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High-speed steels (HSSs) are frequently utilized as cutting tools and wear-resistant com-
ponents for a variety of applications because of their exceptional hot hardness and
desirable wear resistance. Over the last few decades, numerous strategies for the manu-
facture of HSS components have been developed. Among these methods, advanced
manufacturing (AM) techniques, including powder bed fusion (PBF), direct energy deposi-
tion (DED), and material jetting (MJ), have gained great scientific attention because they
allow the fabrication of complicated mechanical components with high customization and
specialized qualities. However, a comprehensive review of the recent progress of AM of
HSSs is still lacking and this paper aims to address this need. This present paper reviews all
the significant attributes of the state-of-the-art AM techniques for the fabrication of HSSs.
The process designs of AM by means of PBF, DED, and MJ are discussed and compared.
Process modeling work, including the microstructure prediction and solidification behavior
of AM-fabricated HSS is reviewed. The microstructural evolutions during AM processes in
terms of carbide precipitation dynamics, grain growth behavior and defect formation
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mechanism of HSSs are discussed. Moreover, the engineering properties of the AMed HSS
are summarized, including residual stress, hardness, strength, impact toughness and
enhanced wear resistance. Furthermore, the existing difficulties of AM technology and the

future research objectives for producing HSS components are offered and explored.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Nomenclature

Symbol Description

m
p
Tp
1

Nmax

A(T)

the radius of the molten pool

the radius of powder flow

the distance from the beam centerline
the laser/powder working distance
the maximum volume concentration
coefficient of surface coupling for the laser
the permissiveness of empty space
the angle of laser radiation's frequency
temperature-dependent resistivity
laser power

scanning speed

hatch distance

layer thickness

total power of the heat source
distribution factor

the radius of the heat source

radial distance

convective coefficient

radiation emissivity
Stefan-Boltzmann constant

ambient temperature

the density of the molten fluid

latent heat of evaporation

boundary movement speed

the mass probability density function
particle diameter

the median particle diameter
standard deviation

melt delivery nozzle diameter

melt surface tension

the metal-to-gas kinematic viscosity ratio
flow rate

gas density

initial gas velocity

atomizer exit orifice cross-sectional area
experimental constant

melt density

experimental constant

experimental constant

experimental constant

mass flux

wq<nb§b§§%mﬁbleﬁﬁ;§®<

correlation coefficient

specific heat ratio of atomized gas
stagnation pressure

exit gas pressure

solid fraction

axial distance

stagnation temperature

the gas temperature at the nozzle exit
initial conditions of pressure
final conditions of pressure
acceleration

molar heat capacity ratio

gas velocity at the nozzle exit
droplet density

droplet drag coefficient
droplet velocity

gas velocity

Reynolds number

latent heat

porosity

porosity coefficient

average solid fraction

particle packing density
solidification contraction
sticking efficiency

solid sticking coefficients
liquid sticking coefficients
liquid fraction

vary from 0 to 1

density

specific heat capacity

volume

temperature

thermal conductivity
homogeneous undercooling
solid/liquid interface energy
atomic volume

Boltzmann's constant

latent heat of fusion
Heterogeneous undercooling
the function of the droplet size
contact angle factor

number of liquid atoms per unit volume
critical solidification front velocity



http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jmrt.2023.04.269
https://doi.org/10.1016/j.jmrt.2023.04.269

8200

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2023;24:8198-8240

1. Introduction

High-speed steels (HSSs) belong to a special category of tool
steels that are currently used for a variety of applications in
the industry. Their microstructure is typically characterized
by the appreciable amounts of carbides (up to 50 vol.-%)
distributed in the tempered martensite matrix [1]. This
microstructural feature endows HSS with exceptional surface
hardness, wear resistance, and fatigue crack resistance at
both room and elevated temperatures [2]. Therefore, HSSs
have been widely utilized as wear-resistance parts, such as
cutting tools, milling rolls, and bearings, as shown in Fig. 1(a)
[3—5]. Meanwhile, searching the Web of Science in steel pub-
lications, the proportion of the number of papers and patents
on HSSs in all the steels related publications continues to in-
crease from 9.1% in 2014 to 11.9% in 2020 (Fig. 1(b)). The global
HSSs production capacity grows from approximately
37.7 x 10* tons in 2014 to approximately 46.8 x 10* tons in
2020, as summarized in Fig. 1(c), indicating a growing research
interest and market demand for HSSs in both academia and
industry.

The conventional manufacturing processes for fabricating
HSSs include conventional casting (CC) [6—8], electroslag
remelting (ESR) [9—12] and powder metallurgy (PM) [13—16].
During the CC process, the segregation of large quantities of
carbon and alloying elements before crystallization results in
an intergranular coarse carbide network due to the slow so-
lidification rate [17]. Therefore, post-forging or rolling pro-
cesses must be employed to fragmentize the carbide network,
resulting in a low final yield [18,19]. ESR process has a rela-
tively faster cooling rate while large amounts of ledeburite

structure together with carbide networks are still formed,
resulting in poor engineering performances [20,21]. PM pro-
cess has shown extraordinary advantages for fabricating HSSs
with dispersed and fine primary carbides and superior me-
chanical properties. However, this approach is limited by its
high cost and low yield rate because of the complicated heat
treatment procedures and precise equipment requirements
[13,22].

With the advent of advanced manufacturing (AM), it is now
possible to fabricate mechanical components with compli-
cated geometry, great customizability, and specific qualities
without being constrained by traditional manufacturing
techniques [23]. State-of-the-art AM techniques, such as
powder bed fusion (PBF), direct energy deposition (DED), and
material jetting (MJ), have been extensively researched as a
remarkable paradigm for the fabrication of products that are
used in a wide variety of automotive, defense and aerospace
applications [24]. For HSSs, AM can also provide an efficient
alternative to repair the damaged tools whereby a damaged
surface can be cladded with a printed layer. At present, AM
methods are being effectively applied in the industry to create
high-performance HSS products [25—27]. Moreover, the rapid
advancement of AM methods has substantially widened the
production route and alloy design spectrum of a variety of
grades of HSSs, both of which have been positively impacted.

