin layers of stone or concrete that
can range in thickness from a few millimeters to several centimeters. Scabbling has also
been used in many applications, including the decontamination of radioactive surface
layers in nuclear power plants removing road markings, many other applications in
traffic and construction works. There are several scabbling methods such as electro-
hydraulic scabbling (EHS), robotic wall scabbler, piston scabbler, and handle scabbler. The
EHS method achieves a scabbling depth of up to 1 inch and a scabbling rate of 30 ft2/h,
whereas the piston scabbler method achieves a depth of 1/8 inch and a scabbling rate of
130 ft2/h [1,2]. However, there are several drawbacks, including the massive weight of
the working system, high current, high voltage, mechanical reaction force, wear down of
equipment, and negative environment impact, as well as the operator’s health [3].

Laser-aided manufacturing (LAM) has been widely employed to overcome the disad-
vantages of previous techniques in various fields, including car manufacturing, aerospace,
and semiconductor [4–6]. Due to its advantages (e.g., high precision, high speed, non-
contact method, remote control capabilities), the applicability of LAM has also been in-
vestigated on concrete. Numerous studies on the interaction between laser beam and
concrete were carried out. For instance, Seo et al. [7] employed a high-power fiber laser
cutting for 50 mm thick cement-based material. The results demonstrated that a line
energy of 1.22 × 1014 J/m3 was required to fully cut the 50 mm thick cement paste. On
the other hand, the effect of material composition on penetration depth, microstructural
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characteristic and chemical changes in the laser cutting of cement-based material were also
studied [8,9]. Muto et al. [10] used a 7 kW fiber laser at a scanning speed of 2.5 mm/s, and
a spot size of 10 mm. The results pointed out that 100 mm in thickness of concrete slabs
was completely cut after 21 passes. In laser drilling concrete field, Kaori et al. [11] obtained
drilling diameters of 4 mm to 6 mm and depths of around 50 mm in concrete samples
with a compressive strength of 20–100 N/mm2 by using the appropriate laser settings.
Meanwhile, the use of laser for scabbling on cement-based materials has not seemed to be
attractive. In addition, to examine the effect of concrete composition, curing regime and
aging on the laser scabbling process, Peach et al. [12–15] exploited IPG Photonics YPS-5000
5 kW-Continuous wave laser with nominal beam diameter of 60 mm to scabble on several
concrete types, the effect curing regime, aging concrete composition were reported. The
authors revealed that two major mechanism of this scabbling method were thermal stress
and pore stress spalling of concrete. These results were obtained due to low power den-
sity laser. However, the using of high-power density laser in scabbling concrete has not
been reported.

Several studies have carried out to investigate the interaction of laser with cement-
based materials including laser cutting, laser drilling, laser glazing and laser scabbling.
However, the effect of silica sand proportion in laser scabbling on cement-based material
has not been studied yet. As a result, it is critical to comprehend the impact of silica sand
composition in laser scabbling process. The aim of this study is obtaining a fundamental
understanding of the interaction between laser and cement mortar with the differences of
silica sand proportions. The formation of the glassy layer and heat-affected zone (HAZ)
are the major results in the laser scabbling process on cement mortar. Thus, the study
of changes in each region are needed. After laser scabbling process, all samples were
evaluated in morphological changes such as color changing and scabbling penetration
depth. In addition, the changes in the microstructure of each region of the scabbled samples
were also determined by using a scanning electron microscope (SEM). Energy dispersive
X-ray (EDX) analysis was also used to analyze changes in the chemical composition and
the chemical distribution in each zone. According to the findings of this study, it is believed
that the using of laser scabbling on cement based materials is applicable for walls and floor
at construction sites, as well as for removing the radioactive layers in nuclear facilities.

2. Materials and Mix Design

A series of cement mortars (CM) were prepared to study the effect of the proportion of
silica sand in laser scabbling. The materials involved in this study were Ordinary Portland
Cement (OPC), silica sand containing about 93% SiO2 weight with a median size range
of 0.15~0.53 mm. Mineral admixtures consist of cement and silica sand whose chemical
compositions are shown in Table 1. In addition, Table 2 shows the proportions of the mortar
samples. The label of the samples was given the same as the silica sand to cement ratio. The
specimens were fabricated by mixing cement and silica sand in a laboratory mixer for 60 s
before adding water and mixing for 3 min. After mixing, the mixtures were then poured
into a cylindrical shape with a diameter and thickness of 53 ± 0.5 mm and 12 ± 0.35 mm,
respectively. To improve hydration, the cast samples were enclosed in a plastic sheet. The
specimens were removed from the mold after 24 h of storage at room temperature and
immersed in a water tank for 28 days of curing. After that, the samples were then taken
out and dried to eliminate the remaining water.

Table 1. Chemical compositions of cement and silica sand measured by XRF analysis.

Chemical Component (%)

CaO SiO2 Fe2O3 SO3 Al2O3 K2O MgO P2O5 ZnO SrO

Cement 62.93 17.62 8.28 4.12 3.25 2.08 0.92 0.31 0.28 0.21
Silica
sand 0.44 93.01 0.95 - 3.61 1.28 - 0.67 - 0.04
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Table 2. Mix compositions of the mortar specimens (proportions by weight).

Samples
Materials

Cement Water Silica Sand

CM0.2 1 0.3 0.2
CM0.4 1 0.3 0.4
CM0.6 1 0.3 0.6
CM0.8 1 0.3 0.8
CM1.5 1 0.3 1.5

3. Experimental Setup

The experimental schematic for the scabbling process of cement mortar is illustrated
in Figure 1a. The laser source exploited in this study was ytterbium-pulsed fiber laser
(IPG-YLPM, IPG photonics, model YLP-HP IPG photonics, Southbridge, MA, USA) with a
wavelength of 1065 nm, the laser pulse duration of 30 ns, and laser spot size of 40 μm. This
laser has a beam quality M2 of 1.3. Furthermore, The F-theta lens are designed to focus
the laser beam transmitted through fibers from a laser source. The focal distance from the
F-Theta lens to scabbling area is 180 mm. In this study, the laser power was set at 180 W
and 2 mm/s for scanning speed. In Table 3, the details of each parameter are presented.
In addition, depending on dimension and minimizing the cracking of tested samples, the
scabbled area was chosen 10 × 10 mm2 (Figure 1b). To ensure that laser irradiation could
cover the working area, the scabbling path was divided into two sections: (1) a square
boundary line and (2) zigzag hatching lines. The pitch of the zigzag hatching lines was
chosen at 0.05 mm to advance this scabbling method, as shown in Figure 1b.

Figure 1. (a) Experimental setup, (b) scabbling path (while (1) a square boundary line and (2) zigzag hatching lines).

Table 3. Laser parameters of the scabbling experiment.

LASER Parameter

Out-put Power [W] 180
Frequency [kHz] 403

Pulse duration [ns] 30
Laser spot diameter [μm] 40
Scanning speed [mm/s] 2
Power density [W/cm2] 1.432 × 107

Peak power [W] 1.49 × 104

Pulse energy [mJ] 0.447
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4. Results and Discussions

4.1. Morphological Analysis

Most of the OPC has a large composition of Al2O3, SiO2, and Fe2O3, which are
the fundamental elements for creating an amorphous glassy layer at high-temperature
conditions [16]. The evaporation of free water molecules and the phase transition of the
specimen’s composition were caused by the thermal effect of laser irradiation on the surface
of cement mortar, resulting in the formation of the glassy layer. Through observing the
top, bottom and cross-section surfaces as shown in Figures 2 and 3, respectively. The
glassy layer formed on the specimens’ processed zone. Moreover, the color of the glassy
layer changed from scorched (Figure 2a) to green and even turquoise as seen in Figure 2d,e,
respectively. One explanation for this phenomenon could be the presence of metal transition
ions in oxidation states, especially ferric ions in the Al3+ and Fe2+ oxidation states. At high
temperatures, the Al3+ and Fe2+ exposed green and blue, respectively [17]. Furthermore,
Wignarajah et al. [18] reported that the presence of metallic oxides in cement samples
contributed to color changes on the processed zone impacted by the laser. Table 4 shows the
color of the glassy layer that correspond to the metallic oxides in the material composition.

 
Figure 2. Photographs of the top and bottom surfaces: (a) CM0.2; (b) CM0.4; (c) CM0.6; (d) CM0.8; (e) CM1.5.

 

Figure 3. Photographs of cross section: (a) CM0.2; (b) CM0.4; (c) CM0.6; (d) CM0.8; (e) CM1.5.
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Table 4. Example of colorful glassy layers produced by laser irradiation on the surface of zeolite
mortar [18].

Type of Oxide Color Produced

Cr2O3 Light to dark green
CoO Light to dark blue
MnO Brown
CuO Brown, black, brick red

Fe2O3 Grey to black

During the laser process, a thermal gradient between the melting zone and the sub-
stance material was generated, resulting in the development of thermal stress. In addition,
the significant temperature gradient between the laser irradiation temperature and the
ambient temperature after the scabbling process caused crack formation. Furthermore, the
significant reduction of cracks in the top and bottom surfaces with increasing in silica sand
proportions of samples was visually observed, as can be seen in the Figure 2.

After the scabbling experiment, the samples were cut in a cross-section to observe
the three main material sections: (1) non-processed zone, (2) heat affected zone (HAZ),
and (3) processed zone. Furthermore, glassy layer was generated in processed zone. The
procedure for obtaining the section view is shown in Figure 4.

Figure 4. Illustrating image of three main material sections.

Seo et al. [8] also confirmed that adding silica sand into basic cement-based materials
results in decreasing the penetration depth. Meanwhile, Figure 4 reveals a significant
decrease in penetration depth while increasing silica sand in proportion from 0.2 to 1.5.
In another words, thermal conductivity (қ) describes how quickly heat flows through a
material from the hotter side to the colder side under steady-state conditions, and thermal
diffusivity (dt) describes how well a material can spread heat [19]. The relationship between
thermal conductivity and thermal diffusivity is proportional, as shown by Equation (1). As
a result, a decrease in thermal conductivity leads to a decrease in thermal diffusivity.

dt = cp.ρ
(1)

where, cp [J·Kg−1·k−1] is specific heat, қ [W·m−1·K−1] is thermal conductivity, dt [m2·s−1]
is thermal diffusivity and ρ [Kg·m−3] is density. According to Ganeev et al. [20] the
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Equation (2) expresses the relationship between thermal penetration depth by laser beam
energy and the thermophysical properties of the specimen surface as equation below.

Ld =
√

dt ∗ τ (2)

where, Ld [m] is thermal penetration depth, and τ [s] is pulse duration. Furthermore,
higher silica proportion reduced the thermal conductivity of cement mortar [21]. As
a result, increasing the silica sand proportions in cement-based materials lowered the
scabbling penetration depth. Along with that, the laser beam was absorbed and limited
due to the rapid formation of melting layer induced by the heat effect of laser irradiation.

Peach et al. [12] reported that two main mechanisms for laser scabbling of concrete
are pore pressure spalling and thermal stress spalling. Pore pressure spalling was caused
by the rapid increase in pore pressure caused by the vaporization of free water, while the
formation of thermal stress as a result of severe thermal gradients induced by high heat
rates and low thermal conductivity of concrete causes thermal stress spalling. However,
they were able to achieve those results by using a low-power density laser of 1.768 W/cm2.
On the other hand, in present study employed a laser with a high-power density laser of
1.432 × 107 W/cm2. the evaporation of material was the major process when using this
scabbling method. In addition to the evaporation of the material in the processed zone and
the formation of the glassy laser were described above.

The heat affected zone (HAZ) is a zone of the base material that was not melted
but impacted by the heat generated during the laser scabbling process. According to
Maruyama et al. [22], the temperature for the dehydration reaction of Ca(OH)2 is 400 ◦C
or higher. From this study it was reported that microcracks occurred in cement-based
materials due to the breaking of chemical and physical bonds caused by temperature. The
dehydration of calcium hydroxide is shown in Equation (3) [22]:

Ca(OH)2 + heat→CaO + H2O (3)

As mentioned earlier, increasing the proportion of silica sand in the specimen de-
creased the thermal conductivity of the samples. As a result, heat transfer from the
processed zone was limited. Along with that, the rapid development of the glassy layer
absorbed heat energy and reduced the transmission of the heat energy generated by the
laser beam. As a result, the heat generated in the samples containing higher silica sand
proportion focused on the processed zone, resulting in a larger HAZ. Moreover, the heat
of laser process caused the dehydration and decomposition of cement-based materials,
thus the color in the HAZ changed and appeared in a whitish grey [23,24]. In all cases, the
heat-affected zone can be clearly observed in a grey-white color, as can be seen in Figure 3.

4.2. Microstructural Analysis

Scanning electronic microscopy (SEM) was used to investigate changes in microstruc-
ture in samples subjected to different silica sand proportions. As shown in Figure 5a–e,
micro-cracks found by SEM on the cement paste region might explain the apparent sur-
face cracks in samples such as CM0.2 (Figure 2a), CM0.4 (Figure 2b), and CM0.6 (Figure
2c). The dehydration of cement paste was generated by heat affected by laser irradiation.
Micro-cracks were generated in the cement hydrate region as can be seen Figure 5a,b. More
cracks were formed in cement paste region of samples with low silica content, such as
CM0.2 and CM0.4. Furthermore, Figure 5d,e show that micro-cracks formed more densely
in the silica sand particles and less densely in the cement paste region, indicating that the
occurrence of the cracks on the top surface (Figure 2e) decreased as the increasing of silica
sand proportion in the cement mortar. Due to the higher melting temperature of silica
sand, the generation of a glassy layer with the major component being silicon in the silica
sand restricted the heat transmission of laser beam.
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Figure 5. SEM images of heat-affected zone: (a) CM0.2; (b) CM0.4; (c) CM0.6; (d) CM0.8; (e) CM1.5.

Figure 6 shows the SEM images in the processed zone of cement mortar samples. The
size of the pores grew with increasing of silica sand proportions in the cement mortar.
Furthermore, samples with a higher silica sand content had a denser appearance of micro-
cracks near the pores. Due to that, it can be assumed that the porosity of the glassy layer
in samples CM0.8 and CM1.5 is higher than in other samples. It also implies that the
glassy layer’s strength is decreased and easily removed with an increasing of silica sand
proportion.

  

Figure 6. SEM images of processed zone: (a) CM0.2; (b) CM0.4; (c) CM0.6; (d) CM0.8 and (e) CM1.5.

4.3. EDX Analysis

The analytical method of energy-dispersive X-ray spectroscopy (EDX) was also used
to determine the elements (elemental composition) present on any given material sample.
In addition, when used in combination with SEM, allows for the analysis of near-surface
elements and their amount at different positions providing a map of the sample [25]. Since
the glassy layer is the zone directly affected by laser irradiation, this study investigated
the changes in the chemical composition of cement-based materials by analyzing two
zones, (1) the non-processed zone and (2) the processed zone (glassy layer), as shown in
Figure 7. The decrease in calcium and the increase in silicon percentage are the two major
changes in the specimens when comparing the chemical composition of the glassy layers
and non-processed zones in the CM series, respectively. The most significant change in
calcium element was observed in sample CM0.6, where the percentage of calcium element
in the non-processed zone was 81.75% and decreased to 39.77% in the processed zone. In
addition, at specimen CM0.8, the percentage of silicon element in the non-processed zone
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increased from 8.75 to 40.59% in the processed zone. Since the evaporation temperature
of calcium is 1484 ◦C and that of silicon is 3265 ◦C, a part of the calcium has evaporated
after solidification, which can explain the above-mentioned phenomenon. As a result
of calcium evaporation, the percentage of silicon has increased while the percentage of
calcium has dropped.

 

Figure 7. Energy dispersive X-ray (EDX) analysis of chemical composition change.

EDX mapping was also exploited to determine the distribution of silicon and calcium
composition in non-processed and processed zone. Before the EDX mapping process,
the specimens were ground after cross section cutting to achieve a high surface quality.
Figure 8 shows the EDX mapping images of 2 main chemical components of silicon and
calcium in each sample. The chemical mapping in non-processed zone in each sample
shows the distribution of silica sand and cement paste. Meanwhile, the heat effect of
laser irradiation generated a glassy layer whose major components were silica sand and
cement paste, which was melted and resolidified. As a result, the heat effect of laser
irradiation caused the redistribution of the element composition between the processed
and non-processed zone. Furthermore, the mixing of silicon and calcium component is the
obvious difference between the processed and non-processed zone. Under the direct effect
of the laser beam in the processed zone, the sample components which included cement
and silica sand were melted and redistributed. Thus, silica sand particles were not found
in the processed zone. As can be observed in Figure 8, there is a mixing of silicon and
calcium components in the processed zone. In contrast, there is no mixing or redistribution
of silicon and calcium components in the non-processed zone. Silica sand particles with
silicon as the major component could be detected. In addition, the chemical redistribution
is significantly greater in high silica sand proportion samples such as CM0.8 and CM1.5
than in CM0.2 and CM0.4 samples. Furthermore, when comparing the distribution of
silicon and calcium, the density of silicon was densely distributed in non-processed zone
as the proportion of silica sand increased in high silica sand proportion samples such as
CM0.8 and CM1.5.
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Figure 8. Elemental mapping for Ca and Si on the specimens after the laser scabbling.

5. Conclusions

Laser scabbling, which advances beyond the limitations of the previous methods,
might be one of the better options for scabbling cement-based materials. Understanding
the effects of silica sand on the composition of materials used in scabbling is essential to
study. A pulsed laser was used in this study with a power density of 1.45 × 105 W/mm2.
Experiments on cement mortar samples CM0.2, CM0.4, CM0.6, CM0.8, and CM1.5 were
conducted to investigate the effect of silica sand proportion in laser scabbling on cement
mortar. Furthermore, SEM/EDX analysis explored changes in the microstructure and
chemical composition of cement-based materials under the influence of laser. The main
observations and results of this study are summarized as follows:

1. Increasing the silica sand proportion during laser scabbling process resulted in two
primary results: (1) decreased scabbling penetration depth, and (2) fewer surface
cracks on the top and bottom surfaces.

2. Samples with lower silica sand proportions such as CM0.2, CM0.4 appeared more
surface-cracks than CM0.8, CM1.5 which can be explained by the more generation of
microcracks in the cement paste of the HAZ.

3. Microcracks and pores were more apparent and denser in the glassy layer of the
samples with higher silica sand proportions.

4. The evaporation of material was the dominant mechanism of this scabbling method
due to high power density laser.

5. In laser scabbling, the chemical changes in the cement mortar were an increase in
silicon percentage and a decrease in calcium percentage when compared between the
processed zone and non-processed zone. The main reason for this phenomenon is
that the evaporation temperature of silica sand is greater than cement.

Due to the laboratory scale, the use of silica sand and cement types was limited in
this study. On the other hand, laser scabbling on cement-based material is a work that is
dependent on specific silica sand and cement types in specific locations. So that, in future
work, the various types of silica sand and cement in making cement mortar is needed to
investigate. Furthermore, experiments are required to determine the effects of silica sand
proportion on the influence of volume removal, the surface temperature of samples scabble
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using a high-power density laser. Furthermore, the optimization of laser parameters is
considered to achieve the optimal result in depth penetration and volume removal.
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Abstract: Nodular iron brake discs typically fail due to serious thermal fatigue cracking, and the
presence of graphite complicates the repair of crack defects in ductile iron. This study presents a
novel method for remanufacturing ductile iron brake discs based on coupled bionics to repair thermal
fatigue cracks discontinuously using bio-inspired crack blocking units fabricated by laser remelting
at various laser energy inputs. Then, the ultimate tensile force and thermal fatigue crack resistance
of the obtained units were tested. The microhardness, microstructure, and phases of the units were
characterized using a digital microhardness meter, optical microscopy, scanning electron microscopy,
and X-ray diffraction. It was found that the units without defects positively impacted both the thermal
fatigue resistance and tensile strength. The unit fabricated at a laser energy of 165.6+19

−15 J/mm2 had
sufficient depth to fully close the crack, and exhibited superior anti-cracking and tensile properties.
When the unit distance is 3 mm, the sample has excellent thermal fatigue resistance. In addition, the
anti-crack mechanism of the units was analysed.

Keywords: laser remelting; ductile iron; bionic crack blocked unit; repair discontinuously; thermal
fatigue crack

1. Introduction

Ductile iron with good wear resistance, heat conductivity, and castability has become a popular
cast metal material that is widely used to manufacture train brake discs [1]. Brake discs are important
components of trains, and they mainly fail due to thermal fatigue cracks [2–4]. Analyzing the condition
of railway train brake discs suggests that their surfaces experienced significant pressures and friction,
and they often operate in hot/cold alternating environments due to frequent braking which generates
large thermal stresses [5]. When the stress exceeds the limit of the material strength, thermal fatigue
cracks appear and expand on the disc surface, leading to the failure and discarding of brake discs and
huge wastes of resources [6]. Therefore, it is of great significance to take effective technical measures to
repair the discarded brake discs.

Many efforts have been made to identify the causes of thermal fatigue damage to nodular iron
brake discs and repair thermal fatigue cracks on brake disc surfaces. Goo et al. [7] found that the
graphite in ductile iron was the source of thermal fatigue cracks and improved the thermal fatigue
resistance by regulating its composition and metallurgical structures. Traditionally, during brake disc
repair, cracks are first melted with metals using welding equipment and then refilled with liquid metals
through spontaneous flow, which completely welds the cracks together. For example, according to the
research of Yang et al. [8], after a brake disc was preheated to 300 ◦C, thermal cracks could be repaired
by surfacing welding. Li et al. [9] repaired thermal fatigue cracks with CO2 gas shielded welding, and
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immediately after welding, the workpiece was heated to about 630 ◦C and held for 4–6 h to eliminate
welding stresses.

Such traditional repair processes are tedious, require complex procedures, long repair cycles, and
thermal stresses are generated after repair, which decreased the weld strength. In addition, the use
of laser cladding technology was shown to repair thermal fatigue cracks by adding powder with the
same chemical composition and content as the substrate in a layer-by-layer manner [10]. Gao et al. [11]
exploited the electromagnetic heating effect to repair hot fatigue cracks inside a hot extrusion die of
3Cr2W8V steel using pulse discharge. However, using this method to repair thermal fatigue cracks on
ductile iron brake discs is expensive, which limits its application.

Bionics is a new interdisciplinary field that uses biological mechanisms and laws to solve human
needs that has rapidly developed since the 20th century [12,13]. Bionics has had a profound impact on
materials science over the past two decades, as the unique structure, composition, and corresponding
superior properties of biology provide inspiration for researchers to improve the properties of materials
or the reliability of structural components [14,15]. For example, the leaves of plants can resist fatigue
cracking caused by storms, which is closely related to the phenomenon of biological coupling. The veins
of leaves are composed of vascular bundles and mechanical tissues with strong textures, while the
mesophyll is composed of parenchyma cells with soft textures [16]. The force required to sustain the
propagation of cracks on the mesophyll is not sufficient to tear the veins, and when a crack encounters
a hard vein, the cracking behavior is terminated or the propagation is deflected at an angle (Figure 1a).
Coincidentally, the same phenomenon is observed dragonfly wings, whose membranes are covered
with crisscross veins that are composed of multi-layer compound mechanisms and are the main force
bearing units (Figure 1b) [17]. It has been found that cracks do not propagate along a straight line, but
frequently deflect. It shows that the crack growth on the dragonfly wings is greatly hindered.

Figure 1. Deflection of crack in the leaf (a) and butterfly wing (b).

The design of coupled bionic functional materials based on leaves and wings of dragonfly can be
used to improve the crack growth resistance of nodular cast iron, which provides a novel idea to repair
thermal fatigue cracks. Material surfaces can be laser-treated to produce a region with a different
microstructure than the substrate at a predetermined position to form a non-smooth surface in which
the softer and harder points are alternately distributed. The surface also has special functions similar
to biological surfaces [18]. Laser bionics has been recommended for processing points, strips, and nets
on material surfaces to prepare non-smooth surfaces with improved thermal fatigue resistance and
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tensile properties [19]. According to Zhou et al. [20,21], lasers with different parameters have different
effects on improving the thermal fatigue properties of materials.

All the aforementioned studies were aimed at improving the thermal fatigue resistance of materials,
however, how to repair the thermal fatigue cracks of nodular iron brake discs is not mentioned. In this
study, inspired by bionics, a new method was proposed to repair thermal fatigue cracks in brake discs
using discontinuous laser melting treatment on cracks, which the service life of brake disc is prolonged
and the efficiency of brake disc repair is improved.

2. Method and Materials

2.1. Experiment Materials

Material was taken from a train brake disc cracked due to thermal fatigue, which was made of
nodular iron. Additionally, the chemical composition is shown in Table 1, and the microstructure is
shown in Figure 2. The microstructure was composed of spheroidal graphite (G), pearlite (P), and
ferrite (F). Figure 3 shows that the surface crack of the damaged brake disc was about 0.33 mm wide
and about 0.54 mm deep.

Table 1. Chemical compositions of nodular cast iron.

Element C Si Mn P S Mg Fe

Composition (wt%) 3.65 2.42 0.60 0.05 0.02 0.05 Bal.

 
Figure 2. Microstructure of ductile iron.

Figure 3. Crack of unrepaired thermal fatigue sample.

151



Metals 2020, 10, 101

2.2. Sample Preparations

Figure 4 is a schematic diagram of the experimental sample, where Figure 4a is the tensile sample
with a gauge length of 30 mm, a width of 20 mm, and a thickness of 5 mm. Considering the operability
of the experiment, a notch with a width of about 0.3 mm and a depth of about 0.5 mm was preset in the
middle of the tensile sample specimens to replace the crack equivalent. Figure 4b shows a sample for
thermal fatigue test, with a size of 30 mm × 20 mm × 5 mm. A circular hole with a radius of 1.5 mm
was formed 1 mm away from the upper edge to suspend the samples during thermal fatigue tests.
In order to study the effect of unit spacing on the thermal fatigue performance, samples with unit
spacings of 3, 5, 7 mm were prepared and labeled as T1, T2, and T3. The aforementioned samples were
cut using an electric spark machine (DK7732, Huadong Group, Hangzhou, China). To prevent thermal
fatigue and tensile property reduction, due to the surface and side-face roughness, the specimens were
mechanically polished progressively by various grits of silicon-carbide-impregnated emery papers
prior to laser biomimetic treatment. Oil stains were cleaned with an ultrasonic cleaner containing an
acetone solution to form smooth and clean surfaces.

Figure 4. Sketch of crack repair. (a) Tensile test sample, (b) thermal fatigue test sample, and (c) the
cross section of the sample.

All test samples imitating the anti-crack structure of leaves were fabricated using a solid-state
Nd-YAG pulsed laser (XL-500WF, Rofin, Munich, Germany) with a wavelength of 1064 nm and a
maximum rated output power of 500 W (Figure 5) [22]. Then, long cracks were segmented into several
smaller cracks. In contrast, the structure of the laser remelting zone was obviously different from that of
the substrate; thus, the laser remelting zone was defined as a bionic crack blocked unit (unit) for a more
convenient discussion. The units were fabricated by a pulse laser with different laser parameters, which
are shown in Table 2. Through the work-bench movement, a unit with a length of 3 mm processed by a
laser beam was perpendicular to the direction of crack propagation. The unit distance was 2.5 mm.
In addition, the untreated specimens were also compared to the laser-treated specimens.

Table 2. Details of the biomimetic specimens and laser processing parameters.

Sample
Electric

Current (A)
Pulse

Duration (ms)
Frequency

(Hz)
Laser Spot

Diameter (mm)
Laser Energy

Density (J/mm2)
Laser

Power (W)

NO. 1 95 8 10 1 80.4 212.8
NO. 2 110 8 10 1 96.3 246.4
NO. 3 125 8 10 1 116.4 280.0
NO. 4 140 8 10 1 144.8 313.6
NO. 5 155 8 10 1 165.5 347.2
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Figure 5. The schematic diagram of laser processing.

2.3. Experimental Methods

After laser processing, the cross-sections of each unit were cut parallel to the laser direction,
and their width and depth were observed under an optical microscope (OLYMPUS, PMG3, Tokyo,
Japan). The microstructure was characterized on a scanning electron microscope (SEM, Zeiss, Evo18,
Oberkochen, Germany), when the unit cross-sections were smoothed with sandpaper, polished
with woolen polished cloth and then corroded for 40 s with a 4% nitric acid alcohol solution.
The microhardness of the units was measured using a digital micro hardness meter (Hua Yin,
HVS-1000A, Beijing, China) with a 200 g applied load. In addition, phase structures were determined
by X-ray diffraction (D/Max, 2500PC, Tokyo, Japan) equipped with Cu Ka radiation at an operating
voltage of 40 kV, and a current of 40 mA and a scanning speed of 4◦/min.

2.4. Tensile Tests

Tensile tests were conducted using a mechanical testing machine (MTS 810, MTS Systems
Corporation, Minnesota, MN, USA), controlled by a servo-controlled hydraulic testing system at a
strain rate of 2 mm min−1 at room temperature.

2.5. Thermal Fatigue Test

Thermal fatigue tests were carried out by using a self-made thermal fatigue testing machine.
Samples were heated in a high-temperature induction resistance furnace and cooled with tap water at
room temperature. The heat cycle testing machine scheme is shown in Figure 6. Figure 7 illustrates the
average surface-temperature variety of the test sample during one thermal cycle. Test samples were
heated from room temperature to 700 ◦C in 160 s and then cooled to 24 ◦C in 5 s in one cycle. During
thermal test, no samples had any externally applied loads. After tests, samples were taken out, and
changes in the crack widths were measured, and the number of cold and hot cycles experienced by
each sample was recorded. In this part, the thermal fatigue test was performed five times, and the
average values are reported.
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Figure 6. Sketch of the thermal-cycle testing rig.

Figure 7. The actual temperature profile of one thermal cycle (Point A and D—25 ◦C; B and C—700 ◦C).
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3. Results and Discussion

3.1. Microstructure and Sizes of Units

Figure 8 shows optical microscopy images of the cross-sectional morphology of units after cracks
were repaired using different laser parameters. It can be clearly seen that there were obvious differences
between the unit and the matrix after laser melting. The unit was parabolic, and there was no spheroidal
graphite in the matrix. Due to the different laser parameters, the units had different shapes and sizes.
The laser energy density used during laser treatment and the size of the prepared units are shown in
Table 3.

 
Figure 8. Optical microscopy images of the cross-sectional morphology of units: (a) No. 1, (b) No. 2,
(c) No. 3, (d) No. 4, and (e) No. 5.

Table 3. The dimensions and microhardness of the units.

Sample No. 1 No. 2 No. 3 No. 4 No. 5 Untreated Sample

Depth (mm) 0.11 0.25 0.37 0.44 0.59 -
Width (mm) 0.69 0.75 0.89 0.95 1.03 -

Microhardness (HV0.2) 501 545 581 637 680 298

The sizes of units were measured from each sample using an optical microscope. Consequently,
along with an increase in the laser energy input, the width of the units were in the order of
No. 1 <No. 2 <No. 3 <No. 4 <No. 5, while the unit depths were in the order No. 1 <No. 2 <No. 3<
No. 4 <No. 5. The laser beam energy obeys a Gaussian function, and the energy is mainly concentrated
in the central part of the laser spot [23]. The higher the laser energy density, the deeper the heat
transferred to the sample, and the depth gradually increased. The width of units was mainly related to
the spot diameter, and since it was the same, no significant changes in width were observed. The units
gradually changed from a flat crescent shape to a U-shape. Due to the low laser energy densities, samples
No. 1–4 had remelting areas that were too small to completely bridge the cracks. Since less metal was
melted by heat, the flowing liquid metal could not completely fill the cracks. After solidification, cracks
and holes appeared in the remelting zone, which may form new cracks and reduce the thermal fatigue
resistance of the material. There were no microcracks or holes in the remelting zone of sample No. 5,
and the thermal fatigue cracks were completely repaired.

Figure 9 shows the microstructure of the units under SEM. Due to the rapid increase in the
sample surface temperature during laser treatment and then a rapid decline after laser treatment,
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the microstructure of the melting zone was a dense dendritic structure. Thus, the nucleation of the
molten metal during rapid cooling occurred much faster than grain growth, which resulted in a
small micron-sized microstructure. Obviously, the microstructure of samples No. 1–5 showed similar
dendritic crystals but with different dendrite densities. As the laser energy density increased, the
dendrite densification of No. 1–5 cells gradually increased, and the grains were gradually refined.
The smaller interdendritic spacing resulted in the higher micro-hardness and the better mechanical
properties theoretically [24].

Figure 9. SEM images of the microstructure of units: (a) No. 1, (b) No. 2, (c) No. 3, (d) No. 4,
and (e) No. 5.

X-ray diffraction was used to analyze the phase of the matrix and units on the surface of untreated
and laser melted samples. The results are shown in Figure 10. Due to the large temperature gradient
between the molten pool and the surrounding substrate, liquid metal was supercooled and thus
recrystallization occurred at a higher cooling speed to form martensite (M). Graphite and iron formed
cementite (Fe3C), and tough residual austenite (γ-Fe) was also found in the unit. In the heat-affected
zone (HAZ) between the substrate and the melted zone, a slightly lower temperature below the melting
point of the cast iron led to a faster austenitization and partial dissolution of graphite. Due to rapid
cooling, carbon could not evenly spread, and the carbon concentration of austenite near graphite
increased, causing high-carbon needle martensite (M) and residual austenite to form after rapid cooling.
Additionally, a good metallurgical bond was formed between the HAZ and the melting zone, as shown
in Figure 11.

Figure 10. X-ray diffraction pattern taken from the surface of (a) untreated sample and (b) bionic
blocked unit.
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Figure 11. The interface between the melting zone and the substrate.

The reported microhardness values in Table 3 are the average of ten measurements taken at different
locations in the cross-section of each unit. As the laser energy input increased, the micro-hardness
of units followed the order No. 5 > No. 4 > No. 3 > No. 2 > No. 1, and the microhardness of
all units were significantly higher than that of the untreated sample. Sample No. 5 displayed the
maximum microhardness of 680 HV0.2, which was 128.2% higher than the untreated sample. Fine-grain
strengthening was the main reason for this order. Smaller grain sizes resulted in a larger grain boundary
area, which increased the resistance of grain plastic deformation, while smaller plastic deformation
leads to a higher microhardness [25]. Phase transition strengthening was also involved, as evidenced by
the increased dislocation density due to the formation of martensite after laser treatment. High-density
dislocations are prone to winding and plugging, which results in deformation hardening. As the
crystal defects and microstructural fragmentation increased, the distribution of high pressure on the
surface increased the microhardness.

3.2. Tensile Tests with Various Laser Parameters

The stress-strain curves of the tested samples are shown in Figure 12. Samples No. 1–5 showed
notably better tensile properties than the unrepaired sample. As the laser energy increased, the ultimate
tensile force (UTF) of specimens No. 1 (31.90 kN)<No. 2 (33.24 kN)<No. 3 (35.02 kN)<No. 4 (38.15 kN)
< No. 5 (40.68 kN), while the ultimate tension of the unrepaired sample is 29.67 kN. Specifically,
when the laser energy density was 165.6+19

−15 J/mm2, the specimen reached the highest UTF of 40.68 kN,
which was 37.11% higher than the untreated sample, demonstrating the best tensile property.