Extensive research efforts have been paid to the investi-
gation of AM processes of HSS in recent years. For instance,
Saewe et al. [28—30] looked into the viability of producing M50
and HS6-5-3-8 HSSs using the selective laser melting (SLM)
procedure. It was shown that by using the right process pa-
rameters, dense, crack-free HSS components with a high
hardness could be produced. Further research was done on

Cutting tools

\ High speed steel /

Bearings

16

(®)

[EZZ] Papers and patents

77

7

T T T T
2017 2018 2019 2020

Year

T T T
2014 2015 2016

Production capacity (x10° tons)

404 pam
30
20
10
0..
2014 2015 2016 2017 2018 2019 2020
Year

Fig. 1 — (a) Typical applications of HSS. (b) Proportions of papers and patents in the field of HSSs in the steel research
community and (c) production output of HSS in the global market from 2014 to 2020.
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the impact of carbon content on the processability of HS6-5-3-
8 HSS produced using the SLM process [31]. It was discovered
that an increase in the carbon content of the alloy results in a
totally austenitic matrix as well as an increase in the volume
percentage of the carbides. On the other hand, in contrast to
the good effect that was expected austenite stabilization
would have on the development of cracks, it was shown that
cracking became worse as carbon content increased. Jin et al.
[32] characterized the solidification microstructure and car-
bide precipitation behavior of S390 HSS treated by electron
beam melting (EBM) with high carbon and alloying element
content. By varying the laser scanning speed, Rahman et al.
[33] conducted laser metal deposition (LMD) of vanadium-rich
HSS to investigate the impact of a rapid cooling rate on the
distribution and morphology of carbides. It was discovered
that increasing the speed of the laser processing might result
in an improvement in the microhardness of vanadium-rich
HSS. Similar research results were observed in M2 HSS
deposited by laser cladding (LC) by Arias et al. [34,35]. Espe-
cially, =~ multilayer @LC of accessible M4 and
Fe—1.4C—5W—4Mo—3V—4Cr (wt pct) HSSs was studied by
Shim et al. [36] and Rahman et al. [37], respectively. These
HSSs had varying thicknesses, ranging from moderately thin
to quite thick. In addition, the M,C carbide decomposition and

Laser metal
deposition (LMD)
High speed steel (HSS) q
Advanced Manufacturing Direct metal
iti ire
N deposition (DED)

Powder bed
fusion (PBF)

Material jetting
MJ)

Fig. 2 — Summary of typical AM approaches for fabricating HSS.

distribution of high cobalt HSS manufactured by SF were
studied by Lee et al. [38,39]. It was discovered that a shiftin the
temperature conditions was responsible for the development
of new carbide morphologies as well as their distribution
during the SF process. Lu et al. [40] successfully fabricated
niobium-added M3:2 HSS by SF, and they found that Nb
enhanced the thermal stability of M,C carbides.

Fayazfar et al. [41], Bajaj et al. [42], Haghdadi et al. [43], and
Yin et al. [44] have published some of the most thorough re-
views on AM of steels to date. Fayazfar et al. [41] evaluated
PBF-based AM steel processes and the impact of crucial pro-
cess variables on microstructural development and mechan-
ical behavior (hardness, tensile and cyclic/fatigue
characteristics). Bajaj et al. [42] summarized the microstruc-
tural evolution of different series of AM-produced steels and
elucidated the relationship between the microstructure and
performance of these steels. Haghdadi et al. [43] mainly
investigated the mechanical, corrosion, and wear properties
of steel, and briefly discussed the microstructural evolution of
AM-fabricated steel to explain the difference in properties.
With an emphasis on understanding the connection between
processes, microstructure, and mechanical characteristics,
Yin et al. [44] gave an overview of AM processes of austenitic,
ferritic, and martensitic steels. However, these review efforts

Selective laser
Melting (SLM)
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Direct metal laser
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emphasized the microstructure and engineering performance
of stainless and martensitic steels produced by AM processes,
but a complete review of the different aspects of the AM of
HSSs is still lacking. Given the rapid development of the
research and practice on AM of HSS, we feel that a critical
review on summarizing the recent developments will be very
timely and significant in this context.

The goal of the work that is being presented here is to
provide a thorough analysis of the most recent developments
in AM methods for the fabrication of HSS components. The
process designs of AM techniques by means of PBF, DED, and
M]J are reviewed and compared. The numerical modeling and
analysis of different AM processes are summarized. Mean-
while, the influences of AM process variables on the micro-
structure of HSS components are discussed. The mechanical
properties and tribological behavior in terms of hardness,
strength, impact toughness, as well as wear resistance of HSS
components fabricated by AM processes are discussed.
Furthermore, a proposal is made about the existing problems
and potential future research paths of AM technology for the
fabrication of HSS components.

2. Process design

There are seven categories of AM processes according to the
ISO/ASTM 52900 standard, and extensive descriptions of
many AM techniques are available in the literature [45,46].
Generally, each AM process is featured to manufacture a
specific category of material due to the specific bonding and
deposition methods. Among all the commercially available
AM processes, HSS parts have been successfully fabricated
through PBF, DED and MJ. The detailed classification of the
aforementioned AM derivative processes for manufacturing
HSS parts is shown in Fig. 2. Particularly, since the SF and Co-
spray forming (Co-SF) processes have attracted extensive
attention in the manufacturing of HSS, they were identified as
materials jetting approaches in this paper to strictly abide by
the ISO/ASTM 52900 standard terminology [47]. In this chap-
ter, the research progress of process design of PBF, DED and MJ
processes for fabricating HSS is reviewed and discussed.

2.1. Powder bed fusion-based AM

Layer-to-layer metallurgical bonding in PBF systems must be
accomplished via a laser beam or electron beam in order to get
around the metals' relatively high enthalpies of fusion and
melting points [48]. It is subdivided into SLM, SLS, DMLS, and
EBM according to the way of energy and materials delivery.
Fig. 3 depicts a schematic diagram of the PBF-based AM pro-
cess using a laser beam as an energy source. A homogeneous
powder bed is initially applied during this procedure, and then
alaser beam is utilized to melt certain areas of the bed in order
to create the component in a single layer. Following the
completion of the first layer, the height of the powder bed is
decreased, a fresh layer is rolled into place, and the procedure
is repeated. Excess metal powder is produced as a conse-
quence of this repetitive operation, and it is used to support
the item while it is being built. Typically, an enclosed inert gas
environment is used during the PBF-laser process to limit the

rate of oxidation of the components during the construction
stage.

2.1.1.  Selective laser melting

A high-energy laser beam is used to travel over the powder
bed at a high velocity based on a specified shape and melt
specific spots to produce the cross-section of the component.
This is the most versatile PBF-based AM process. Then, until
the finalized result is achieved, another layer of loose powder
is continually added to the powder bed and melted [49].