3.3. Tensile Mechanism

In the laser melted zone, the metal melted and solidified at an extremely rapid rate and formed
a smaller and denser microstructure. According to the research of Aqida et al. [26], microstructure
improvements enhanced the mechanical properties. As can be seen from Figure 13, during the initial
stage of tension application, the units resisted external force, and the stress acting on the crack was
reduced. After fracture, the propagation path of the crack inside the unit presented a folded line,
which indicated that during tensile tests, units with good toughness concentrated most of the tensile
stresses, which hindered crack propagation; therefore, units with greater strengths led to specimens
with greater tensile strengths. The relationship between grain size and yield strength can be expressed
by the Hall–Petch formula [27]:

δy = δi + kyd−1/2 (1)
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where δy is the yield strength of the material, δi represents the resistance to dislocation movement; ky is
a constant related to the grain size, and d is the average diameter of grains. The formula indicates that
the finer the grain size, the higher the strength. In addition, the larger effective cross-section size of the
units led to the more significant enhancement effect on the tensile strength of specimens. For samples
No. 1 to No. 5, as the laser energy input increased, the unit size was increasingly enlarged, but the
grain size gradually decreased, so the strength exhibited a trend of increasing.

As shown in Figure 5, the units of samples No. 1–4 did not completely lock the cracks, and
microcracks and shrinkage cavities were observed in the sample. On the one hand, these defects
reduced the effective cross-sectional area of the unit; on the other hand, when samples were subjected
to loads, these residual defects will serve to create new cracks, thus reducing the tensile strength of the
sample. However, No. 5 displayed the highest tensile strength because there were no defects in the
unit, and the cracks were completely locked.

Figure 12. The stress-strain curves of the tested samples.

 

Figure 13. The fracture morphology of units. (a) Tensile specimen after fracture; (b) partial magnification
of the tensile fracture.
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3.4. Thermal Fatigue Tests

Since samples were heated in a heating furnace, the surface temperature of the samples slowly
increased, so there was almost no temperature gradient between the sample surface and interior during
heating; however, the samples expanded during heating. When samples were subsequently rapidly
cooled, the surface immediately shrank, while the internal temperature was still high. Therefore,
the shrinkage of the surface was limited by the internal material, and the sample surface generated
tensile thermal stresses, which caused the cracks to expand.

Figure 14 shows the W-N curve which is drawn with the number of cycles (N) taken as the
horizontal coordinate and the width of the thermal crack on each sample surface (W) taken as the
vertical coordinate.

Figure 14. The W-N curve (W is the width of the thermal crack; N is the number of thermal cycles).

It is obvious that the crack width in the untreated specimen after 2000 thermal cycles was 499.21
μm, which was larger than the main crack of the repaired specimens. This shows that the locking
unit can effectively prevent crack propagation. An increase in the rate of crack expansion in repaired
samples was indicated by the different slopes of their curves in Figure 14, which shows that the crack
width increase rates followed the order: No. 5 < No. 4 < No. 3 < No. 2 < No. 1. Figure 14 also
shows that the increase in the crack width of sample No. 5 was the smallest, with a value of 118.31 μm.
The specimen No. 1 with the largest crack width increment of 412.34 μm is 248.53% larger than sample
No. 5.

Specimens T1, T2, and T3 were subjected to go through 0 thermal cycles and 2000 thermal cycles
respectively, as shown in Figure 15, which shows that the increase in the crack width increment was
obviously different after 2000 thermal cycles and followed the order T1 (57.68 μm) < T2 (118.31 μm)
< T3 (150.62 μm) as can be seen from Figure 16. Therefore, it can be concluded that as the distance
between units increased, the crack width increased gradually, and the locking effect of units on cracks
gradually decreased.
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Figure 15. The change of cracks width of sample T1, T2, and T3. (a,b) Sample T1; (c,d) sample T2; (e,f)
sample T3. (a,c,e) 0 thermal cycles; (b,d,f) 2000 thermal cycles.

Figure 16. The crack width of sample T1, T2, and T3 under different thermal cycles.

3.5. Blocking Mechanisms of Units

3.5.1. Effects of Unit Microstructure

Fatigue cracks generally occur at heterogeneous nucleation sites, such as inclusions, pores, or soft
spots in microstructures [28]. It can be seen from Figure 15 above that there was more spheroidal
graphite in the matrix of nodular cast iron. Similar to a hole, the graphite among the metallic matrix
has no intensity. During thermal cycling, cracks are always initiated at the graphite phase, and the
main crack often propagates along the graphite and matrix between the nearest graphite. Therefore,
the presence of graphite reduces the thermal fatigue resistance of the material matrix to a certain extent.
However, no graphite phase was found in the units, hence no bridge connection was produced between
the main crack and the microcracks, whose growth depends on graphite, i.e., the crack propagation
route was cut off by the unit. Therefore, the units had better thermal fatigue resistance and prevented
cracks from propagating. In addition, laser remelting can refine the grains of the structure and improve
the unit strength, which prevents crack propagation.
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3.5.2. Effects of the Effective Size and Distance of Units

Schematic diagrams of different-sized units which prevented crack propagation are shown in
Figure 17 (Figure 17A1–D1 is the sample without thermal cycling, and Figure 17A2–D2 is the sample
after 2000 thermal cycles). Since the units had similar surface areas, the depth determined the size of
its cross-sectional area. A greater depth of a unit indicates a greater bridging degree of a crack and also
a larger cross-sectional area of the strengthened unit; however, the existence of microcracks or holes in
the unit reduces the effective depth and cross-sectional area. In addition, the existence of such defects
greatly reduces the strength of the unit. Under the action of thermal stress, thermal fatigue cracks
will continue to expand into the unit, preventing the unit from effectively locking cracks. Therefore,
when the laser energy density was increased, the unit with a larger effective size completely bridged
the cracks, and since there were no cracks or holes in the interior, it had a larger tensile strength and
could withstand larger thermal tension caused by thermal cycling. This allowed it to greatly reduce
the thermal tension on the cracks, thus effectively preventing cracks from propagating.

Figure 17. Schematic description for cracks blocked by units with different sizes. (A1–D1) before
thermal cycles; (A2–D2) after thermal cycles.

Since thermal stress was uniformly distributed on the crack, the total force of the thermal stress
on the crack depends mainly on the crack length. The smaller the distance between adjacent units,
the shorter the length of the crack that is blocked by the unit, and therefore the smaller the resultant
thermal stress on the crack. In addition, a smaller unit spacing increases the number of units that
can share thermal stresses. When subjected to the same magnitude of thermal stress, the crack in
specimens with a smaller unit spacing was subject to less thermal stress, and the cracking speed was
slower. In summary, a smaller unit spacing resulted in a better crack blocking effect.

4. Conclusions

This study provides an effective and convenient method to repair brake disc cracks and to extend
the service life of brake discs and save resources. Thermal fatigue cracks of ductile iron were repaired
discontinuously using biomimetic locking units. The effects of size, microstructure, and spacing of the
units on thermal fatigue crack repair were studied. The following conclusions were obtained:

(1) The units without defects improved both the thermal fatigue resistance and tensile strength.
As the laser energy increased, the depth and microhardness of the units gradually increased,
while the grain size gradually decreased. The microhardness and depths of the units reached
a maximum at a laser input energy of 165.6+19

−15 J/mm2. In addition, the sample treated at this
laser energy exhibited the highest tensile force of 40.68 kN, which was 37.11% higher than the
unrepaired specimen.
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(2) Compared with the substrate, the units without graphite effectively prevented crack propagation.
In this experiment, after 2000 thermal fatigue cycles, the crack width of the unrepaired specimen
increased by 499.21 μm, while the crack width of the repaired specimen increased between
118.31 and 412.34 μm. The crack width of the sample with a laser energy density of 165.6+19

−15 J/mm2

increased by 118.31 μm, which was 23.70% of the unrepaired sample, showing the best crack
blocking effect.

(3) A larger effective depth resulted in a better blocking effect of thermal fatigue cracks. The presence
of cracks and holes reduced the strength of the unit and weakened its crack arresting effect, which
was also affected by the distance between adjacent units. In this experiment, after 2000 thermal
fatigue cycles, the increase in the crack width of the unit sample with a spacing of 7 mm was
150.62 μm, while the crack width in the unit sample with a spacing of 3 mm increased by 57.68 μm,
which was 61.70% smaller than that of the unrepaired sample. This demonstrates the beneficial
effects of reducing the spacing of units on inhibiting thermal fatigue crack propagation.
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Abstract: To study the effect of laser biomimetic treatment on different material compositions,
five kinds of steels with different carbon element contents were studied by laser remelting.
The characteristics (depth, width), microstructure, hardness, tensile properties, and wear resistance
of the samples were compared. The results show that when the laser processing parameters are
fixed, the characteristics of the unit increase with an increase of carbon element content. Moreover,
the hardness of the unit also increases. Compared with the untreated samples, when the carbon
content is 0.15–0.45%, the tensile strength of the laser biomimetic samples is higher than that of the
untreated samples. For the biomimetic samples with different carbon content, with an increase of
carbon content, the tensile strength increases first and then decreases, while the plasticity of the
biomimetic samples decreases continuously. The bionic samples have better wear resistance than
that of the untreated samples. For bionic specimens with different carbon elements, wear resistance
increases with an increase of carbon element content.

Keywords: composition; laser bionic unit; tensile properties; wear resistance

1. Introduction

Natural organisms live in harsh and complex environments for long periods, so their body surfaces
must possess a strong ability to resist external damage. A non-smooth morphology, non-smooth
structure, and different material compositions on the surface of the organism are typical biological
coupling characteristics [1–5]. Various non-smooth features provide an organism with an appropriate
combination of strength and toughness and play a unique role in resisting external alternating stress
or direct damage. For example, dragonfly wings [6,7] are often in a vibrational state without failing,
which is the result of the collaborative effect of the wing surface’s grid shape and the wing vein’s
sandwich structure composed of multiphase materials. The desert scorpion [8] has been subjected to
the erosion by sandstone permanently without damage, which is the result of the collaborative effect of
its non-smooth surface and multiple layers of soft connective tissue under the skin; shellfish [9–11] have
been eroded by seawater frequently without crack initiation, which is the result of their non-smooth
surface composed of an alternating soft and hard structure and the coupling effect of the composite
materials. Thus, inspired by the coupling characteristics of the surfaces of organisms, constructing

Metals 2020, 10, 37; doi:10.3390/met10010037 www.mdpi.com/journal/metals
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a bionic non-smooth structure on the surface of mechanical parts to obtain specific properties has
become a new surface modification method.

Laser remelting treatment [12–15], as a new technology, can be combined with coupled bionics to
offer a new approach for manufacturing bionic non-smooth structures. In this process, a high energy
laser beam irradiates the surface of the workpiece, making the laser radiation region of the workpiece
rapidly melt. Then, the region is quickly solidified via heat conduction from the substrate, so the
obtained microstructure is different from the matrix, and when the selected laser processing parameters
are appropriate, the grain will be refined. The material’s hardness is also much improved based on the
pattern [16–18]. In this way, the non-smooth bionic structure with soft and hard phases is processed on
the surface. Among these structures, the hard structure processed by laser fusion is called the bionic
unit [19].

Previous studies [20–23] have shown that the improvement of material properties is closely
related to the biomimetic unit. Materials with non-smooth structural biomimetic units have good
wear resistance and fatigue resistance. The properties of the biomimetic unit are closely related to
their composition, the microstructure of their matrix material, and their laser processing parameters.
For example, Meng [24] studied the unit microstructure and thermal fatigue resistance of different kinds
of die steel after laser biomimetic treatment. Zang [25] compared the microstructure and mechanical
properties of H13 steel with different microstructures after laser biomimetic treatment. At present,
the effect of the material composition on laser biomimetic treatment is rarely discussed in the literature.
Therefore, in this paper, the low and medium carbon steels commonly used in industry were chosen as
the research object, and we studied the influence of carbon content on the characteristics, microstructure,
and mechanical properties of the bionic unit by machining the strip bionic unit on its surface. Finally,
the wear experiments of samples with different carbon content were demonstrated. The purpose of
this study is to provide a reliable theoretical reference for laser remelting strengthening of different
carbon steel parts in actual industrial production and to serve industrial production practices.

2. Experimentation

2.1. Materials

Samples of 15 steel, 25 steel, 35 steel, 45 steel, and 55 steel with carbon content of 0.15%, 0.25%,
0.37%, 0.45%, and 0.58%, respectively, were selected. The matrix samples are represented by A1, A2,
A3, A4, and A5, respectively, and their chemical components are shown in Table 1. Laser biomimetic
samples are represented by LR-A1, LR-A2, LR-A3, LR-A4, and LR-A5.

Table 1. The compositions of the samples (wt.%).

Groups C Si Mn S P Fe

A1 0.15 0.11 0.28 <0.01 <0.01 Bal
A2 0.25 0.21 0.53 <0.01 <0.01 Bal
A3 0.37 0.18 0.61 <0.01 <0.01 Bal
A4 0.45 0.20 0.55 <0.01 <0.01 Bal
A5 0.58 0.25 0.75 <0.01 <0.01 Bal

2.2. Experimental Methods

The wear samples were cut into the samples to be processed (with a volume size of 20 × 30 ×
6 mm3) using an electric spark machine (DK7732, Huadong Group, Hangzhou, China), and the samples
were processed successively with waterproof abrasive paper of different granularities to remove the
traces of wire cutting. Then, an ultrasonic cleaner was used to clean the samples, thereby removing the
residual oil and debris on the surface of the sample to achieve a smooth and clean surface.
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A bionic strip specimen was fabricated using a solid-state pulsed Nd: YAG laser with a wavelength
of 1.064 μm and maximum output power of 500 W. The processing schematic diagram is shown in
Figure 1. The laser processing parameters are shown in Table 2.

Figure 1. The schematic diagram of laser bionic processing.

Table 2. Laser processing parameters.

Energy
(J)

Pulse Duration
(ms)

Frequency
(Hz)

Scanning Speed
(mm/s)

Beam Diameter
(mm)

16.88 8 5 1 1.59

The sample was cut in the direction perpendicular to the incident direction of the laser using an
electric spark machine. The cross-section was sequentially milled and polished. Pickling was carried
out using a 4% nitric acid solution. Characterizations of the cross-section of the unit were carried out
using an optical microscope (Zeiss, Axio Image A2m, Oberkochen, Germany). The microstructure
of the unit and the substrate were observed using an electron scanning microscope (Zeiss, EV018,
Oberkochen, Germany). The X-ray diffractometer (Rigaku D/Max 2500PC, Tokyo, Japan) was used for
phase analysis.

Microhardness testing was performed on a microhardness tester (HVS-1000A, Beijing, China).
The load was 1.962 N, and the holding time was 10 s. A schematic diagram of the hardness is shown in
Figure 2.

Figure 2. The position of the hardness measurement points.

167



Metals 2020, 10, 37

The tensile test was carried out on a hydraulic servo test machine (MTS 810, MTS Systems
Corporation, Eden Prairie, MN, USA) at room temperature and the crosshead speed is 1 mm/s.
Figure 3a shows the dimensions of the tensile specimen after laser bionic treatment. Three test
specimens for each set were tested and averaged as the final result. After the test, the tensile fracture
morphology for all samples were analyzed.

Figure 3. The bionic specimens used for (a) tensile and (b) wear testing.

Figure 3b shows a schematic of the wear sample after laser bionic treatment. The schematic
of the reciprocating sliding wear testing machine developed by the laboratory is shown in Figure 4.
During the experiment, the friction pair was fixed, and the sample located in the card slot was linearly
reciprocated. The friction pair material is made of quenched gray iron (800 HV), the eccentric speed is
690 r/min, the wear time is 600 min, and the load is 100 N. All experiments were carried out at room
temperature under dry conditions.

Figure 4. Schematic of the siding wear tester.

Before and after the wear test, the samples were cleaned with an ultrasonic cleaner, dried for half
an hour, and then weighed before and after wear by an electronic balance (FA2400, Shanghai jinmin
instrument equipment co. LTD, Changshu city, China); then, the weight loss was calculated. Each

168



Metals 2020, 10, 37

experiment was repeated three times, and the final results were averaged. Finally, the wear surface
morphology was observed with a surface profiler (NT9100, Brock, Germany).

3. Results and Discussion

3.1. Cross-Section Morphology and Size of the Biomimetic Units with Different Carbon Content

Figure 5 shows the cross-sectional morphology of biomimetic unit with different carbon content.
It can be seen that the cross-sectional morphology is parabolic, and the unit is composed of two
parts: One part is a fusion zone with a bright white color, and the other part is a heat-affected zone
(HAZ) in contact with the matrix. Table 3 lists the cross-sectional dimensions of the bionic unit with
different carbon contents. It can be concluded from Figure 5 and Table 3 that when the laser processing
parameters are the same, as the carbon content increases, the unit characteristics are also increased.
The unit characteristics are mainly related to the laser processing parameters and the thermophysical
properties of the material [26]. When the laser processing parameters are the same, the thermal
conductivity is the determining factor of the unit’s characteristics. For carbon steel materials, thermal
conductivity increases as the carbon content increases. A material with high thermal conductivity
propagates heat at a faster rate, and its fusion zone is wider and deeper. The unit characteristics with
different carbon content show this rule.

Figure 5. The cross-section of the biomimetic units: (a) LR-A1, (b) LR-A2, (c) LR-A3, (d) LR-A4,
and (e) LR-A5.

Table 3. Unit characteristics of different materials.

Groups Unit Width (μm) Unit Depth (μm)

LR-A1 947.30 543.32
LR-A2 1116.43.84 579.24
LR-A3 1241.64 607.29
LR-A4 1265.4 663.37
LR-A5 1346.02 726.47
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3.2. Microstructure and Phase Composition of Different Carbon Content Matrixes and Bionic Samples

3.2.1. The Microstructure of the Matrix

Figure 6a–e shows the microstructure of the matrix materials. It can be seen that the matrix
structure of the five materials is the same, consisting of pearlite and ferrite; with an increase of carbon
content, the ferrite content decreases, and the pearlite content increases.

Figure 6. The microstructure of base material samples: (a) A1, (b) A2, (c) A3, (d) A4, and (e) A5.

3.2.2. The microstructure of the unit

Figure 7a–e shows the microstructure of the unit remelting zone of the laser biomimetic sample.
Although the carbon content of the base material is different, the microstructure of the laser fusion zone
is the same (which is composed of lath martensite and plate martensite). With an increase of carbon
content, the content of the plate martensite gradually increases, and the content of lath martensite
decreases. This is due to the different carbon content of the material.

Figure 7. The microstructure of remelting zone of biomimetic unit: (a) LR-A1, (b) LR-A2, (c) LR-A3,
(d) LR-A4, and (e) LR-A5.
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3.2.3. Phase Analysis

Figure 8a–e shows a comparison of the XRD between the matrix (A1–A5) and the biomimetic
unit (LR-A1–LR-A5), and Figure 8f shows an XRD comparison diagram of the biomimetic unit
(LR-A1–LR-A5). The results show that the main phase of the matrix is ferrite, and the phase of the
laser biomimetic unit is martensite.

Figure 8. X-ray diffraction profiles of the biomimetic units and matrixes: (a) A1, (b) A2, (c) A3, (d) -A4,
(e) A5; (f) comparative diffraction curves of LR-A1-LR-A5.

At the same time, Jade was used to analyze the half-height and width of the diffractive peak
(FWHM) of the matrix and unit with different carbon content. The results show that the FWHM of the
matrix materials are A1: 0.140◦, A2: 0.219◦, A3: 0.239◦, A4: 0.249◦, and A5: 0.300◦; the laser biomimetic
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samples’ FWHM is 0.239◦, 0.243◦, 0.282◦, 0.286◦, and 0.519◦. The FWHM of the bionic unit of the same
material is larger than that of the matrix material. Here we use Scherrer’s formula [27]:

D =
Kλ
βcos θ

, (1)

where D is the grain size, K (K value is 0.89) is the Scherrer constant, λ is the wavelength of the X-ray,
β is the full width at half maximum, and θ is the Bragg diffraction angle. It can be seen that under the
same testing conditions, the grain size of the unit has been refined to different degrees, and the order
of the grain size of the unit is LR-A5(67 nm) < LR-A4(121 nm) < LR-A3(123 nm) < LR-A2(143 nm) <
LR-A1(145 nm).

3.3. Mechanical Properties of Varying the Carbon Content Matrix and Bionic Samples

3.3.1. Microhardness of Matrix and Unit

The microhardness of the base materials A1, A2, A3, A4, and A5 are 126 HV, 176 HV, 250 HV,
270 HV, and 320 HV, respectively. Figure 9a is the microhardness curve of the bionic unit along the
X-axis direction, and Figure 9b is the microhardness curve of the bionic unit along the Y-axis direction.
Figure 9a,b show that the hardness of the remelting zone and the HAZ of the biomimetic unit are higher
than those of the matrix, and the hardness of the bionic unit is gradually increased as the carbon content
increases. This also echoes the microstructure changes in Figure 7. After calculation, the average
hardness of the bionic unit after laser fusion treatment is 321, 343, 466, 493, and 659 HV. The degree of
hardness improvement is 155%, 89%, 86%, 83%, and 106%, relative to the respective matrix.

Figure 9. The hardness of the biomimetic unit: (a) section profile along the X-axis and (b) section
profile along the Y-axis.

3.3.2. Tensile Properties of Specimens

To compare the tensile properties of the samples with different carbon contents after laser bionic
treatment, the bionic units with the same volume proportions were processed on the surface of the
base material. The effect of carbon content on the tensile properties of the biomimetic samples was
investigated. Figure 10a–e shows the stress—strain curves of the different carbon-containing untreated
samples and laser bionic samples; the corresponding yield strength (YS), tensile strength (TS), and
elongation (EL) are shown Table 4.To compare the tensile properties of each biomimetic sample,
the tensile property improvement ratio [28] is used to analyze the strengthening effect of different
biomimetic samples. The tensile property change ratio refers to the percentage of yield strength, tensile
strength, and elongation change of the biomimetic sample compared to the untreated sample, which
are represented by YSC, TSC, and ELC, respectively.
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Figure 10. Tensile curves of bionic samples and untreated samples with different carbon contents:
(a) A1, (b) A2, (c) A3, (d) A4, and (e) A5.

Table 4. Tensile test results of the bionic treatment samples and untreated samples.

Groups
YS (MPa) YSC

(%)

TS (MPa) TSC
(%)

EL (%) ELC
(%)Untreated Treated Untreated Treated Untreated Treated

A1 275 342 24.36 428 440 2.80 39 19 −34.48
A2 285 387 35.79 440 532 20.91 24 14 −41.67
A3 295 390 32.20 636 656 3.14 21 10 −52.38
A4 268 631 639 1.26 18 3 −83.33
A5 414 652 618 −5.21 15 2 −86.67

From Figure 10 and Table 4, it can be concluded that when the carbon content is in the range of
0.15–0.37%, the bionic sample shows a ductile fracture, and when the carbon content is in the range
of 0.45–0.58%, the bionic sample shows a brittle fracture. When the carbon content is in the range of
0.15–0.37%, the tensile strength and yield strength of the samples after laser biomimetic treatment
are better improved compared to the untreated sample. However, the tensile strength of the bionic
samples with carbon content in the range of 0.45–0.58% decreased, especially the tensile strength of the
bionic sample with a carbon content of 0.58%, which is even lower than that of the untreated sample.

Figure 11 shows a comparison of the tensile curve of bionic samples with different carbon contents.
It can be seen that when the carbon content is between 0.15% and 0.37%, the strength of the biomimetic
sample increases, and when the carbon content increases to 0.45%, the tensile strength begins to decline.
The elongation of the biomimetic samples decreases continuously with increasing carbon content.
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Figure 11. Comparative tensile curves of different bionic samples.

3.3.3. Tensile Fracture Morphology of Samples

Figure 12a–e shows the fracture morphology of untreated samples with different carbon contents.
After plastic deformation, dimples and tearing ridges appear in the fracture of the sample. Furthermore,
as the carbon content increases, the number of dimples increases, indicating that the strength of the
samples also increase.

Figure 12. Fracture surfaces of the untreated samples: (a) A1, (b) A2, (c) A3, (d) A4, and (e) A5.

Figure 13a–e shows the fracture morphologies of the units. It can be seen that the fracture
morphologies are different from those of the untreated samples. When the carbon content is between
0.15% and 0.37%, more dimples appear in the fracture of the bionic unit, and the dimples become
smaller and deeper. Furthermore, as the carbon content increases, the dimples gradually decrease.
For the tensile properties of the specimen, the smaller and deeper the dimple, the more energy required
to break the sample. When the carbon content is 0.37%, tearing ridges and cleavage planes appear at
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the fracture of the biomimetic unit, indicating that the sample has a brittle fracture tendency. When
the carbon content increases to 0.45–0.55%, the sample experiences a brittle fracture, and the fracture
morphology has obvious tearing ridges, cleavage step, and a river pattern, further verifying that the
tensile properties are inferior.

Figure 13. Fracture surfaces of the units: (a) LR-A1, (b) LR-A2, (c) LR-A3, (d) LR-A4, and (e) LR-A5.

3.4. Wear Properties of Samples

3.4.1. Analysis of Wear Loss

To compare the wear performance of the samples with different carbon content after laser
biomimetic treatment, the biomimetic unit with the same volume proportions was processed on the
surface of the base metal. The effect of carbon content on the wear properties of the bionic samples
was studied. Figure 14 shows the weight loss of the bionic samples and untreated samples with
different carbon content. It can be seen that the wear loss weight of the laser biomimetic samples is
significantly reduced compared to that of the untreated samples. To compare the antiwear properties
of the biomimetic samples, the weight loss reduction percentage [29] (WLRP) is defined, as shown in
Equation (2):

WLRP =
WLUntreated −WLtreated

WLUntreated
× 100% (2)

where WLUntreated is the wear-loss weight of the untreated sample, and WLTreated is the wear-loss weight
of the treated sample.

The WLRP order of the laser biomimetic samples with different carbon content is: LR-A1 (31.01%)
< LR-A2 (31.72%) < LR-A3 (36.08%) < LR-A4 (48%) < LR-A5 (67.76%). This order is due to the different
hardness between the materials leading to differences in wear resistance. When the hardness of the
sample is higher, the wear resistance is better, and the wear loss is smaller.
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Figure 14. Mass loss of samples.

3.4.2. Analysis of Wear Morphology

Figure 15a–e shows the wear morphology of the untreated samples with different carbon content.
It can be seen that a large amount of spalling and deep furrows occurs during the wear process,
especially when the carbon content is low. Therefore, the main wear forms of the untreated sample are
adhesive wear and abrasive wear.

Figure 15. Wear morphology of the untreated samples: (a) A1, (b) A2, (c) A3, (d) A4, and (e) A5.

Figure 16a–e shows the wear morphology of the laser biomimetic samples with different carbon
content. Compared with the wear morphology of the untreated sample, it can be seen in the difference
between the unit and the matrix that the unit does not have large peeling or deep furrow phenomena,
indicating that the wear resistance of the unit is better than that of the matrix. By comparing the wear
morphology of LR-A1-LR-A5, it can be seen that the density and depth of the furrows on the units also
gradually reduced, indicating that with an increase of carbon content, the wear resistance of the laser
biomimetic samples also gradually improves. This process corresponds to the weight loss and the
hardness of the unit.
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Figure 16. Wear morphology of the bionic samples: (a) LR-A1, (b) LR-A2, (c) LR-A3, (d) LR-A4, and
(e) LR-A5.

4. Conclusions

In this paper, the effects of carbon content on the characteristics, microstructure, hardness, and
properties of the bionic unit were studied, and the response of the base material, with different
compositions, to laser bionic treatment was obtained. The conclusions are as follows:

1. The unit characteristics (depth and width) are affected by the laser parameters and the parent
material’s composition. When the laser processing parameters are constant, the unit characteristics
increase as the carbon content increases. The order of the unit characteristics is LR-A1 < LR-A2 <
LR-A3 < LR-A4 < LR-A5.

2. Under the same laser processing parameters, the microstructure of the remelting zone with
different carbon content is the same—composed of martensite. With an increase of carbon content,
the content of lath martensite decreases, and the content of plate martensite increases, which
increases the hardness of the biomimetic unit.

3. Compared with untreated samples, the tensile strength of the biomimetic sample with the same
volume fraction of the unit increases when the carbon content is 0.15–0.45%; when the carbon
content is higher than 0.45, the tensile strength is reduced. For laser biomimetic samples, as the
carbon content increases, the tensile strength of the biomimetic sample first increases and then
decreases, while the plasticity decreases. the degree of improvement in tensile strength is LR-A5
< LRA-4 < LR-A1 < LR-A3 < LR-A2; the degree of plasticity reduction is LR-A1 < LR-A2 < LR-A3
< LR-A4 < LR-A5.

4. Compared to the untreated samples, the wear resistance of the bionic specimens with the same
volume fraction of the unit shows better improvement. For the laser biomimetic samples, as the
carbon content increases, the wear resistance increases.

5. This study indicates the application feasibility of laser remelting strengthening for different
carbon steel parts in manufacturing industry.
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Abstract: The coupling bionic surface is generally prepared by laser melting on the surface of
a gray iron brake hub, which can allow the brake hub to achieve excellent wear resistance and
fatigue resistance. The designs of most previous experiments have been based on independent units
that were uniform in their distribution patterns. Although some progress has been made in the
optimization of cell features, there is still room for further improvement with respect to bionics and
experimental optimization methods. Here, experiments on units with non-uniform distributions
of different distances were used to rearrange and combine the bionic elements. This paper is that
the original uniform distribution laser melting strengthening model was designed as a non-uniform
distribution model, and the heat preservation and tempering strengthening effect of continuous
multiple melting strengthening on the microstructure of the melting zone is discussed. The mechanism
of crack initiation and the mode of crack propagation were analyzed. The relationship between the
internal stress in the melting zone and the crack initiation resistance was also discussed. In this paper,
the mechanism of different spacing distribution on the surface of gray cast iron by laser remelting is
put forward innovatively and verified by experiments, which provides a solid theoretical basis for
the follow-up industrial application.

Keywords: laser melting; biomimetic model; brake pads; surface wear

1. Introduction

Results have shown that the base metal on the brake drum surface of gray cast iron may be melted
rapidly by laser technology. This can change the structure of the brake drum base metal, refine the grain,
and greatly improve hardness, strength, and toughness [1–3]. By imitating the biological characteristics
of organisms that exist in nature that show excellent wear and fatigue resistance [4,5], a bionic functional
surface similar to the surface of such organisms can be fabricated by applying a laser to the inner wall of
a gray cast iron brake drum [6,7]. The structure of the base metal of the brake drum can be irradiated by
a laser [8,9], causing it to melt rapidly and then solidify again instantaneously [10]. The new structure
obtained has a strength and toughness far beyond that of the gray cast iron base metal [11,12]. The locus
of the melted structure is distributed on the inner surface of the brake drum with a certain shape [13,14].
Thus, the hard unit and the base metal are combined to form a soft/hard interphase bionic surface
composed of different structures and shapes. Previous test results showed that the hard element
embedded in the matrix has a “dike” and “nail pile” effect [15,16]. This hard element can effectively
prevent the growth of cracks in the brake drum, reduce the growth rate of surface cracks in the gray
cast iron, and improve the service life of the brake drum.

The experiments conducted in this study attempted to address human needs by learning and
applying the mechanisms and laws of the biological world that have been discovered by the application
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of the bionics principle [17,18]. The phenomenon of biological coupling is an inherent property of living
things that has increased the vitality of organisms throughout their evolutionary history. The researchers
in this study found that the ability of natural organisms to adapt to their environment did not simply
involve changes in a single factor; instead, this adaptability resulted from the synergy of two or more
different parts or the coupling of different factors. Some examples of this adaptability include the
self-cleaning function of the leaves of plants such as the lotus leaf and reed and the anti-sticking
property exhibited by the wings of insects such as the night moth [19,20]. These functionalities are
all realized by the coupling of various factors such as the non-smooth shape of a surface or the
micro/nanocomposite structure of low-energy materials. For example, the non-smooth hard scales on
the backs of lizards, rock lizards, and scorpions are coupled with multiple layers of flexible connective
tissue that lie just under the skin, which allows these species to have excellent resistance to erosion
in desert environments. The excellent wear resistance of conch and other seashells depends on the
coupling of non-smooth composite morphology, multilayer structures, and special materials [21,22].

Similarity science points out that the principles of certain biological structures and functions can
be used to construct technical systems and make the characteristics of these technical systems like
those of biological systems. The systems formed have functions that are like those of the original
system. The surface structures of organisms with excellent wear resistance and fatigue resistance
share many similar characteristics [23]. First, they all have alternating structures made up of hard
and soft elements. The distribution of hard elements can take various forms. The relatively high
degree of hardness of the hard elements comes from the difference in structure or material between
the hard and soft elements. The coupling of morphology, structure, and material gives such surfaces
excellent wear resistance and fatigue resistance. The properties of a surface comprising soft phases
and hard phases can be brought fully into play in biology [24]. The hard phase structure can play a
supporting role by, for example, preventing crack initiation and propagation; in addition, this structure
can improve the wear resistance of materials. According to the principle of biological coupling,
the bionic coupling wear-resistant and thermal fatigue-resistant model is a type of hard element with
certain shapes distributed on the soft base metal. This hard element derives different microstructural
or constituent materials from the soft base metal, and the two constitute a structure with soft and
hard intersections [25]. Coupling bionic wear-resistance and anti-fatigue properties has been proposed
as a way to theoretically solve the problem of part failure caused by fatigue and wear on the surface of
materials and engineering application problems such as surface adhesion and drag reduction.

Much research and achievements in applications of bionic coupling wear-resistance and fatigue
resistance have been made using laser treatment [26]. Laser technology also has a lot of applications
in the surface strengthening of alloy parts. Qiuyue Su et al. studied the influence of nano layer
depth etched by femtosecond and nanosecond laser on the precision of resistance modulation [27].
This method is applied to wear-resistant parts under various working conditions. The hard phases are
processed on their parent bodies by laser melting or cladding. These hard phases and the parent bodies
form different types of soft and hard interphase structures on the surface of the parts, replacing the
original surface and greatly improving their thermal fatigue resistance, wear-resistant performance,
and the service life of the parts. According to the principle of biological coupling, different functions can
be obtained by different coupling and factor combinations, and different functional requirements can
be obtained by changing the parameters of each coupling element to form corresponding models [28].
All these studies are based on the experimental optimization design of various bionic coupling models,
which are composed of coupling elements that include various shapes, structures, and materials.
After the effects of different coupling bionic treatments on the thermal fatigue resistance and wear
resistance of materials are determined, they can be applied to each wear-resistant component to
improve the service life of components [29].