Due to the high flexibility and accessibility of SLM, exten-
sive research efforts have been made on the fabrication of
HSS. For instance, Saewe et al. [28—30] conducted a feasibility
study on the fabrication of HS6-5-3-8 and M50 HSSs using
SLM. The findings showed that, if the right processing pa-
rameters were used, crack-free HSS components (as con-
structed) could be manufactured using the SLM technique.
The same research conclusion was obtained in the M3:2 HSS
fabricated by Geenen et al. [26] using the SLM process.
Consequently, to further explore the connection between
process parameters and microstructure evolution, the pro-
cessability and microstructural homogeneity of HS6-5-3-8 HSS
manufactured by the SLM process was investigated, as shown
in Fig. 4 [31]. Especially, Fig. 4(a) depicts a schematic depiction
of the SLM system. As was indicated earlier, the surface of the
pre-spread powder is melted selectively by the focused laser
beam as part of the SLM process. As a result, a bed forms, with
the molten pool serving as the smallest melting unit. As soon
as the first layer has been melted and cooled, the construction
platform will begin to gently lower itself. After that, the
powder bed is covered with a fresh layer of powder, and the
procedure is repeated as many times as necessary until the
HS6-5-3-8 HSS component is constructed. Scanning electron
microscope (SEM) examination of the solidified structure of
HS6-5-3-8 HSS along the building direction is displayed in
Fig. 4(b). It has been noted that when the temperature gradient
increases, the direction of grain development shifts from the
molten pool's edge to its center. It is evident that the

X-Y scanner

Laser
system

Powder delivery
system

Laser beam

Powder bed

Fabrication piston

Fig. 3 — A schematic illustration of the PBF-based AM
process.
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interdendritic zone and molten pool boundaries are where
columnar dendrites and equiaxed precipitates are distributed.
There is a possibility that the regional decrease in tempera-
ture gradient is responsible for the equiaxed solidification
structure in the central region of the molten pool. The close-
up views are displayed in Fig. 4(c and d), respectively. It
demonstrates how extremely tiny dendrites and interden-
dritic regions make up the sub-grain structure. Meanwhile, to
further study the microstructural characteristics of SLM-
processed HS6-5-3-8 HSS, the multiphase microstructure can
be identified in Fig. 4(e) through electron backscatter diffrac-
tion (EBSD). It is plain to observe that the phases are quite
finely dispersed and, in some regions, have a structure that is
vaguely wave-like. The wave-shaped pattern may suggest a
bainite structure and may be generated when austenite grains
undergo phase change into ferrite plates. This process can
occur in the prior austenite grains [31]. The corresponding
inverse pole figure (IPF) maps in the build direction and the
normal direction of the cross-section are presented, respec-
tively, as shown in Fig. 4(f and g). It is discovered that the prior
austenite grains have a preferential orientation in the <001>
direction parallel to the build direction. This preference
orientation, which is typically seen in HSSs that are produced
via PBF, may be traced back to the favored crystallographic
development along the largest temperature gradient as the
root reason.

Inert atmosphere

(a) Mirror sc{imer

XY deflection
Deposition unit

Legend:

Wave-shaped structure

Phase fractions:

- Fe (bce): 35%
[ Fe (feo): 42%
2%

IPF _|_cross-section

IPF || build direction

LAl

Primary
—— [ austenite grain

001 101 10 um

2.1.2. Selective laser sintering

SLS is one of the most sophisticated rapid prototyping
methods, which uses a laser to scan over a bed of loosely
packed powder to sinter the powder into the desired form. The
SLS process can be described in detail: the powder layer is
distributed on the substrate, and the laser beam scans the
powder layer to melt the powder at the desired location. The
entire component is built layer by layer from bottom to top.
When comparing SLS with SLM, the most notable distinction
between the two processes is that the former fuses powders
via the process of partial melting, whilst the latter proceeds
through the process of complete melting [50].

According to the findings of the research, SLS of M3:2 HSS
powders of varying particle sizes had a propensity to form
surfaces with low surface density, characterized by large ag-
gregates and inter-aggregate holes [51,52]. However, the gas-
atomized M2 HSS powder produced by SLS has developed a
uniform microstructure with a very dense surface [51,53].
Dewidar et al. [54] investigated the SLS of Fe—1.39C-14.1
Mo—3.6Cr (wt pct) HSS powders. It was believed that after
bronze infiltration, near-net-shape parts with sufficient me-
chanical properties can be produced for load-bearing appli-
cations. The schematic view of the SLS equipment is shown in
Fig. 5(a), and the basic principle of manufacturing the target
HSS components is described above. The amount of the
bronze infiltration and the porosity prior to infiltration are

Fig. 4 — (a) Schematic illustration of SLM apparatus. (b) SEM micrograph of the melting pool of HS6-5-3-8 HSS fabricated by
SLM. (c) Equiaxed dendritic solidification structure and (d) columnar dendrites in the melting pool in (b). (e) Phase mabp, (f)
and (g) IPF maps of the microstructure of the as-fabricated HS6-5-3-8 HSS [31].
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Fig. 5 — (a) Schematic diagram of SLS configuration and (b) microstructure of bronze-infiltrated multilayer
Fe—1.39C—14.1Mo—3.6Cr HSS parts. SEM images of the (c) first and (d) final layers of un-infiltrated HSS components [54].

shown in Fig. 5(b), which is a panoramic view of the cross-
section of the multilayer portion that has been infiltrated
with bronze. Correspondingly, the microstructures of the first
and final layers of the un-infiltrated multilayer HSS compo-
nent are displayed in Fig. 5(c and d). It can be seen that MeC
eutectic carbides are formed during processing. The produc-
tion of these carbides is evidence that the HSS processing may
have exceeded the temperature at which it should have sin-
tered. Especially, Dewidar et al. claimed that M¢C carbides
were formed in Fe—1.39C—14.1Mo—3.6Cr (wt pct) HSS, which
may be a wrong analysis. Mo forms M,C-type carbides rather
than MeC-type carbides. M¢C is formed if tungsten is present.
Therefore, the results of this research have proved that it is
achievable to generate HSS parts using an infiltration process.
The modulus of the tested part is 92 GPa and the flexural

strength is 460 MPa. Obviously, the mechanical characteristics
are more similar to those of aluminum alloys than HSSs.