The application of coupled biomimetic theory has achieved many breakthroughs in terms of wear
resistance and fatigue resistance. However, in the process of biomimetic model design, research has
primarily been based on a single type of spacing [30]. Although the performance achieved by the biomimetic
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model depends on the characteristic parameters of the coupling element, the spacing distribution of the
unit always maintains an average distribution [31]. In nature, the non-uniform distribution of various
bio-coupling elements on the surface of organisms can further improve the performance of organisms
by enhancing their ability to cope with more complex biological environments. In the process of
braking, the surface of the brake drum is constantly subjected to tension and compression stress in
the process of brake pad wear [32]. At the same time, because of the large amount of heat generated
in the process of friction, the interior of the brake drum is constantly subjected to the internal stress
transformations caused by the alternation of cold and hot temperatures. Therefore, the fatigue failure
and crack growth mode of the brake drum represent locally concentrated non-uniform sudden changes
in growth. This study designed a coupling bionic model of the surface of a non-uniform gray cast iron
brake drum to further enhance the reliability of the wear-resistance and anti-fatigue characteristics
of the bionic brake drum. In this paper, based on the above research, the uniform distribution of the
bionic surface was designed as a non-uniform distribution. The microstructure and internal stress
of laser melting changed from discontinuous processing to continuous processing of the local area.
Therefore, the wear resistance and fatigue resistance of the non-uniform distribution bionic surface
also change correspondingly. This paper hopes to further optimize the wear resistance and fatigue
resistance of the gray iron coupling bionic surface and provide a more practical model. The model that
we designed used a different combination of multiple units rather than a single unit to enhance the
wear-resistance and anti-fatigue properties [33].

2. Experimental

2.1. Experiment Materials

The cast iron used in the experiment was cut from the brake drum of a heavy truck provided by the
First Automotive Work shop Group in China. The cast iron brand of the brake drum production was HT250,
and the structure of cast iron material is shown in Figure 1. The graphite type contained a small amount
of type B flake graphite (see Figure 1a); the matrix structure was pearlite (more than 90%) + a small
amount of ferrite (see Figure 1b,c); and the main chemical composition is shown in Table 1.

 

Figure 1. Microstructure of cast iron material. (a) Graphite structure with cast iron. (b) Matrix structure
of matched cast iron. (c) Pearlite structure amplification with cast iron.

Table 1. Chemical compositions of nodular cast iron.

Element C Si Mn P S Cu Cr Fe

Content 3.41 1.61 0.96 0.02 0.01 0.315 0.180 Bal.

The wear pair selected for this test was a pair of brake pads commonly used in the brake drum of
heavy trucks—semi-metallic brake pads—as shown in Figure 2
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Figure 2. Semi-metallic brake pads.

2.2. Experimental Method

In this experiment, a brake hub manufactured by the FAW casting company was studied where
the brake hub was destroyed, and the sample was prepared. Striped biomimetic samples were used
in the experiments as previous research has shown that striped biomimetic samples have better
performance/price ratios. The coupling bionic specimen with a non-uniform distribution described in
this paper is shown in Figure 3. This was designed as a model with either a two, three, or four parallel
offset distribution of a biomimetic unit. Each model in this paper was defined as P2, P3, and P4, and the
average distribution of a single cell was defined as P1. To ensure the robustness of the tests, the total
number of units on the same sample and the distribution/area ratio between the unit and the parent
remained unchanged. Each unit–body combination was arranged in strips with a spacing of 2.4 mm,
3.6 mm, and 4.8 mm. After the design was complete, the laser melting method was used to complete
the processing. Thermal fatigue tests were conducted on different unit combinations, and the wear
tests were conducted under different thermal fatigue times. The thermal fatigue wear characteristics of
different coupled bionic models were studied. Finally, the corresponding model was adjusted based
on the wear and fatigue of the brake hub occurring during actual use, and the adjusted and optimized
model was retested to verify that the adjustment improved the model.

2.3. Sample Preparation

Using a DK77 electric spark cutting machine produced by Donghua CNC company in China,
the fragments of the grey cast iron brake hub were processed into 100 × 20 × 10 mm3 and
40 × 20 × 10 mm3 rectangular samples, and a 3 mm round hole was drilled on the upper part of
40 rectangular samples, as shown in Figure 3. The surfaces of the samples were polished with 80#,
360#, 600#, and 1000# sandpaper to remove machining traces.

The bionic sample processing was carried out by the system of controlling the laser source’s moving
track with a six degree of freedom manipulator (Figure 4). The main part of the system was the Nd:
YAG pulse laser generator (XL-500WF, Rofin, Munich, Germany). A pulse beam with a wavelength of
1064 nm and a maximum output power of 300 W was emitted through the YAG crystal. The laser energy
transmitted by the optical fiber was dispersed with a Gaussian distribution on the sample surface.
The entire experimental laser setup was comprised of a cooling system, a two-dimensional rotating table,
a six degree of freedom manipulator, and a servo control system. By adjusting the position coordinates
of the manipulator in the z-axis direction, precise control of the defocusing amount of the laser spot
can be realized, and the spot with the required size can meet the needs of the unit machining. The first
mock exam was carried out to adjust the output laser parameters through the laser control cabinet,
and ensure that the laser output energy was in accordance with the test requirements and that the size,
shape, and organizational structure of the bionic cells in each model laser processing were the same.
The laser parameters are shown in Table 2.
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Figure 3. Bionic specimens with different distance distributions.

Figure 4. Schematic diagram of laser processing process.
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Table 2. Laser parameters.

Sample
Electric Current

(A)
Pulse Duration

(ms)
Frequency

(Hz)
Defocus Amount

(mm)
Laser Energy Density

(J/mm2)

No.1 120 7 15 155 144.7

2.4. Thermal Fatigue Test

The equipment used in the thermal fatigue test was a self-made self-restrained thermal fatigue
test machine, as shown in Figure 5. The heating temperature was 700 ◦C, and the cooling medium was
running tap water. The heating time was 160 s, and the cooling time was 20 s. The melted sample
and the untreated sample were placed in the thermal fatigue test machine for the thermal fatigue test.
The samples were removed after the test, the number of cold and hot cycles was recorded, and finally
the length and number of cracks were measured.

 

Figure 5. Shape and test process of the thermal fatigue testing machine.

2.5. Wear Tests

Due to the obvious directionality of the friction between the brake drum and the brake pad,
in order to better simulate the friction conditions during the actual operation of the drum brake,
the matching wear test was carried out on the self-made linear reciprocating wear test machine, and the
structural diagram of the test machine is shown in Figure 6. The wear testing machine is composed of
a controller, a counter, a servo motor, a linkage driving mechanism, and a wear testing area. The rotation
of the servo motor drives the connecting rod to create reciprocating motion. The rotation speed of the
servo motor controls the relative motion speed between the friction pairs. The slideway is coated with
lubricating oil to ensure smooth reciprocating motion and maintain the level. The slider is equipped
with a metal bracket to adjust the load by adding different weights to the bracket. The size specifications
of the friction pairs used in this test were as follows: bionic sample was 120 × 30 × 10 mm3 rectangular,
the ground cast iron sample was 100 × 20 × 10 mm3 rectangular, and the edge was chamfered by
1 mm. The brake pad sample was placed under the wear test area and kept stationary, and the cast
iron sample was placed in the fixture on the sliding block. The bionic friction surface processed on
the sample was opposite to the brake pad. After loading, it makes contact with the brake pad and
follows the guide rod for reciprocating motion. In the experiment, by adjusting the weight on the
metal plate and adjusting the speed of the motor with the controller, the sliding friction process under
different loads and different friction speeds was created. All the experiments were sliding dry friction
experiments conducted at room temperature. The test load was 100 N, and the motor speed was
70 r/min. The stroke of the connecting rod was 0.07 m, and the wear time was set to 40 h for each
rotation of the motor. After the wear experiment, the matching cast iron samples were cleaned with
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an ultrasonic cleaning instrument, and the wear debris on the surface of the brake pad samples was
cleaned and removed. All samples were weighed by an electronic balance with an accuracy of 0.001 g.
Each experiment was repeated three times, and the average weight loss of the three experiments was
taken as the final experimental result.

Figure 6. Linear reciprocating sliding friction and wear tester.

2.6. Microstructure Observation and Wear Morphology Observation

A DK77 Electrical discharge machining was used to cut the laser-melted sample along its
cross-section. Processing traces and oil stains on the cross-section were polished with different
sandpaper grades. The samples were etched with a 4% nitric acid/alcohol solution to prepare
them for metallographic observation. The morphology of biomimetic cells was observed under an
optical microscope, and a cell without cracks and pores was selected for microstructure observation.
A JEOL JSM-5600lv (SEM, Zeiss, Evo18, Oberkochen, Germany) scanning electron microscope (SEM)
was used to observe the cross-section structure of the bionic unit bodies. In addition, after the unit body
sample and brake pad samples were worn, their surfaces were also observed under SEM and their
wear morphology was recorded. In this process, the samples did not require polishing and corrosion.

To characterize the wear performance, in addition to measuring the mass change before and
after wear, the wear morphology of different biomimetic unit models and different brake pads were
compared and analyzed using three-dimensional laser confocal microscopy (LEXT-OLS 3000 Olympus).

3. Results and Discussion

3.1. Structural Analysis of Non-Uniform Models of Bionic Unit of Grey Cast Iron

According to the discussion on the formation process of the unit [29,30] in the literature, the ambient
temperature around the unit formation is relatively low. After remelting, a grain boundary structure
with higher dislocation density is formed. This process of remelting and rapid cooling can be compared
to a self-quenching process. As the entire process is continuous, the processing of the unit will increase
the temperature of the surrounding material environment. For a unit that has been processed, it is
equivalent to the process of heat preservation and tempering after the self-quenching process. These two
processes occur one after another, which means that the unit created by laser melting and solidification
has increased dislocation density and hardness and enhanced ductility and toughness. However,
the distribution mode of the cell changes the interaction degree of the adjacent cell forming process.
Figure 7 depicts cross-sectional morphology photos of four different biomimetic cell combinations,
and Figure 8 shows thee SEM photos of the cell microstructure of different cell combinations.
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Figure 7. Photographs of cross section shapes of four different biomimetic unit combinations. The section
of the bionic unit body is composed of the melting zone, transition zone, and base metal.

 

Figure 8. Electron micrograph of microstructure in melting and transition zone of biomimetic unit.

It can be seen from Figure 7 that there were some differences in cell size among the four
different combinations. The maximum depth of P4 was 1.089 mm, and the minimum depth of P1
was 0.878 mm. The matrix structure of the base metal was pearlite with a small amount of ferrite.
During laser treatment, the heat is transferred from the surface to the interior of the base metal.
The lower the ambient temperature of the base metal, the more quickly the heat input from the laser is
transferred to the surrounding area, and the more heat is transferred out. The input heat can quickly
diffuse to the surrounding area, and the degree of heat accumulation in the molten pool becomes weak.
Subsequently, the superheated temperature of the liquid metal in the molten pool decreases, so that
the laser processing area on the sample surface reaches the melting point temperature of the gray
cast iron, and the melting area becomes smaller. The heat transfer in each direction of the heating area
of the four distribution modes is different. The heat transfer on the surface occurs through radiation
and natural convection. As more units are processed continuously, the unit melts more slowly until
it eventually solidifies. The distribution mode of the unit changes the surrounding environment of
the base metal, which has an impact on the shape, size, and other characteristics of the unit body.
The increase in the number of unit body combinations increases the depth of the unit body embedded
in the base metal, and the thickness of the unit body increases.
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The change in the unit distribution had no effect on the structure of the unit, which was composed
of deformed ledeburite and a small amount of residual austenite. The deformed ledeburite had the
structure of martensite distributed on the cementite substrate. Normally, the pearlite is distributed
on the cementite substrate, but the unit body was formed under the condition of rapid cooling.
At high temperatures, the carbon dissolve in the ferrite too late to precipitate, and the supersaturated
solid solution becomes martensite in ferrite. According to the X-ray (D/Max, 2500PC, Tokyo, Japan)
diffraction analysis and SEM photos of the units with different distribution modes shown in Figure 9,
it can be seen that the higher the ambient temperature of the base metal during the laser processing,
the lower the initial austenite volume, and the higher the amount of eutectic carbide in the unit body;
meanwhile, the dendrite spacing of the carbide becomes denser and finer. As shown in Figure 7,
the dendrite spacing of P4 was relatively large, while that of P1 was the densest and finest.

Figure 9. X-ray diffraction analysis of elements with different distribution.

The transverse and longitudinal microhardness distribution of the unit is shown in Figure 10b.
The points are taken from the surface to the depth along the horizontal line at 25 um under the
matrix and symmetrical center line of the unit, respectively. The measurement results are shown
in Figure 10a,c. The microhardness of the surface of the two kinds of units was greater than that
of the matrix. Due to the uniform structure on the same horizontal line, the hardness of a single
unit showed little change, but there was an obvious hardness difference between the units arranged
in different ways. The microhardness range of P1 was 765–820 HV, P2 was 675–725 HV, P3 was
590–640 HV, and P4 was 570–620 HV. The main reason for this hardness difference was the uneven
heat transfer in the different arrangements, which resulted in different cooling rates across the entire
molten pool. The top of the molten pool can radiate heat, and its cooling speed is faster. More
carbide, martensite, and a small amount of austenite were formed during cooling. The temperature
at the bottom of the molten pool was close to the melting point, and there was a large temperature
gradient between the molten pool and the substrate. The cooling speed was slow. The austenite
dendrite formed first, and then the austenite dendrite transformed into martensite. Therefore, in the
depth direction, there were some differences in the microhardness of the unit, and the microhardness
decreased gradually along the depth direction.
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Figure 10. Distribution of microhardness in transverse and longitudinal direction of unit. (a) Hardness of
unit in transverse direction (b) Hardness distribution of unit (c) Depth hardness distribution of unit.

3.2. Thermal Fatigue Resistance Analysis of Non-Uniform Model of Biomimetic Unit

Under the action of cyclic thermal stress and thermal strain, the surface defects tend to produce
stress concentration, thus becoming the location of crack nucleation. Due to the large amount of flake
graphite in gray cast iron, each flake graphite can approximately form a micro notch in the matrix.
In the process of the thermal cycle, because of thermal expansion and contraction, the internal stress
is concentrated at the tip of the graphite, leading to crack initiation. As shown in Figure 11, after 20
thermal cycles, microcracks initiated at the tip of the two graphite samples and propagated along
the interface, with poor bonding properties and grain boundaries. The contact area between the crack
and the air was large, allowing for easy oxidation. The formation of loose oxide further promoted
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the crack growth. Energy Dispersive Spectrometer analysis showed that the oxide from the iron
distributed into the cracks. The results showed that the stress concentration effect and oxidation
corrosion promoted crack initiation and propagation.

 

Figure 11. Crack initiation source of gray cast iron and EDS analysis of the elemental composition.

The biomimetic unit embedded in the base metal acted as a crack-arresting unit that blocked
crack growth. The local structural transformation of the base metal and the change in the temperature
difference between the laser irradiation zone and the base metal generate certain types of stress
that are conducive to improving surface wear resistance and fatigue resistance. At the same time,
the existence of residual stress can reduce the sensitivity of the crack tip to stress as well as offset part
of the driving force of the crack. The residual stress values of different models were different when
they were processed; consequently, different models were used to measure residual stress. As the
penetration depth of x-ray to the metal was about 20 μm, the stress value measured by the test should
be the plane stress value of 20 μm deep on the surface of the unit. During the measurement, three points
were selected along the laser scanning direction along the laser scanning direction in the middle of the
melting unit, which were marked as A1, A2 and A3, and three points were selected as B1, B2, and B3 in
the phase transition region of the unit. The D ϕ-sin2 ϕ curve of each measuring point is shown in
Figure 12. Residual stress and its average values were calculated by the stress measuring instrument’s
own software according to the slope of the regression line of D ϕ to sin2 ϕ. Residual tensile stress in
the melting area of the biomimetic coupling unit in the laser scanning direction was approximately
202.8 MPa, and the residual compressive stress in the phase transformation area of the biomimetic
coupling unit in the laser scanning direction was approximately 103.4 MPa. The molten metal in
the molten pool shrank because of solidification through movement of the light beam. The melting
layer and its surrounding transformation zone were combined metallurgically, which resulted in the
contraction of the melting zone and the surrounding transformation zone, increasing the formation
of residual tensile stress in the melting zone. Figure 13 shows the surface stress values of the unit in
the four different distance distribution models. Surface stress values of the unit were lower as the
number of biomimetic units in the model increased, which reflects the function of heat preservation
and tempering in the processing of the unit.
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Figure 12. The D ϕ—sin2 ϕ curve of each measuring point.

Figure 13. Surface stress values of elements in four models of different distance distribution.

When the microcrack growth is no longer dependent on the surface conditions of the material,
the crack initiation phase ends, and the crack growth resistance depends on the overall properties
of the material. We found that during the thermal cycle, due to the interaction between the surface
layer and the thermal medium, the oxygen in the air reacts with the matrix to oxidize the surface layer.
Additionally, a large amount of pearlite decomposes into ferrite and graphite, which reduces the
hardness and strength of the material. As shown in Figure 14, due to the decomposition of cementite,
the pearlite content was reduced, allowing the crack to expand into the matrix more easily. In the gray
cast iron, the presence of graphite in the matrix was an excellent bridge for crack growth. Figure 15
shows the crack growth morphology in the macro state under the micro state. It can be seen from
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the figure that rapid crack growth was achieved by bridging the graphite in the matrix. Therefore,
different types of graphite lead to different growth levels of macro thermal fatigue cracking.

 

Figure 14. Microstructure of the cross sections of specimen after thermal 600 cycles. (a) the substrate;
(b) the bionic unit.

 

Figure 15. Micromorphology of macro thermal fatigue crack propagation.