2.1.3. Direct metal laser sintering

The DMLS technique involves the use of a focused laser beam
that scans the surface of a loose powder bed. This sinters the
powder into complex pieces that cannot be manufactured
using traditional manufacturing procedures that are dependent
on CAD data. DMLS and SLS are similar in nature. The former is
principally used for processing non-metallic powders, while
the latter generally processes metal alloy parts. A recent pub-
lication provided a summary of the fatigue, tensile strength,
and hardness examinations of metallic parts manufactured
using the DMLS technique [55]. However, there have only been
a relatively small number of publications that report on the

Fig. 6 — (a) Schematic diagram of DMLS equipment. SEM micrographs of HSS fabricated by DMLS: (b) M2 steel and (c) M2 steel

with 0.4 wt% graphite [58].
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manufacture of HSS parts by DMLS. The published documents
claimed that HSS powder was not suitable for this process due
to the extremely low attainable density (67% of theoretical
value) [56]. Nevertheless, Simchi et al. [57] believed that DMLS
for manufacturing HSS was difficult but feasible. It was estab-
lished that the chemical composition and sintering circum-
stances had a significant impact on the sinterability of HSS as
long as the appropriate process parameters were employed.

In this section, therefore, based on the limited available
literature, the effects of the sintering atmosphere and carbon
content on the quality and microstructure of DMLS M2 HSS
components were discussed, as shown in Fig. 6 [58]. Using
DMLS, it was discovered that the microstructure of M2 HSS
comprises small carbide networks without large primary car-
bides. The laser scanning speed and sintering atmosphere
were predicted to have a significantimpact on the densification
of the M2 HSS. However, it was discovered that decreasing the
laser scan rate (v < 100 mm/s) had minimal influence on the
densification of the HSS components. Meanwhile, it was found
that sintering in an argon environment could obtain a lower
porosity. This might be because the laser sintering process
causes nitrogen to dissolve into the liquid iron. The schematic
diagram of DMLS equipment is displayed in Fig. 6(a). It is
emphasized that the basic principle is as mentioned earlier,
and the solidification mechanism is the same as that of SLM.
The microstructure of M2 HSS parts fabricated by DMLS con-
sists of elongated pores and heterogeneous metal matrix, as
seen in Fig. 6(b). It is concluded that the formed inter-
agglomerate pores and metal balls are affected by shrinkage
and surface tension. Moreover, as displayed in Fig. 6(c), the
addition of 0.4 wt% graphite considerably suppresses the for-
mation of metal balls, which may be connected to the increase
in sintering kinetics and the reduction in solidus and liquidus
temperatures generated by the graphite addition. Dissolved
carbon, on the other hand, drastically alters the molten steel's
surface tension and viscosity.

2.1.4. Electron beam melting

Metal components with complicated geometries may be made
using EBM, which melts the metal powder in a vacuum using a
high-power electron beam. The basic procedure can be
described as preheating the deposited layer before melting.
After melting, the starting plate is lowered and fresh powder is
supplied from the powder hopper before raking. The proced-
ure is carried out repeatedly up to the point when the
component is finished. The electron beam is able to quickly
change its position (<8000 m/s), allowing the powder to be
melted at multiple points simultaneously [59]. In contrast to
the SLM process, the moving laser beam melts the powder
point by point at a lower rate (<10 m/s) [59].

Only a few publications about EBM of HSSs are available up
to now. Ivanov et al. [60] studied the microstructure and phase
transformation of HSS S6-5-2 manufactured by EBM. It has
been established that as beam energy density increases, the
size and quantity of MgC carbides decrease progressively,
followed by the development of martensite and a rise in
retained austenite content. Jin et al. [32] characterized the
solidification microstructure of S390 HSS processed by EBM. In
particular, the architecture of the EBM machine is shown in
Fig. 7(a). Fig. 7(b and c) show the typical microstructure of S390

HSS processed by EBM at different scanning speeds. As-EBM
microstructures show a distribution of columnar and almost
equiaxed grain morphologies, and the discontinuous network
of extremely fine primary carbides and retained austenite are
spread in the martensite. It can be seen that the close-up
views in Fig. 7(b and c) show that S390 HSS fabricated with a
higher scanning speed (1400 mm/s) has a larger eutectic car-
bide area than S390 HSS fabricated with a low scanning speed
(470 mmy/s). EBSD patterns are provided in Fig. 7(d and e) to
demonstrate if various EBM settings result in any preferable
textures. The corresponding pole figures are shown in Fig. 7(f
and g). As indicated by the relatively low intensity of the pole
figure, it can be seen that the EBM S390 HSS specimens with
different EBM parameters did not exhibit a strong texture.

In conclusion, it can be found that the microstructure
characteristics of HSS parts fabricated by PBF are highly sus-
ceptible to process parameters. For this reason, the processing
windows of the different PBFs required for the production of
HSS are summarized in Table 1.

2.2. Direct energy deposition-based AM

Direct energy deposition (DED) is a viable AM process for the
manufacture of metallic, functional components [67,68]. The
schematic diagram is displayed in Fig. 8. The basicideais thata
powerful laser beam is employed to provide thermal energy
during the laser-based DED process. A dynamic molten pool is
created when the metal powder that is injected by one or more
nozzles melts concurrently with a particular substrate. After-
wards, the increased performance layer is deposited and so-
lidified while the component is constructed layer by layer
[46,69]. The DED process is recognized as existing various ali-
ases in available reports, such as laser cladding (LC), direct
metal deposition (DMD), direct laser deposition (DLD), and
laser metal deposition (LMD) together with laser engineered
net shaping (LENS) [70].

DED combines material/energy supply for simultaneous
deposition and component formation within a comparable
area as opposed to the PBF-based AM technique. Meanwhile,
DED offers the advantage of fabricatinglarger items because of
the high deposition rate and large process variable window
[71,72]. Additionally, the notable distinctions between PBF and
DED may be used to benefit a variety of applications and end-
user requirements. For instance, a de-powdering process is
necessary, although PBF may provide final components with
finer surface quality. DED may be quite effective, although PBF-
Laser components' surfaces could be of higher quality [46].
More importantly, because of the combination of material/
energy delivery mechanisms, the DED process is easily appli-
cable for fabricating functional graded/composite components
with changing material/alloy concentrations. Regardless of
PBF or DED, it is necessary to emphasize that grain size and
morphology are strongly dependent on thermal history, which
directly affects the mechanical and fatigue properties of ma-
terials [73]. Large thermal gradients, cyclic heating, and cooling
lead to residual stress and anisotropy, which also deteriorate
the component's strength and fatigue life.

A series of investigations have been carried out on the
microstructural evolution and mechanical characteristics of
various grades of HSS. For instance, LMD of vanadium-rich
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HSS [33], T15 HSS [74], DMD of M2 HSS [75], and LC of M2 HSS
4 [34,35,76]. Rahman et al. [27] systematically investigated the
microstructural characteristics and mechanical behavior of
two high-carbon HSSs fabricated by DED. During the deposi-
tion and solidification processes, extra shielding gas nozzles
and powder injection nozzles are utilized to protect the
molten pool to avoid excessive oxidation of high-carbon HSS.
Fig. 9(a) displays the injection and shielding techniques for the
DED device. The deposited multilayers of two high-carbon
HSSs are displayed in Fig. 9(b and c), respectively. The
maximum deposition thickness is about 5 mm in Fig. 9(b).
Correspondingly, the SEM micrographs of the two high-
carbon HSS specimens are shown in Fig. 9(d and e). It is
clear that the microstructure is made up of martensite,
retained austenite, and carbide networks. The various mor-
phologies of carbides are presented in detail: blocky, round,
rod-like, lamellar and layered shape, as shown in Fig. 9(f—j). To
better distinguish the different forms of carbides, phase maps
=SS of the two high-carbon HSS samples are presented in Fig. 9(k
and 1). It is proven that different phases are distributed
differently; VC and Mo,C carbides are mostly found near grain
boundaries, while Cr-rich carbides are incorporated into the
matrix. Meanwhile, it can be found that the distribution of
Mo,C carbides in high carbon HSS with tungsten element is
more than that in high carbon HSS without tungsten element
due to the difference in the alloy composition. Variable pro-
>~ cess parameters, on the other hand, have a considerable
impact on the formability of DED-fabricated HSS components.
Therefore, Table 2 summarizes the available processing win-
dows for fabricating various grades of HSS parts.
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Line offset (mm)
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2.3. Material jetting-based AM

Hatch distance
(um)
Beam current (mA)

100
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5.5

/

2.3.1. Spray forming

The SF process was first proposed by Professor Singer of
Swansea University in 1968 and patented in 1972 [89]. The SF
process is schematically depicted in Fig. 10(a), where metal
alloys are first melted in an induction furnace before being
atomized into small droplets by a high-pressure inert gas.
Heat is exchanged between these droplets and the previously
deposited layers. During this process, the cold droplets quickly
reheat into the mushy state, which promotes the fragmenta-
tion of the dendritic arms, and then continuously propel and
cool by the high-pressure air flow toward the billet, as depic-
ted in Fig. 10(b). Finally, the dense preforms are collected in
multiple layers through the deposition and solidification of
droplets. The solidified microstructure can be observed to
. consist of equiaxed grains, a discontinuous network of
lamellar M,C carbides and MC carbides at grain boundaries
and inside the matrix, as seen in Fig. 10(c). It was stated that
the rapid cooling rate of atomization was the fundamental
factor in the refining of primary carbides in SF-manufactured
HSS with M,C and MC carbides of very small dimensions [17].
Nevertheless, to further increase the degree of densification of
the billet, thermomechanical deformation processes are often
utilized to obtain a more uniform microstructure. Compared
with PBF and DED-based AM processes, HSS fabricated by SF
and discovered that the microstructure of the deposited billet
was fine equiaxed grains [90], which is the most significant
feature of the SF process.
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Fig. 8 — Schematic diagram of the DED process.
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Compared with ESR and PM, the SF process has shown
several advantages in terms of mechanical properties, scal-
ability, process design, efficiency and cost [91-95]. The SF
process possesses a higher cooling rate (up to 10° K/s) than ESR
and PM, resulting in a finer microstructure (as-spray
10—100 pm), higher toughness, and better hot workability of
HSS than ESR. Moreover, the manufacturing procedure for the
SF process is much less than ESR and PM processes, which is
evident by the 5 steps in the SF process, 7 steps in the ESR
process, and 12 steps in the PM process, respectively. As a
result, the production efficiency of SF is much higher than ESR
[96]. More importantly, compared with the PM process, the
cost is reduced by 40% [97]. Because of its outstanding near-
net-shape ability and great flexibility, SF-made HSS with a
fine microstructure has garnered considerable interest from
industry and academia, for the reasons described above
[98—101]. Similarly, the process parameter variables of the
HSS components deposited by SF are shown in Table 3.

2.3.2.  Co-spray forming

Twin atomizers are used to spray HSS melt concurrently to
optimize production efficiency. Therefore, a Co-SF process
was proposed, as displayed in Fig. 11(a—b), to combine M3:2
and M2 HSSs to achieve excellent mechanical performance
[109,110]. Two different HSSs (alloy 1 and alloy 2) are melted
and sprayed on a flat substrate simultaneously. The alloy 1
droplets in the atomization cone are initially deposited on the
substrate to create the lowest layer of the deposit as the
substrate advances horizontally to the right. The top layer is
then formed by the alloy 2 droplets that are later deposited in
the atomization cone. A gradient zone is created between the
two layers after the two spray cones have been crossed over
and mixed in the overlapped region, as illustrated in Fig. 11(c).
It is evidenced that the preheated ceramic substrate contrib-
utes to reducing the porosity at the bottom of the deposit, and
the overlap of the two alloys helps to improve the bonding of

the interface layer. Experimental results declared that for the
combination of M3:2 and M2 HSSs, the austenitizing temper-
ature was preferably 1180 °C, and the hardness could reach 66
HRC.

Overall, as revealed in Fig. 2, the predominant AM tech-
nique for the manufacture of HSS components generally in-
cludes three main processes: PBF, DED, and M]J. These
processes vary depending on the different metallurgical
mechanisms. Their deposition rates, process characteristics,
and attendant microstructure/mechanical properties are lis-
ted in Table 4.

3. Modeling the AM process of HSS

The predictions of solidified features and microstructural
development during AM procedures are important because
they would minimize the amount of machining necessary to
create the component. For instance, the number of experi-
mental iterations required to get to the final product might be
decreased by researching the microstructure morphology and
production process. Due to the many common characteristics
of PBF and DED processes in the modeling process, for the sake
of simplicity, the theoretical modeling and relationships
involved in PBF and DED processes will be described in Section
3.1. On the other hand, compared with PBF and DED, the SF
process has significant differences during modeling. There-
fore, the theoretical modeling and research progress involved
in the SF process will be discussed in Section 3.2.