Figure 16 shows the statistical curve of the thermal fatigue crack length and cycles of bionic units
arranged in different ways from 0 to 600 times. It can be found that the fatigue resistance of the bionic
model was better with the increase in the amount of bionic cell arrangement, which occurs because
the bionic cell embedded in the substrate surface hinders the crack growth. With the increase in the
number of thermal cycles and the continuous decarburization of the unit, the carbide and martensite
phases in the unit were greatly reduced, the hardness of the unit was reduced, and the blocking effect
was reduced. Therefore, in terms of the number of cracks, when the number of cycles reached 600,
the number of cracks in P4 was 80, while that of P1 was 96. However, when P4 was 600 times,
the maximum crack length was 2.8 mm, while that of P1 was 6.9 mm. This is due to the accumulation
of energy at the crack tip because of the continuous thermal cycling, which allows the crack to break
through the potential barrier of the unit. When breaking through the cell barrier, the crack deflects
along the cell edge, which means that the crack propagation is interrupted. Therefore, with the increase
in the number of elements in the arrangement mode, the maximum length of the crack was effectively
shortened in the thermal cycle test of the sample, and the surface crack mode changed from a large,
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long crack to a fine, small crack (although the difference in the number of cracks was not particularly
significant).

(a) 

(b) 

Figure 16. Statistical curves of the length and number of thermal fatigue cracks of biomimetic units
arranged in different ways from 0 to 600 times. (a) The quantity of cracks, (b)The length of cracks.

3.3. Thermal Fatigue Resistance Analysis of Non-Uniform Models of Biomimetic Units

Figure 14 depicts the bionic unit structure after 600 fatigue tests. From Figure 14b, many dispersed
point graphite points can be seen. This shows that in the process of thermal fatigue, the cyclic thermal
process causes the martensite phase to decompose and the carbon element to precipitate. In the
biomimetic unit, tiny point like and strip like cementite could also be seen, and were distributed in
the basic phase composed of ferrite. Figure 17 shows the weight loss results of the bionic samples
with different distribution combinations and the semi-metallic brake pads after 150, 300, 450, and 600
thermal cycles. It can be seen from the results that with the increase in fatigue time, the wear amount
of the bionic samples also increased. Compared with the blank sample, the wear loss of the bionic
sample was much less important. Thus, in the early stages of fatigue, the bionic unit in the bionic
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sample effectively resists wear. With the increase in the fatigue time, the structure of the unit and the
matrix change to varying degrees. The number of non-equilibrium phases with higher hardness in the
unit decreases, which makes the hardness of the unit decrease.

Figure 17. Weight loss results of thee bionic samples in the wear test with semi-metallic brake pads
after thermal cycling.

There are different numbers of microcracks on the surface of the fatigue specimen. During the
wear process, the edge of these microcracks is easier to peel off, which increases the wear amount of
the specimen. Therefore, the number of microcracks in the sample surface has a great influence on
the wear resistance of the sample. According to the results of wear loss, the samples with different
unit distributions have different wear surfaces. P1 had the largest wear loss weight, and it also had
the largest wear loss compared to the worn brake pads. This is because during the process of wear,
with the increase in fatigue times, the unit is gradually impacted by the parent crack, which causes it
to crack, and a large number of microcracks are produced on the surface. Moreover, with the increase
in wear on the surrounding parent metal, the unit embedded in the parent metal will gradually be
exposed to the friction surface. In this case, the microcracks on the surface of the unit will cause the
unit to wear off and increase the amount of wear. The wear of P4 was most similar to that of P1. This is
because the principle of the same unit area was adopted in the design of the bionic surface, so the
surface of the base metal with a relatively large area on the P4 surface was exposed. In the process of
wear, the area loses the protection of the unit body, so it also experiences relatively significant wear loss.
P3 had the lowest amount of wear of all of the samples due to many factors. When the unit had the P3
distribution combination, the heat preservation and tempering process of the unit produced during the
processing process increased the toughness of the unit. At the same time, the combined distribution of
the units can protect each other during the wear process, which effectively blocks the development
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of cracks, reduces the micro cracks on the surface of the unit, and prevents excessive wear of the brake
pads on the unit.

Figure 18 shows the surface wear morphology of different unit combinations after 600 thermal
fatigue cycles. With the increase in fatigue times, different degrees of wear appeared on the surface of
the unit, caused by the micro cracks peeling off the surface of the unit. With the increase in the number
of units in each combination of units, the degree of wear was lighter, because the combined units
protect each other, resulting in the relatively uniform wear that occurred between the units. Due to the
wear and loss of support and protection of the matrix structure around P1, the brake pads caused more
damage to P1 during the wear process, and the surface peeling was more serious.

Figure 18. Surface wear morphology of different unit combinations after 600 thermal fatigue cycles.

4. Conclusions

In order to improve the wear resistance and thermal fatigue resistance of gray cast iron surface. As a
result of previous studies, this paper makes some innovations and improvements. In order to improve
the performance of the whole surface, the original average distribution hardening model was designed
as a non-uniform distribution hardening model. The results showed that the structure, hardness,
and grain size of the melting zone can be strengthened by the model of non-uniform strengthening,
and the wear resistance and fatigue resistance of the whole gray cast iron surface can be improved.
The specific innovative conclusions of this paper are as follows:

1. In the process of continuous laser remelting strengthening on the surface of gray cast iron,
the adjacent melting zones will affect each other, resulting in heat preservation and a
tempering effect, so that the area of the melting zone increases, but the grain size also
increases accordingly. The hardness decreased from 765–820 HV (Hardness of Vickers) to
570–620 HV.

2. The mechanism of crack initiation in the early stage of thermal fatigue of gray iron was analyzed
by EDS, and the phase transformation law of the microstructure in the melting zone was
determined at the later stage of thermal fatigue.

3. The maximum residual tensile stress was 204 mpa in the melting zone and 103.4 mpa in the phase
transformation zone
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4. The thermal fatigue test showed that the greater the number of distribution strips in the
melting zone, the longer the crack initiation time near the remelting zone, and the slower the
propagation speed.

5. According to the wear test results of different blocks, it can be determined that the P3 model was
the best, and the wear resistance of P1 was increased by 21.3%. The wear resistance test results
were P3 > P2 > P4 > P1.
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Abstract: The paper is devoted to researching various post-processing methods that affect surface
quality, physical properties, and mechanical properties of laser additively manufactured steel parts.
The samples made of two types of anticorrosion steels—20kH13 (DIN 1.4021, X20Cr13, AISI 420)
and 12kH18N9T (DIN 1.4541, X10CrNiTi18-10, AISI 321) steels—of martensitic and austenitic class
were subjected to cavitation abrasive finishing and vibration tumbling. The roughness parameter Ra

was reduced by 4.2 times for the 20kH13 (X20Cr13) sample by cavitation-abrasive finishing when
the roughness parameter Ra for 12kH18N9T (X10CrNiTi18-10) sample was reduced by 2.8 times
by vibratory tumbling. The factors of cavitation-abrasive finishing were quantitatively evaluated
and mathematically supported. The samples after low tempering at 240 ◦C in air, at 680 ◦C in oil,
and annealing at 760 ◦C in air were compared with cast samples after quenching at 1030 ◦C and
tempering at 240 ◦C in air, 680 ◦C in oil. It was shown that the strength characteristics increased
by ~15% for 20kH13 (X20Cr13) steel and ~20% for 12kH18N9T (X10CrNiTi18-10) steel than for
traditionally heat-treated cast samples. The wear resistance of 20kH13 (X20Cr13) steel during abrasive
wear correlated with measured hardness and decreased with an increase in tempering temperatures.

Keywords: anticorrosion steel; hardness; laser powder bed fusion; microroughness; tensile test;
wear resistance

1. Introduction

Analysis of modern aircraft designs shows that about 50%–60% of the parts that form the outer
contour of the product and parts of the inner set can be manufactured in monolithic structures by
various methods of additive manufacturing [1–5]. The labor intensity of manufacturing parts from
metal powders under conditions of mass production will not exceed 35%–60% of the total labor
intensity of their production from deformable materials in the form of prefabricated structures, which
creates a significant economic effect [6].

Such laser powder bed fusion factors like laser power, beam spot size, laser beam profile, scanning
speed, strategy and hatch distance, powder particle shape, and morphology characteristics (bulk density
of the powder in a layer that also depends on the way of leveling), in combination, affect not only
surface quality, but also the main physical, mechanical, and exploitation properties [7–11]. Regardless
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of all the research attempts optimizing the factors, the surface quality of the produced parts and
physical, mechanical, and exploitation properties stayed under the required level for the real industrial
applications and were reported multiple times [12–16].

The main problem of surface quality is the natural waviness of the produced surface and unmelted
granules trapped in the molten pool [17–21] that are especially important for inner cavities of complex
geometrical products since it can reduce the functionality of the surfaces—their wear resistance in
friction pairs that strongly depend on submicron roughness [22–25]. The impossibility of polishing inner
and complex-profile areas by most known and widespread post-processing methods hampers additive
manufacturing’s widespread and consequent transfer to the sixth technological paradigm [26–29] that
determines the relevance of developing scientific and technological principles of finishing of the parts
obtained with the laser powder bed fusion method.

One of the most popular is mechanical polishing, which strongly depends on the size of the used
abrasive, retains quite typical traces of abrasive wear, and provides one of the best polishing effects,
but makes it impossible for the application to the inner cavities of the complex shaped parts of real
production [30–32]. Creation of the specified polishing tools to achieve inner cavities handsomely
hampered by the typical irregular topology of obtained surfaces, has difficulties in control of even
geometry, and remains a labor-intensive task [14–16,33]. The method of laser-plasma polishing occurs
in a metal vapor that prevents oxidation, has the local impact of the laser beam of a relatively small
laser spot [34–36], has a severe problem similar to the mechanical polishing methods related to the
linear nature of coherent light propagation that is blocked for inner cavities by the geometry of the
complex part. The same problem can be detected during high-current pulsed electron beams polishing,
allowing almost the eliminating of porosity and reducing the roughness parameter Ra from tens to
several micrometers [37–39]. Besides, it does not reduce the roughness parameter Ra of less than 1 μm
when actual mechanical polishing allows the roughness parameter Ra reduction up to approximately
0.04 μm that corresponds to the highest class of surface cleanliness [40,41].

Electrochemical etching is of the disadvantages of beam methods, allowing the finishing of
complex parts up to the roughness parameter Ra of ~0.04 μm. However, using a specified electrolyte
for each material has a potential threat to the environment and hampers its widespread use for
additive manufactured parts, which remains one of the most meaningful methods for a large field of
applications [42,43].

One of the most promising post-processing methods for the surface treatment of complex-shaped
parts remains underestimated—processing in a gas discharge plasma [44–46]. It is free of the inability
to process inner cavities and channels of the part with the most sophisticated geometry. Explosive
ablation of surface protrusions, polishing with a concentrated beam of fast neutral argon atoms at a
large angle of incidence, surface coating deposition upon sputtering with argon ions of solid magnetron
targets, and/or evaporation of a liquid metal magnetron target heated by ions allows reduction of the
roughness parameter Ra to 0.1–0.2 μm with a decrease in pulse width to 1.5 ns. It cannot be considered
an example of protrusion removal on the part of the surface immersed in a plasma due to explosive
ablation when high-voltage pulses are applied. However, there are still a few works searching for the
method’s full potential for additive manufacturing.

Ultrasonic and vibratory finishing is known as mechanical surface treatment methods based
on the complex mechanical nature of the action and is considered as a traditional alternative for
post-processing methods requiring the setup of a sophisticated unit [47–52], that can be a strong
preference in the conditions of aircraft part production. Another advantage is processing more
large-scale functional parts with an overall size of more than 100 mm. An important feature of
ultrasonic liquid finishing is that the working bodies are cavitation cavities that arise in a liquid under
the action of ultrasonic vibrations, which makes it possible to process surfaces of any complexity.
At present, there are no actual results of the experiments on the successful use of ultrasonic treatment to
reduce the roughness of laser additively manufactured parts, developed recommendations, and strong
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mathematical support, especially for the parts made of structural anti-corrosion steels of austenitic and
martensitic class that stay traditionally under the demand of the real production.

The same problem is related to the research of heat treatment effect on the physical and mechanical
properties of the laser additively manufactured parts produced from anti-corrosion steel and their
effect on the samples’ wear resistance since most of the work is devoted to the quite well-known
cast parts [53,54]. However, laser additively manufactured steel parts have other problems. Since
they were already heat-treated and remelted multiple times with a laser beam, they should not be
additionally quenched to improve their hardness, but they remain with the strong anisotropy of the
properties that can be reduced with a developed complex of the post-treatment based on traditional
approaches (low tempering at 240 ◦C in air, at 680 ◦C in oil, annealing at 760 ◦C in air) that needs an
experimental approval.

In this regard, the work investigated the prospects for using ultrasound post-processing methods
to improve the surface quality parameters, topology and the effect of various heat-treatment methods on
the physical and mechanical properties of produced samples compared to the cast parts’ wear resistance.

The scientific novelty of the work is in researching post-processing methods, including heat
treatment (tempering and annealing) and polishing methods based on mechanical nature (ultrasonic
cavitation finishing and vibratory tumbling) and their modes, including mathematical support,
for additively manufactured parts from corrosion-resistance steels for the aircraft industry and their
influence on mechanical properties and surface roughness of the complex-shaped parts.

The purpose of the work is to determine the effect of post-processing modes on the hardness,
resistance to abrasive wear, surface roughness parameters (arithmetic mean deviation (Ra), ten-point
height (Rz), and maximum peak-to-valley height (Rtm)) of additively manufactured parts produced
by the laser powder bed fusion method to ensure the required properties of aircraft parts made of
corrosion-resistant steels of austenitic and martensitic classes.

The results obtained for 20kH13 (DIN 1.4021, X20Cr13, AISI 420) steel are required for a quarter-turn
lock mechanism of the aircraft that includes a pin, washer, and sleeve. Since the parts of the lock
mechanism are with a diameter of 11 mm, a height of 7 mm, and are complex shaped, the traditional
production route is rather laborious and complicated when the application of the laser powder bed
fusion method for its production simplifies the operational way without loss of the part exploitation
properties. The material of the washer should be wear-resistant since there are friction surfaces between
the two parts. The material should differ in strength from the pin material by 20%, which should
provide no sticking effect between the parts; the strength of the lock pin is not less than 1300 MPa.
The required hardness is not less than 42 HRC, the density is not less than 7.7 g·cm−3, and roughness
parameter Ra is less than 3.2 μm.

Another airplane part made of 12kH18N9T (DIN 1.4541, X10CrNiTi18-10, AISI 321) that requires
experimental data is an air intake grille module steel, which is an responsible element for protecting
the air intake duct from the objects entering it and is an obstacle to the air intake to the engine with
overall dimensions of 180 mm × 100 mm × 30 mm with the minimal thickness of the inclined wall
of 0.3 mm. The part should be produced following quality requirements: tensile strength is not less
than for a standard semi-finished product with a density of less than 7.9 g·cm−3, roughness parameter
Ra of less than 6.3 μm. The traditionally produced grille modules are characterized by significant
labor intensity. Their manufacturing path includes many operational steps—cutting, bending, manual
assembly of almost seventy parts, welding, soldering, etc. Its direct laser manufacturing from the
powder takes the production to a new level [55–58].

2. Materials and Methods

2.1. Materials

A wide range of aircraft parts are manufactured from corrosion-resistant steels of the martensitic and
austenitic classes that provide the required exploitation properties. The researching of post-processing
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methods and modes were conducted with samples made of corrosion-resistant steel of the martensitic
class, grade 20kH13 (analog DIN 1.4021, X20Cr13 according to EN 10088-4), and corrosion-resistant
chromium-nickel steel of the austenitic class, grade 12kH18N9T (analog DIN 1.4541, X10CrNiTi18-10
according to EN 10088-1) under the request of the aviation industry enterprise. The chemical
composition is presented in Table 1. PR 20kH13 powder with a fraction of 40 μm and PR 12kH18N9T
powder with 20 to 63 μm (JSC POLEMA, Tula, Russia) were manufactured by dispersing molten metal
with a jet of compressed gas [59,60].

Table 1. Chemical composition of the steel powder grades PR 20kH13 and PR 12kH18N9T [%].

Material C S P Mn Cr W V Si Ni Mo Cu

PR 20kH13 0.16–0.25 ≤0.025 ≤0.03 ≤0.6 12–14 - - ≤0.6 ≤0.6 - -
PR 12kH18N9T ≤0.12 ≤0.02 ≤0.035 ≤2.0 17–19 ≤0.2 ≤0.2 ≤0.8 8–9.5 ≤0.5 ≤0.4

2.2. Equipment

Laser powder bed fusion was carried out on an EOS M280 industrial unit (EOS GmbH, Krailling,
Germany) and an ALAM experimental laser powder bed fusion setup (MSTU Stankin, Moscow,
Russia) [61,62] equipped with the laser source of continuous radiation LK-200 (IPG LASER GMBH,
Fryazino, Russia), equipped with two attenuators, B-Cube and C-Varm (Coherent, Santa Clara, CA,
USA), and a Focal-piShaper (πShaper, Berlin, Germany). The experimental unit had the following
technical parameters: a wavelength of 1070 nm, a beam divergence of 0.2◦, maximum power Pl.max of
200 W (Figure 1).

Figure 1. Experimental setup, where CCD is a charge-coupled device, IR is infrared.

The powders were sifted using an analytical sieving machine AS200 basic (Retsch, Dusseldorf,
Germany) with test sieves of 40 μm by ISO 3310-1 and dried by a vacuum oven VO400 (Memmert
GmbH + Co. KG, Schwabach, Germany) before processing. The powder drying removed the excess
air and contributed to a better powder density in the layers.
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A parametric analysis of experimental work was carried out on the ALAM and EOS M 280 setup
to select the optimal modes’ manufacturing samples.