3.1 Powder bed fusion and direct energy deposition
processes
3.1.1. Powder delivery

During the DED process, powder delivery can be quantified by
powder efficiency, which depends on the nozzle geometry,
angle, and particle size. The powder feeding angle and speed
significantly affect the powder flow shape, blown powder
temperature distribution and laser intensity distribution [114].
The powder efficiency 5, can be simplified as,

n,=1- exp( - 2”3"/7}2,) (1)

where ry, is the radius of the molten pool, r, is the radius of the
powder flow. The powder volume concentration or the num-
ber of coaxially blown particles can be expressed [115],

N(1p,1) :Nmax(l)exp( —2r? /rf,) )

where 1, denotes the distance from the beam centerline, 1
represents the working distance between the laser and pow-
der, and Nmax represents the maximum volume concentra-
tion. These expressions contribute to a deeper understanding
of how the laser beam interacts with the powder stream
before it enters the molten pool.

3.1.2. Energy input
To comprehend the development of the temperature field
throughout the AM deposition process, the heat energy
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absorbed by the feedstock materials must be quantified. In the
case of laser beams, the study indicated that laser attenuation
results in a 25% loss of power reaching the molten pool's
surface [116]. The spectrum and absorption rate of the molten
pool and flying particles determine the laser radiation. Solute
distribution, evaporation and convection also affect changes
in absorption/attenuation. A laser surface coupling coefficient
A(T) is provided to simplify complicated laser attenuation and
particle absorption in response to the demanding radiation. A
temperature-dependent equation may be used to express the
coupling coefficient [117],

A(T) = /8eowpe(T) 3)

where ¢, represents the permittivity of free space, w denotes
the angular frequency of laser radiation, and p.(T) denotes the
temperature-dependent resistivity. Eq. (3) can be employed to
estimate attenuation/absorption effects. Meanwhile, the vol-
ume energy density E, is utilized to estimate the theoretical
energy of the laser beam under various process conditions.
The laser power P, scanning speed vs, hatch distance Ays, and
layer thickness D; are utilized to calculate the laser energy
density [118],

Fig. 9 — (a) High-power DED device. Micrographs of the high-carbon HSS (b) without tungsten element and (c) with tungsten
element. (d) SEM micrographs showing the dendritic microstructures of high-carbon HSS without tungsten element and (e)
high-carbon HSS with tungsten element. (f—j) SEM images of the high-carbon HSS show the various morphologies of the
carbides formed during the AM processes. (k) and (I) Phase map of the HSS (k) without tungsten element and (I) with

tungsten element [27].
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Table 2 — Processing window of various HSSs for the DED process.

Grade Laser Scanning Powder feed Spot Layer Shielding Tracks Refs
power(W) speed (mm/s) rate (g/min) diameter (mm) increment (mm) gas (L/min) overlap(%)
M2 850 8.1 60 1.5 0.7 [75]
T15 600 8 3.6 20 [74]
M2 1250 5 15 3 [77]
V-rich HSS 1900—3200 5-15 11-18 5 45 [33]
HC-HSS 2200—2400 5 15 5 45 [27]
HSS 2000—2200 5 13 50 [78]
HSS 2200—-2400 5 14-16 5-7 [37]
CPMOV 1700—-2700 3.3-13.3 5-15 3 15-25 [79]
M2 400 1-15 1-10 0.3 0.15-0.5 [76]
HSS 800 14.2 5 1 2.5 [80]
HSS 2000 14 [81]
M4 900 14 4.5 1 0.25 8 50 [82]
CPM10V 900—-1200 15 5-15 2.7 35 [83]
CPMOV 2500 7.6 20 2 30 [84]
CPM10V 2500 7.6 16 2 30 [84]
CPM15V 3000 8.6 11 2 30 [84]
M4 2750 86 9 2 50 [84]
CPM10V 2073 3.9 10 1.8-3.4 50 [85]
CPM15V 2400 47 15 2.3 [85]
M2 600 6.7 4 1.6 30 30 [86]
D2 2000 14.17 0.56 [87]
M2 2000 60 6 50 [88]

0t1c8
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Low energy density is favorable to forming a thinner layer,
but provides dense products with poor surface roughness. The
scanning speed in SLM determines the length of the molten
pool. Higher scanning speed leads to longer and thinner
molten pools, which may break into several smaller molten
pools due to Rayleigh instability [119].

For lasers and electron beams, the radius and power den-
sity distribution are crucial factors throughout the PBF pro-
cess. The axisymmetric Gaussian profiles are often followed
by the power density distribution of the heat source [120],

Pd:%exp(—f%) (5)

where P denotes the total power of the heat source, f is the
distribution factor, r, is the radius of the heat source and r
denotes the radial distance. Eq. (5) represents the surface

Furnace (a)

(b)

Spray distance :
—

power density distribution of the heat source. The volumetric
heat source with a modified Gaussian distribution may be
used to describe the heat source during the DED process [121],

Pa= T2 [ (1) mlexp( 51, ©)
arit VP p/ 2

where 7, stands for the proportion of energy absorbed by the
powder during flight, ; refers to the deposit's absorption co-
efficient, and t; is the layer thickness.

3.1.3. Molten pool behavior

Dimensional tolerances, microstructural features, and the
presence of residual stress in the completed product are
mostly determined by the behavior of the molten pool during
the DED process. The molten pool shape is attractive as an
indicator of process effectiveness, depending on many vari-
ables involving powder efficiency, wetting behavior, gas flow
rate, heat transfer and traverse speed [46]. Despite the molten

1
=1
>

Equilibration zone

Solidification

Small !

Fig. 10 — (a) A schematic illustration of the SF process, (b) solid fraction change for different sized droplets in the SF process,
and (c) microstructure of as-deposited Nb-added M3:2 HSS [40].
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_ pool elongates with increasing traverse speed, the depth of
§ TR T the molten pool becomes shallower [122]. In contrast to single-
g2222 832 layer deposition, the molten pool shape becomes more

asymmetric for multi-pass deposition. Larger molten pools
are favorable to grain evolution since they have more time to
develop. Smaller dendritic arm spacing (DAS) and finer
microstructural components may be achieved by using the
DED technique, which uses low power and a smaller molten
pool [123].