The chosen laser powder bed fusion factors at the EOS M280 and ALAM setups for growing
solids of 20 mm × 20 mm × 20 mm samples for five pieces for each of experimental set are presented
in Table 2. For tensile tests, 15 flat specimens were used in accordance with GOST 11,701 (Figure 2).
The specimens were grown in the direction of the Z axis, the angle of inclination of the longitudinal
axis of the specimen to the printing plane was 0◦.

Table 2. Laser powder bed fusion factors for growing solids. 10 ± 0.1.

Material
Layer Thickness

(μm)
Laser Radiation Power

Pl (W)
Scanning Speed vs.

(mm·s−1)

PR 20kH13 (AISI 420) 20 80 390
PR 12kH18N9T (AISI 321) 20 100 100

 

 

(a) (b) 

 

 

(c) (d) 

Figure 2. Specimens for tests: (a) schemes of specimens for hardness tests; (b) schemes of specimens
for tensile tests; (c) general view of tensile test specimens; (d) destroyed specimens.

The quenching and tempering of the samples were produced in a chamber furnace CWF 12/23 with
maximal temperature of 1200 ◦C and capacity of 23 L manufactured by Carbolite Gero (Hope Valley, UK).
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The comparison of the hardness and wear resistance test results were done on the casted samples in
the state of delivery according to TU 14-1-377-72 produced by LLC “Chelyabinsk Forging—Mechanical
Plant” (Chelyabinsk, Russia).

2.3. Surface Morphology

The reduction of the roughness of the finished products was carried out by two methods of
ultrasonic processing—cavitation-abrasive finishing and vibratory tumbling in water. It should be
noted that dry vibratory tumbling is forbidden in many countries by sanitary norms and rules of
production due to destructive action of the ceramic dust on human health (silicosis) [63].

Effects of a mechanical nature exert the most significant influence on the processing in liquid
during ultrasonic cavitation abrasive finishing: cavitation, variable sound pressure, radiation pressure,
acoustic streams of various scales, sound capillary effect. The introduction of ultrasonic vibrations into
a liquid is an effective way of complex-shaped part processing with the internal cavities [44–46,64–66].
The method’s effectiveness is due to many specific effects arising in a liquid technological medium
under the influence of vibrations [67]. An acoustic pressure arises when ultrasound passes through a
liquid as follows:

Pa = PA sin 2π f t, (1)

where PA is a maximal amplitude of acoustic pressure (Pa); f is oscillation frequency (Hz); t refers to
the propagating (collapse) time (s) [68,69]:

t = 0.915Rmax

( ρ
Pm

) 1
2
(
1 +

Pvg

Pm

)
, (2)

where Rmax is the radius of the cavity at the start of the collapse (m); ρ is the medium density (kg·m3);
Pm is the medium pressure at the time of collapse (Pa); or [70]

t = 0.915Rmax

(
ρ

Ph

) 1
2

, (3)

where Ph is the hydrostatic pressure surrounding the cavity (Pa). The maximum pressure developed in
bubble Pmax:

Pmax = Pvg

(
Pm(γ− 1)

Pvg

) γ
(γ−1)

, (4)

where Pvg is pressure inside the cavity (of vapor-gas mixture) at maximum radius Rmax (in the bubble
at its maximum size, pressure at the initial stage) (Pa); γ is the polytropic index (exponent) for the gas
mixture that is equal to the adiabatic exponent for the adiabatic process following Poisson’s equation:

P·Vκ = const (5)

where V is the volume (m3), and κ:

κ =
Cp

Cv
(6)

where Cp and Cv are heat capacity of gas at constant pressure and at constant volume, correspondingly. If:

γ =
C−Cp

C−Cv
(7)

and C is heat capacity of gas in the given process, then, for adiabatic process:

γ = κ (8)
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The polytropic exponent γ determines the gas state in the cavity and is in the range of 1–1.33.
The amplitude can be presented by acoustic force FA and system stiffness ka:

Am =
FA
ka

(9)

At the same time, the stiffness of the system is determined by its mass:

Ka = 4π2 ma

T2 , (10)

where T is a period of natural oscillations [s]; or by cross-sectional area perpendicular to the line of the
force application, Young’s modulus and length of an element:

Ka =
SA·E

L
. (11)

Because of the periodic action of tensile and compressive forces in the liquid, cavitation occurs.
It consists of discontinuities in the continuity of the liquid with the subsequent collapse of these cavities.
A feature of cavitation in the processing of solids is transforming a relatively low energy density of
the sound field into a high density of local impulse action when cavitation bubbles collapse. Thus,
if we consider the process of bubble collapse to be adiabatic, then the pressure inside is determined
by expression:

Pm = Pvg

(
Rmax

Rmin

)3γ

(12)

or

Pm = Pvg

(
Rmax

Rmin

)3–4

(13)

where Rmax is a maximum bubble radius at the initial stage of collapse (m); Rmin is a minimum
bubble radius at the end of the collapse (mm). The maximum pressure is determined by the ratio
Rmax
Rmin

. The results of classical studies [71–73] show that during the stretching period of the liquid Rmax

exceeds the radius of the cavitation nucleus by 100–300 times, and the pressures Pmax can reach up to
107–1011 (Pa) at the stage of the collapse of the cavitation bubble, which causes plastic deformation of
the solid surface and local destruction of the surface (erosion) when specific pressures are exceeded.

The second effect that determines the efficiency of ultrasonic liquid treatment is acoustic flows,
the role of which is in the transfer and distribution of cavitation bubbles over the sound volume, which
is especially important for the treatment of complex-profile surfaces. The nature of acoustic flows
primarily depends on the mode of ultrasonic treatment, determined by the amplitude of oscillations
of the end of the radiator Sm. Thus, large-scale acoustic flows are virtually absent at low-amplitude
processing mode (Sm < 10–12 μm for water), and random sections of the sound volume are involved in
cavitation. The transition to a high-amplitude mode (Sm > 10–12 μm) is abrupt and is explained by
the strong absorption of acoustic energy during the development of the cavitation region at the end
surface of the radiator [74], as a result of which directional hydrodynamic flows are formed, which
carry out an active transfer of bubbles from the radiation surface to the treated surface. Formed flows
lead to the formation of a stable cavitation area. The height of this area characterizes the depth of
penetration of the cavitating liquid flow into the treated volume and depends on the amplitude of
vibrations and the absorbing capacity of the process medium:

a =
2π2 f 2

ρc3

(
4
3
η+

(γ− 1)θ
γCv

)
, (14)
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where ρ is medium density (kg·cm−3); c is the speed of sound in a medium (m·s−1); η is the viscosity of
a fluid (Pa·s); θ is a coefficient of thermal conductivity of a material (W·(m·K)−1); Cv is the molar heat
capacity at constant volume (J·(K·mol)−1).

One of the methods for intensifying the solids’ ultrasonic treatment is adding the abrasive powder
to the working fluid—cavitation-abrasive finishing. The addition of insoluble abrasive particles to the
sonicated liquid leads to a significant change in the processing. The presence of inhomogeneities in the
technological liquid medium leads to a decrease in the liquid’s cavitation strength and an increase
in the number of cavitation centers, which increases the volume of the effective cavitation region.
The mechanism of the effect of cavitation-abrasive finishing on the surface of the product is based
as well on the micro-cutting action of abrasive particles, which acquire acceleration due to impulse
transmission from shock waves’ large-scale acoustic currents.

The ultrasonic cavitation-abrasive finishing was carried out on a half-wave magnetostrictive
oscillatory system powered by a UZG 2.0/22 generator (JSK “Ultra-resonance”, Yekaterinburg, Russia)
(Figure 3a). An ultrasonic emitter of a rod three-half-wave magnetostrictive oscillatory system was
immersed in water at a distance of 20 mm from the end face to the workpiece. The processing was
carried out with the following parameters: the vibration frequency f = 21,000 Hz, the vibration
amplitude of the end face of the emitter Sm = 20 μm, and the processing time t = 120 s. During
processing, the ultrasonic generator was operated in the automatic frequency control mode to maintain
resonance conditions.

 
(a) (b) 

Figure 3. Schemes of ultrasonic treatment: (a) cavitation-abrasive finishing, where (1) is a transducer,
(2) is medium, (3) is a cavitation bubble, (4) is a part to be processed, Va is a feed of abrasive, Sa is a
direction of induced oscillations; (b) vibration tumbling, where (1) is a tank with the parts, (2) is a
transducer, (3) is an abrasive particle, Va is an abrasive movement speed, Vp is a part movement speed,
Fa is an induced acoustic force, Fa’ is a medium force response.

The sample was placed in a radiator, on the bottom of which a layer of Elbor-R abrasive cubic
boron nitride (β-BN) powder (JSC SPC “Abrasives and Grinding”, Saint-Petersburg, Russia) of 2 mm
thick was poured. An axial channel was made in the radiator to ensure the supply of abrasive powder
(Elbor-R) to the cavitation zone. The optimal processing parameters were determined based on
preliminary studies.

The vibratory tumbling was carried out while moving products and abrasive grains relative to
each other in a vibrating container of an 80 L ZHM-80A vibratory tumbler finishing machine planetary
drum type (Shengxiang, Zhejiang, China); a filler SCT VFC 10 mm × 10 mm ceramics prism gray
(tumbling body) (CFT, Moscow, Russia) made of ceramics with 30% of silicon abrasive with a smooth
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surface (Figure 3b). The processing was carried out in the following modes: a vibration frequency
of 50 Hz, a filler weight of 50 kg, an operating time of 20.5 h, and an engine speed of 1440 rpm.
The harmonic vibration amplitude was 6–7 mm.

2.4. Characterization

The dispersed (granulo- and morphometric) composition of the powders was determined on
an optical particle shape analyzer 500NANO (Occhio, Liege, Belgium) using static image analysis
according to ISO 13322-1: 2014. A scanning electron microscope VEGA 3 LMH 1,000,000× (Tescan,
Brno, Czech Republic) determined particle morphology, real-time chemical analysis, and topology of
the samples (with a surface inclination up to 30◦).

An Empyrean diffractometer Series 2 (PANalytical, Almelo, The Netherlands) ranging from 25◦ to
70◦ carried out XRD measurements using monochromatic CuKα radiation (λ = 1.5405981 Å) working
at 60 kV and 30 mA in a step-scanning mode from 25◦ to 70◦ with a step size of 0.05◦ and a scan speed
of 0.06◦/min. The phase composition was analyzed using the PANalytical High Score Plus software
and ICCD PDF-2 database. To conduct a quantitative phase analysis, the spectrum fitting method
(Rietveld method) was used.

The microstructure and microrelief of the steel surface were studied using an Axio Observer
D1m optical microscope (Carl Zeiss Microscopy GmbH, Kelsterbach, Germany) and a Phenom ProX
scanning electron microscope following GOST 5639-82, GOST 1583-93 developed by the Euro-Asian
Council for Standardization, Metrology, and Certification (EASC).

The measurements of the geometric parameters of the samples were carried out on a ScopeCheck
MB multi-sensor coordinate measuring machine for high-precision measurements of large workpieces
(Werth Messtechnik GmbH, Giessen, Germany).

The density of the samples ρwas determined by hydrostatic weighing in distilled water using
Archimedes’ principle and compared with the theoretical values by an XP504 laboratory balance
(Mettler Toledo, Columbus, OH, USA) with an accuracy of 0.001 g·cm−3 [75,76].

Gas porosity was estimated on panoramic images with an area of 4 mm2 (GOST 1583-93) using
the Axio Observer D1m optical microscope; image processing including evaluation of the volume
fraction of pores, the size distribution, and total porosity score was performed by a Thixomet Pro
software (Thixomet, Saint Petersburg, Russia).

The following roughness parameters were evaluated during experiments according to EN ISO
4287:1997—arithmetic mean deviation (Ra), ten-point height (Rz), maximum peak-to-valley height
(Rtm). The roughness was controlled by a high-precision profilometer, Hommel Tester T8000 (Jenoptik
GmbH, Villingen-Schwenningen, Germany), by a Dektak XT stylus profilometer (Bruker Nano, Inc.,
Billerica, MA, USA) with a vertical accuracy of 5 Å (0.5 nm) and a tip radius of 12.5 μm, and by
atomic force microscopy using a SMM-2000 multimicroscope (JSC “Plant PROTON” (MIET), Moscow,
Zelenograd, Russia). Determination of submicro-roughness parameters was carried out by scanning
by the constant height method, based on maintaining a constant distance between the cantilever and
the sample.

All cross-sections of the samples were polished down to 1 μm using an ATM Machine Tools
sampling equipment (ATM Machine Tools Ltd., Wokingham, UK).

Tensile tests under the application of static loads were carried out by a 5989 Universal Testing
System (Instron ITW Company, Norwood, MA, USA) with a force of up to 600 kN at room temperature
following GOST 1497-87. Three millimeter thick and ten millimeter width proportional flat specimens
were produced for tests following GOST 11701-84.

A Wilson Tukon 2500 Automated Knoop/Vickers Hardness Tester (Instron ITW Company,
Norwood, MA, USA) determined Vickers microhardness following GOST R ISO 6507-1-2007. A 574T
Series Wilson Rockwell Hardness Tester (Instron ITW Company, Norwood, MA, USA) determined
Rockwell’s hardness following GOST 9013-59.
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The wear resistance was determined by the method of water-jet wear by measuring the depth
and width of the formed groove using a Calowear Instrument abrasion tester, which characterizes the
resistance to abrasion of a surface (CSM Instruments, Peseux, Switzerland). The tests were carried out
under the following conditions: a friction rate of 594 rpm, a static load of 0.25 N, a ball diameter of
25.4 mm, test time of 3, 6, 9 min, sample surface roughness parameter Ra of 1.25 μm. An ODSCAD 6.2
measurement program (GFM LMI Technologies GmbH, Teltow, Germany) investigated the resulting
wells’ diameter and depth.

3. Results

3.1. Granulomorphometry and Samples’ Production

The results of the granulo- and morphometric analysis of the powder showed that spherical
particle shape, high fluidity, a microcrystalline structure, equiaxial morphology, and a small number of
satellites characterize both of the steels (Figure 4, Table 3).

  
(a) (b) 

  
(c) (d) 

Figure 4. Granulometry and morphology (scanning electron microscopy) of the steel powders:
(a) measurement results of PR 20kH13 (AISI 420); (b) measurement results of PR 12kH18N9T (AISI 321);
(c) SEM-image of PR 20kH13 (AISI 420) particles, 2.98k×; (d) SEM-image of PR 12kH18N9T (AISI 321)
particles, 510×.
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Table 3. Shape parameters of the powders according to EN ISO 9276-6; 7; 8.

Powder
Shape Factorϕi
(Dimensionless)

Bluntness
(%)

Roughness
(mm)

Elongation
(%)

Circularity
(%)

Solidity
(%)

PR 20kH13
(AISI 420) 0–1

91.3 0.003 23.0 72.5 97.8

PR 12kH18N9T
(AISI 321) 73.9 0.031 22.0 65.2 90.6

Tracks were made from PR 20kH13 (AISI 420) and PR 12kH18N9T (AISI 321) steels at laser power
in the range from 40 to 120 W, and scanning speeds from 50 to 150 mm·s−1; the thickness of the powder
layer applied to the substrate varied from 20 to 50 μm; the length of the track (melt pool) was 15 mm
for all experiments. The height of the track above the substrate, the depth of the penetration zone of
the underlying layer, the width of a single track, the width of the penetration zone, and the substrate’s
wetting angle in the zone of exposure laser radiation were analyzed for each experiment. The following
laser powder bed fusion factors were selected for the manufacture of samples with the aim of further
research because of the conducted analysis (Table 2):

• Layer thickness of 20 μm, laser power Pl of 80 W, scanning speed vs. of 390 mm·s−1 for PR 20kH13
(AISI 420) steel;

• Layer thickness of 20 μm, laser power Pl of 100 W, scanning speed vs. of 100 mm·s−1 for PR
12kH18N9T (AISI 321) steel.

3.2. Microstructure

The optical microscopy of the samples showed no visible cracks and pores. The microstructure
of samples is shown in Figure 5. The grain structure and size are discerned at 1000×magnification
(Figure 5b). The obtained microphotographs demonstrate paths of powder fusion by a laser beam.
The average grain diameter of the observed area does not exceed 2 μm for 20kH13 (AISI 420) steel that
corresponds to the 15th point (fine-grained group). However, it is not possible to identify individual
phases in micrographs since they are very different from equilibrium conditions for the formation of
the structure. The detected cells with an oriented structure characteristic of the laser powder bed fusion
method are revealed at high magnifications (Figure 5a). The dendrites have no second-order axes in
the microstructures of the produced samples. No non-metallic inclusions or traces of intergranular
corrosion were found.

  
(a) (b) 

Figure 5. Optical microscopy of 20kH13 (AISI 420) steel sample after laser powder bed fusion: (a) 200×;
(b) 1000×.
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X-ray structural analysis showed the presence of a supersaturated solid solution of the α-phase
in the structure of the 20kH13 (AISI 420) sample and γ-phase in the 12kH18N9T (AISI 321) sample.
The pore size does not exceed 0.01 mm that corresponds to point 3 by porosity point scale; the volume
fraction of pores is in the range of 0.05%–0.1%.

3.3. Physical and Mechanical Properites

The obtained physical and mechanical characteristics of specimens made of 20kH13 (AISI 420)
and 12kH18N9T (AISI 321) steels produced by the laser powder bed fusion method in comparison
with the traditional manufacturing methods presented in Table 4.

Table 4. Physical and mechanical properties of 20kH13 (AISI 420) and 12kH18N9T (AISI 321) steel
samples produced by laser powder bed fusion in comparison with the data obtained for traditionally
produced samples.

Material Producing Method
Density (ρ)

(g·cm−3)

Young’s
Modulus (E)

(GPa)

Yield
Strength

(σ0.2) (MPa)

Tensile
Strength (σB)

(MPa)

Elastic
Recovery (δ)

(%)

20kH13
(AISI 420)

Laser powder bed fusion 7.709 ± 0.004 208.918 ± 1.025 863.98 ± 7.38 1584.09 ± 3.58 7.31 ± 0.22

Cast + Quenching +
low tempering 7.7 1,2 - 987 1 1485 1 9 1

Cast + Quenching +
high tempering 7.7 1,2 190–218 2,3 635 1 830 1 10 1

12kH18N9T
(AISI 321)

Laser powder bed fusion 7.905 ± 0.004 193.012 ± 1.018 576.02 ± 7.31 657.03 ± 3.32 48 ± 0.56

Cast + Quenching at
1050–1100 ◦C with

cooling in water
7.9 1,2 175–195 2,3 196 1 540 1 40 1

1 Provided according to GOST 5949-2018; 2 Provided according to GOST 5632-72; 3 the largest value corresponds to
+20 ◦C and the smallest value corresponds to the +300 ◦C of working temperatures.

The results show that the mechanical characteristics of steels after laser powder bed fusion are
higher or at the same level than those mentioned that are produced by traditional processing methods,
which is explained by the features of the structure of steels obtained after the laser powder bed fusion
method (supersaturation of the solid solution and mecodispersity of the structure) with almost equal
density values.

3.4. Rougness

3.4.1. 20kH13 (AISI 420) Anticorrosion Steel

The roughness parameter Ra of the samples produced by laser powder bed fusion method
from 20kH13 (AISI 420) steel was 7.24 ± 0.19 μm. The topology of the surface is shown in Figure 6.
The measured results of roughness parameters (Ra, Rz, Rtm) are presented in Table 5; the obtained
topology is shown in Figure 7 (visible area is 3.8 μm × 3.8 μm). The obtained profiles are presented
in Figure 8. The untreated surface has a non-uniform topography with many inclusions formed
due to metal splashing in the molten pool. The surface acquires a relatively regular structure and is
characterized by the absence of inclusions after cavitation-abrasive finishing.

Table 5. The roughness parameters (Ra, Rz, Rtm) of the 20kH13 (AISI 420) steel sample surfaces before
and after cavitation-abrasive finishing (after Gaussian regression).

Method
Arithmetic Mean

Deviation (Ra) (μm)
Ten-Point

Height (Rz) (μm)
Maximum Peak-to-Valley

Height (Rtm) (μm)

After laser powder bed fusion
manufacturing 7.24 72.9 83.7

After ultrasonic cavitation
abrasive finishing 3.04 50.1 58.8
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(a) (b) 

Figure 6. Surface topology of the samples (optical microscopy, 300×): (a) after production; (b) after
cavitation-abrasive finishing.

 
(a) 

 
(b) 

Figure 7. Surface topology of the samples (atomic force microscopy): (a) after production; (b) after
cavitation-abrasive finishing.
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(a) 

(b) 

Figure 8. Surface profile of the samples: (a) after production; (b) after cavitation-abrasive finishing.

It is correlated to the distribution of cavitation activity, which depends on the treated surface’s
microgeometry parameters. Working fluids, which are cavitation bubbles and abrasive particles,
have the most significant effect in places of most significant irregularities. In this case, the abrasive
particles have damping functions, i.e., take on the energy arising from the collapse of cavitation bubbles,
and the deformation of the surface is carried out due to the impact of the abrasive and not due to the
effect of cumulative streams, which can lead to erosion. Thus, the applied cavitation-abrasive finishing
is erosion-free and leads to surface smoothing.

It is quantitatively expressed in a decrease in the roughness parameters (Ra, Rz, Rtm) by 30%–60%,
decreasing the average pitch of irregularities by more than two times. Increasing the processing time
(over 120 s) does not increase the effect further.

3.4.2. 12kH18N9T (AISI 321) Anticorrosion Steel

The roughness parameter Ra of the samples produced by laser powder bed fusion method from
12kH18N9T (AISI 321) steel varied in the range of 8.5–14.1 μm. The obtained topology is shown in
Figure 9; measuring results are presented in Table 6. 3D-profiles of the surfaces are presented in
Figure 10. The roughness parameter Ra for the walls of after the vibratory tumbling was reduced by
more than two times—from 14.1 to 5.0 μm.

Table 6. The roughness parameters (Ra, Rz) of the 12kH18N9T (AISI 321) steel surfaces before and after
vibratory tumbling (before Gaussian regression).

Method

Wall of the Sample Top of the Sample

Arithmetic Mean
Deviation (Ra) (μm)

Ten-Point
Height (Rz) (μm)

Arithmetic Mean
Deviation (Ra) (μm)

Ten-Point
Height (Rz) (μm)

After laser powder bed
fusion manufacturing 14.1 53.0 8.5 36.5

After vibratory tumbling 5.0 17.4 2.5 11.3
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(a) (b) 

Figure 9. SEM-image in secondary electrons of the surface produced from 12kH18N9T (AISI 321)
anticorrosion steel powder: (a) after laser powder bed fusion method, 500×; (b) after vibratory tumbling,
502×.

 
(a) 

 
(b) 

Figure 10. Surface topology of the samples (profilometry): (a) after production; (b) after vibration tumbling.
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The surface longitudinal and traverse profiles on the area of 500 μm × 500 μm after Gaussian
regression are presented in Figures 11 and 12. The measured roughness parameters Ra and Rz after
regression are:

• 1.45 and 8.55 μm for raw sample after production;
• 1.25 and 7.05 μm for treated sample.

In the first case, the peaks of roughness profile (Figures 11b and 12b a peak of 12 μm) are associated
with the presence of the unmelted granules on top of the surface that has metallurgical contact with the
built sample. For the samples after vibratory tumbling, this type of morphology is absent; the surface
retains a less pronounced wave character, without peaks, but with wells from the used abrasive, which
are evenly distributed and regularized (Figure 11d).

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 11. Longitudinal waviness and roughness profile after Gaussian regression (profilometry):
(a) waviness after laser powder bed fusion method; (b) roughness profile after laser powder bed fusion
method; (c) waviness after vibratory tumbling; (d) roughness profile after vibratory tumbling.
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(a) 

(b) 

(c) 

(d) 

Figure 12. Transverse waviness and roughness profile after Gaussian regression (profilometry):
(a) waviness after laser powder bed fusion method; (b) roughness profile after laser powder bed fusion
method; (c) waviness after vibratory tumbling; (d) roughness profile after vibratory tumbling.

3.5. Heat Treatment, Hardness and Wear Resistance

The effect of subsequent heat treatment on the hardness of the 20kH13 (AISI 420) steel samples
produced by laser powder bed fusion and traditional casting are presented in Table 7. The measured
microhardness of the samples correlated to the data obtained for Rockwell hardness. The results of
studies on water-jet wear of the laser powder bed fused samples and cast samples after combined
quenching and low tempering are presented in Figures 13–15.
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(a) 

 
(b) 

(c) 

 
(d) 

Figure 13. Profiles and microphotographs of the wells of the 20kH13 (AISI 420) steel samples after
3 min of test time (abrasion wear analyzer): (a) profile of the LPBF produced sample; (b) well image of
the LPBF-produced sample; (c) profile of the cast sample treated by quenching with low tempering;
(d) well image of the cast sample treated by quenching with low tempering.
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Figure 14. Dependence of the wear rate on the friction path of the 20kH13 (AISI 420) steel samples.

Figure 15. Histogram of volumetric losses during abrasive wear of steel 20kH13 (AISI 420), 9 min of
wear time.

Table 7. Rockwell hardness of the samples made of the 20kH13 (AISI 420) steel in raw state after
various types of post-processing.

Producing
Method

Hardening
(◦C)

Medium
Tempering

(◦C)
Medium

Rockwell
Hardness HRCz

1
Rockwell

Hardness HRCxy
1

Laser
powder bed

fusion

- - 240 Air 44.2 46.2
- - 680 Oil 38.7 39.1

- - Annealing,
760 Air 33.4 35.8

- - - - - 46.25

Cast
1030 Oil 240 Air 43.0
1030 Oil 680 Oil 22.3

1 Provided for two different directions—along Z-axis and X- and Y-axes for the samples produced by laser powder
bed fusion due to known anisotropy (orthotropy) of the properties and one value HRC for cast samples due to
known isotropy of the properties.

4. Discussion

4.1. Estimation of the Obtained Effects

The provided study allows researching the possible steps of post-processing for the parts produced
from structural anticorrosion chrome-nickel steels—20kH13 (AISI 420) and 12kH18N9T (AISI 321).
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The samples’ detected fine structure was obtained due to high cooling rates [18,77–79]—the liquid
quenching mechanism is implemented at growing solids by the laser powder bed fusion method.

The presence of inhomogeneities in the technological liquid medium during ultrasonic cavitation
abrasive finishing led to a decrease in the liquid’s cavitation strength and an increase in a cavitation
centers number [80]. The abrasive particles acquired acceleration because of the transfer of impulse
energy from shock waves of acoustic micro- and macroflows [81]. It was expressed quantitatively in a
decrease in the roughness parameters (Ra, Rz, Rtm) by 50%–60%, a two-fold reduction in the average
pitch of irregularities, and an increase in the profile reference length by 10%. Practice showed that
extended processing time, which exceeded 120 s, did not increase the obtained effect.

Besides, abrasive particles have damping functions and protected the surface from cavitation
destruction. The surface had no traces of cavitation erosion; there were no grinding marks, which
indicated a uniform effect over the entire processing area and intensive removal of the material layer.
The layer change occured due to the destruction of the protrusions of the grain surface. The most
significant effect was achieved by ultrasonic cavitation abrasive finishing (Table 5, Figure 8).

The analysis of the results (Table 7) shows that the hardness of 20kH13 (AISI 420) samples
produced by the laser powder bed fusion method was higher than that of the cast and heat-treated
20kH13 (AISI 420) samples. The low tempering of the laser powder bed-fused samples led to a slight
decrease in hardness. Given that low tempering reduces quenching stresses, this kind of heat treatment
can be recommended for parts that work for wear, particularly for those chosen in this study part as a
locking washer. The hardness after high tempering was significantly lower than after a low one, which
was explained by the decomposition of martensite and its transition to sorbitol tempering.

Investigation of the effect of heat treatment on the wear resistance of 20kH13 (AISI 420) steel
specimens produced by the laser powder bed fusion method showed that the wear resistance without
subsequent heat treatment was higher than that of samples obtained by the traditional casting with
special heat treatment (Figures 10 and 11). The abrasion resistance correlates with the measured
hardness. The wear resistance decreases when the tempering temperature increases for all the samples
under study. The values of the wear resistance of specimens obtained by the laser powder bed fusion
method and by the laser powder bed fusion method with low tempering differ slightly. Simultaneously,
they are slightly higher than the wear resistance of cast specimens after traditional quenching and
low tempering.

4.2. Quantituve Evaluation of Cavitation-Abrasive Finishing Factors

Let us quantitatively evaluate the achieved results. The stiffness of the system for two types of
steel samples produced by additive manufacturing will be:

K420 = 4.18·109
[N
m

]
, (15)

K321 = 3.86·109
[N
m

]
. (16)

Then the period of the natural oscillations will be

T420 =

√
4π2 m420

k420
=

√√
4π2

0.0616[kg]

4.18·109
[

N
m

] = 2.412·10−5[s], (17)

T321 =

√√
4π2

0.0632[kg]

3.86·109
[

N
m

] = 2.542·10−5[s], (18)
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when the period of forced oscillations is:

τ =
1

f f rc
= 4.762·10−5[s]. (19)

The amplitude of the vibration can expressed as follows [82,83]:

Am = A0·eβ·τ, (20)

where β is the damping coefficient expressed as a complex number in the form a + bi:

β = q− μ, (21)

where q is the index of excited oscillations, and μ is the coefficient of medium resistance, let us
allow that:

μ→ 0 (22)

and q can be expressed as follows:

q =

√ √
h− k

2·mn
, (23)

where:
h =

Hm

H0
(24)

and
k =

Km

K0
= 1 (25)

where the values indexed m are for the actual conditions and the values indexed 0 for conditions at the
initial stage of processing. If the amplitude of the vibration Sm is 20 μm transit to the sample in the
ideal conditions, then:

√
h =

√
Hm

H0
= 0.9995 (26)

and
β420 = q420 = |0.064|, (27)

β321 = q321 = |0.063|. (28)

The amplitude of the forced oscillations will be:

A420 = A0·e(|0.064|·4.76·10−5) = A0·e3.05·10−6
= 1.000003·A0 = 2.0·10−6[m], (29)

A321 = A0·e(|0.063|·4.76·10−5) = A0·e3.00·10−6
= 1.000003·A0 = 2.0·10−6[m]. (30)

The applied force will be:

FA420 = K420·δ = 4.18·109
[N
m

]
·6·10−12[m] = 25.08·10−3[N], (31)

FA321 = K321·δ = 3.86·109
[N
m

]
·6·10−12[m] = 23.16·10−3[N]. (32)

and acoustic pressure on 0.0004 m2 of the sample:

PA420 =
FA420

SA
=

25.08·10−3[N]

0.0004[m2]
= 62.7[Pa], (33)
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PA321 =
FA321

SA
=

23.16·10−3[N]

0.0004[m2]
= 57.9[Pa]. (34)

Thus, it should be noted that the period of the natural oscillations that are determined by the
nature of the system was less than the chosen period (frequency) of forced oscillations. Self-oscillations
resulting from the action of the internal energy of the system with a fixed frequency fslf, close to the
natural frequency fnat, and a fixed amplitude; the reason, in this case, is associated with the low rigidity
of the system and fluctuations in the acting force FA; vibration frequency increases with increasing
system rigidity (stiffness K) and decreases with decreasing workpiece thickness. It is recommended
that the cavitation finishing be performed outside the free (natural) oscillation area to exclude the
resonance phenomenon [84]:

0.7 <
f f rc

fsl f
< 1.3 (35)

or
0.7 <

T
τ
< 1.3 (36)

then the process can be characterized as effective and stable. In the given case:

T420

τ
=

2.412·10−5

4.762·10−5 = 0.51, (37)

T321

τ
=

2.542·10−5

4.762·10−5 = 0.53. (38)

As it can be seen, the chosen frequency should be enlarged for further experiments to achieve
a more effective and stable processing mode in cavitation finishing; however, the introduction of
ceramic abrasive in the working zone changed the conditions in the working tank and allowed reduced
frequency in combination with the effectiveness of abrasive granule deformation. For improving
parameters of processing up to the ratio of stable processing without adding additives that influence
medium resistance, the frequency of the forced oscillations should be in the interval of 29–54 kHz for
20kH13 (AISI 420) steel and 28–52 kHz for 12kH18N9T (AISI 321) steel. If the amplitude of the forced
vibrations in the working zone is small and measures in micrometers, then the difference δ between A0

and Am is extremely small and is measured in picometers, which 0.01 of an angstrom (Å). With the
known acoustic pressure, it is possible to evaluate the acoustic pressure’s amplitude in each moment of
the cycle. At the same time, it should be noted that frequency higher than 30 kHz and up to 1 MHz
could be harmful to the biological process in the human body since arising cavitation with bubble
formation with a diameter less than 1 μm (ultrasound surgery) [85], when ultrasound in the range
2–29 MHz is used in echography; the works should be conducted according to the sanitary norms and
rules of production.

5. Conclusions

5.1. Structure and Surface Quality

In the process of the laser powder bed fusion method in the steels under study, as a result of
high cooling rates, a finely dispersed structure with supersaturated solid solutions is formed, which
provides higher strength characteristics of steels after additive manufacturing than after traditional
processing methods.

The maximum effect on the change in surface quality was achieved by ultrasonic cavitation-abrasive
finishing based on the combination of cavitation, acoustic flows, and abrasive particles that were
evaluated quantitatively. A twofold decrease in the parameters of micro- and submicroroughness was
achieved (roughness parameter Ra was reduced from 7.24 to 3.04 μm), and no erosion caverns were
detected on the researched surfaces. The use of a vibratory grinder reduces the roughness parameter
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Ra of the sample walls made of 12kH18N9T (AISI 321) powder from 14.1 to 5 μm. However, it should
be borne in mind that using a vibratory grinder usually reflects the service life of parts negatively.

The quantitative evaluation showed that the difference in the chosen material’s mechanical and
physical properties did not reflect the maximal amplitude of 2.0·10−6 m when δ of the samples was
about 6·10−12 m. The chosen frequency ratio to the natural frequency was about 0.5 and can be
improved to improve processing effectiveness and stability without adding abrasive. The frequency of
the forced oscillations should be in the interval of 29–54 kHz for 20kH13 (AISI 420) steel and 28–52 kHz
for 12kH18N9T (AISI 321) steel.

5.2. Resistance to Abrasion Wear

The obtained abrasion resistance correlated with the measured hardness values. The wear
resistance decreased with an increase in the tempering temperature for all the samples—the volume
of worn material increased by 1.5–2 times for samples with a tempering temperature of 680 ◦C] in
comparison with the raw part or after tempering at 240 ◦C. The values of wear resistance and hardness
of additively manufactured specimens and the specimens that were additionally subjected to low
tempering differ insignificantly (HRC of 46.25 and 46.2, correspondingly). However, they are slightly
higher than the wear resistance of samples after traditional hardening and low tempering (HRC of
45.9). Considering that low tempering reduces residual stresses, heat treatment can be recommended
for additively manufactured parts working for wear.

Analysis of the research results shows that, for complex-shaped parts made of corrosion-resistant
steels by the laser powder bed fusion, it is promising to use heat treatment to improve mechanical
characteristics and ultrasonic treatment in order to improve the surface quality in post-processing.
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