The thickness and radius of the molten pool exhibit a
temperature gradient that is proportional to power. Between
100 and 1000 K/mm of temperature gradient runs throughout
the molten pool's width or radius [124,125]. By speeding up the
powder feeding, powder injection impacts the molten pool

Refs

Diameter of the
delivery tube (mm)
4

= superheat and lowers the molten pool temperature. As the
g E laser power decreases, the distribution of the molten pool
E=I) o .
S5 I temperature becomes more uniform, and the peak tempera-
29 ture increases with increasing specific energy. The study
& showed that the local heat loss at the molten pool/vapor
interface can be given as [126],
/E\ Qioss =Ne(T—To) + ea(T4 — T‘;) + pVayLy (7)
=
;8 g g § § where h is the convective coefficient, ¢ is radiation emissivity,
29 & 4 & iy g is the Stefan-Boltzmann constant, T, is the ambient tem-
8 g < ¥ o < perature, p is the molten fluid density, Ly is the latent heat of
) evaporation, Vg, is the boundary movement speed caused by

evaporation. As anticipated, the phase-field model (PFM) in
Fig. 12 accurately predicted the shiftin a temperature gradient
in the molten pool [74]. The highest temperature gradient is
concentrated near the bottom of the molten pool, reaching
1.85e+06, as shown in Fig. 12(a). The vector represents the
gradient magnitude and direction. The cooling rate ranges
between 262 and 5090 K/s, with the lowest rate occurring near
the bottom of the molten pool, as seen in Fig. 12(b). When
reaching the top layer along with the bottom domain, the
cooling rate gradually increases to 3480—5090 K/s. It shows
that the model can be utilized to predict temperature devel-
opment and molten pool distribution.

Atomization gas
N2
N2
N2
N2
N2
N2
N2
N2
N2

0.45—-0.5
1.5
0.7-0.8
0.55

0.5

3.1.4. Solidification behavior

Heat transfer governs the molten pool's solidification
behavior, which may be separated into three major events: (1)
heterogeneous nucleation, (2) heat/mass transfer in the
mushy zone, and (3) microstructural evolution. The link be-
tween the molten pool temperature gradient G and the so-
lidification rate V for surface laser processingis written as [46],

G3'4 —47TNO
——=8113|, 35—
Vi N 3In(1-9)

pressure (MPa)
0.5
0.7
0.6

Atomization

0.28
0.42

rate (kg/s)
0.5

Metal flow

34

(8)

where Ny denotes the quantity of nucleation sites, and ¢ de-
notes the volume proportion of equiaxed grains. Meanwhile,
the study showed that the solidification velocity is pertinent
to the laser feed rate and the molten pool shape caused by
powder addition and surface wetting [125].

Additionally, several studies have shown that the micro-
structure is directly affected by a temperature gradient, which
in turn impacts the grain orientation and growth patterns
[127,128]. To confirm the evolution behavior of HSS grains
fabricated by AM process, Jammal et al. [74] established a PFM
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Fig. 11 — (a) Schematic diagram of the co-spraying process using two different HSSs (M2 + M3:2). (b) In-situ co-spray
deposition process, (c) illustration of the transverse section of the deposit [109,110].

coupled with nucleation, phase transformation and thermal
transfer to simulate the solidification process of single-track
T15 HSS manufactured by the DED process. It was discov-
ered that throughout the simulation domain, the micro-
structural evolution of T15 HSS manifested as cellular and
equiaxed zones. Fig. 13 depicts the PF simulation results of the
nucleation and growth process of the molten pool at different
stages, where the grain ID = O represents the liquid phase, and
the other grain IDs represent each solid phase grain with
different orientations. It can be observed from Fig. 13(a) that
cellular microstructure appears during the initial stage of so-
lidification. As the temperature drop rate gradually decreases,
new crystal nuclei begin to form, and equiaxed grains gradu-
ally grow, as shown in Fig. 13(b). In Fig. 13(c), it can be found
that the cellular region stops growing with the formation of
equiaxed grains. Fig. 13(d) shows that as the solidification
progresses, the nucleation density greatly increases, and the
equiaxed grain size gradually increases compared to the early
stage of solidification. The final solidification is completed at
t = 1000 ps during the simulation domain, as shown in
Fig. 13(e). Correspondingly, the experimental SEM image is
displayed in Fig. 13(f). It can be seen similar patterns are
observed and the SEM image shows the cellular and equiaxed
microstructure. Even though the grain size progression pat-
terns shown by PFM and SEM images are comparable, there
are variances in the average grain sizes. Meanwhile, PFM in-
corporates liquid-solid phase change, with no consideration
given to solid-solid phase transformation. Moreover, it is a
challenge to in-situ observe the solidification process of HSS
due to the poor imaging contrast caused by a wealth of high-
density alloying elements. Therefore, Jammal et al. argued
that it was difficult to accurately compare the modeling re-
sults with experimental data even though the simulation
analysis showed similar trends to the experimental results.

3.2.  Spray forming process

In this section, various well-known analytical models pro-
posed during the development of the SF are summarized. The

previous research progress can be roughly divided into four
key regimes in terms of atomization, droplet flying, deposition
and solidification of preforms.

3.2.1. Atomization regime

The kinetic energy of the impinging high-speed gas jet disin-
tegrates the continuous metal flow into droplets in the gas
atomization. Generally, the metal flow is considered to have
been torn, secondary atomized and spheroidized. The study
found that various alloy melts have different susceptibilities
in terms of atomization. Therefore, the mass distribution and
average size of droplets are significant parameters for evalu-
ating the atomization ability, which directly determines the
cooling rate of the jet stream, and then affects the solidifica-
tion microstructure of the deposited billet. The mass proba-
bility density function g(d) of the droplet size distribution has
been proposed by many scholars and can be expressed
[129,130],

1 1 (Ind—1ndy,)*
9(d)= In 6,27 <d) P { 21n’c, ] ©)

where o, is geometric standard deviation, d is particle diam-
eter, dy, is mass median particle diameter. In particular, it is
difficult to accurately calculate the particle size distribution in
the atomization cone because of the complexity of the at-
omization process. Based on various assumptions, numerous
investigations have been used to predict the mass mean
diameter of droplets [131-134]. Among these, a semi-
empirical equation derived by Lubanska et al. was widely
employed to predict the droplet size [135]:

M ¥
El1+ 2

where D represents the diameter of the melt delivery nozzle, ¢
is metal-to-gas kinematic viscosity ratio, v,, is melt surface

n

dn =DK, (10)

tension, M is metal mass flow rate, Pg is gas density, vy is
initial gas velocity, A is atomizer exit orifice cross-sectional
area, p, is metal density and K, is experimental constant. In
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Table 4 — Comparisons of representative AM processes.
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Process Layer Deposition rate Dimensional Surface Advantages Disadvantages Refs
thickness (um) accuracy (mm) roughness (um)
SLM 20—100 Depending on the laser High 6—10 High forming precision, ineffective deposition and [111]
spot size, scan speed, +0.04 shape/size flexibility, no small ingot size
number and complexity post-processing
of parts
SLS Depending on the laser High Self-supporting Low density, rough surface, [51]
spot size, scan speed, +0.1 properties, complex needs post-processing
number and complexity shapes and high
of parts flexibility
DMLS 20—100 Depending on the laser High 14—-16 No pre- or post- Spheroidization effect, [112]
spot size, scan speed, +0.05 processing, quick sintering deformation,
quantity and complexity manufacturing cycle, loose density
of parts cheap cost
EBM Depending on beam High 20-50 High energy density, a Low ingot size, poor forming [32]
spot size, scan speed, +0.4 tiny heat-affected zone, precision, and excessive
component number, little deformation, and a cost
and complexity high level of production
DED 254 0.1-4.1 cm*/min ~40 Fabrication of gradient poor accuracy, easy to [113]
materials, sophisticated break, and low material
surface repair, cost usage
savings and a rapid
production cycle
SF / Depending on the Low / High deposition intrinsic porosity that needs [98]
nozzle's shape, quantity, efficiency and large further processing
atomization, and ingot size
deposition distance
Co-SF Depending on the shape, Low Higher deposition intrinsic porosity, requiring [110]
quantity, and efficiency and large further processing
atomization ingot size

performance of the
nozzles as well as the
deposition distance
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Eqg. (10), the change in droplet size distribution with melt
temperature is ignored. Therefore, droplet size distributions
can be calculated.

3.2.2. Droplet flying regime

Metal droplets are rapidly cooled under the protection of inert
gas, taking away a large amount of latent heat during the
flying regime, while the remaining latent heat is taken away
through the substrate cooling medium (water-cooling) or lost
by the surface of the deposited billet. The gas flow field is the
medium in which the droplets move. It is determined by the
atomization pressure, the shape of the atomization cavity and
the interaction between the gas and droplet, which affects the
flying trajectory and mass flow rate distribution of the metal
droplet. The gas velocity vy could be derived as follows
[98,136,137],

vy = {29 (%) P1V<1 - i—j)} (11)

where P is initial conditions of pressure, P, is final conditions
of pressure, nis molar heat capacity ratio, V is volume, and g is
acceleration. The gas temperature (T,) at the nozzle exit could
be expressed as [136,138],

=1 %y 2
T =[N
where Ty is stagnation temperature, Cy is correlation coeffi-
cient, v is specific heat ratio of atomized gas, P, is stagnation
pressure, and P, is exit gas pressure.

The mass flow rate distribution of droplets affects the
formation and yield of the deposited billet, many scholars
have carried out large quantities of experimental studies
[133,139,140]. The findings showed that the correlation had
been responsible for the change in mass flow as a function of
axial distance [98],

—C
mDy’ ¢ <i>cz < odv, ) 3 (13)
MD D,/ \18u,D,

where m is mass flux, M is metal mass flow rate, C;-Cs are
experimental constants and z is axial distance. The atomiza-
tion gas not only delivers the energy required for the disper-
sion of the melt flow, but also interacts with the droplets
during their flight. Ignoring the influence of gravity, as dis-
cussed in Refs. [139,141,142], the equation of droplet motion
can be described as follows,

dva 3 Cpp, Pg
&t 4 dp, (vgfvd)|v97vd|+g<1fp—d> (14)
24/R, 0<R.<1
Cp=1 24/R.%* 1 < R, <400 (15)
0.5 400 <R, <3 x 10°

where vy is droplet velocity, v, is gas velocity, pq is droplet
density, p, is gas density, Cp is droplet drag coefficient, and Re
is Reynolds number.

Pi et al. [143] proposed a computational model to predict
the motion and thermal behaviors of individual droplets of

spray-formed W18Cr4V HSS according to Newton's laws of
motion and the convection heat transfer mechanism. The
developed model predicted the velocity, temperature, heat
transfer coefficient, and solid fraction of individual droplets,
and the results are presented in Fig. 14. The model's settings
were as follows: the starting gas velocity was set to 300 m/s for
droplet sizes between 20 and 200 um; the deposition distance
was 0.5 m; the superheat degree was 100 K, and the ratio of the
gas-to-metal mass flow rate was 0.55. As observed in Fig. 14(a),
the velocities of droplets of various sizes quickly climbed to a
maximum value and then progressively dropped. This
observation demonstrated that the droplet diameter had a
significant impact on the droplet velocity. The velocity of the
smaller-diameter droplets showed a sharp rise and fall, while
the velocity change of the larger-diameter droplets was rela-
tively gentle. The corresponding contour of the velocity dis-
tribution was presented in Fig. 14(b). Meanwhile, the thermal
behavior and temperature distribution of droplets with
different diameters were presented in Fig. 14(c and d),
respectively. As expected, it can be observed that smaller
diameter droplets nucleated at shorter distances due to higher
cooling rates, resulting in lower temperatures upon reaching
the deposition surface. This means that smaller diameter
droplets had higher initial heat transfer coefficients, as dis-
played in Fig. 14(e). The gas accelerated the droplet sharply,
reducing the relative velocity. As a result, the heat transfer
coefficient dropped dramatically. Subsequently, the heat
transfer coefficient increased again. It was hypothesized that
the decrease in gas velocity increased the relative velocity

Temperature gradient (K/m)

EHES S 2 aaam
7.92¢+05

1.14e+06 1.50e+06 1.85e+06

Cooling rate (K/s)
|
-5090 -3480 -1870 -262

i

Fig. 12 — (a) Temperature gradient and (b) cooling rate
magnitude distribution in the molten pool during powder
bed fusion and direct energy deposition processes [74].
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Fig. 13 — Simulation results of the nucleation and grain growth process during the solidification process T15 HSS at different
stages: (a) 100 ps, (b) 300 ps, (c) 500 ps, (d) 800 us, (e) 1000 ps, and (f) SEM microstructure profile distribution [74].

between droplets and gas molecules. Moreover, the temper-
ature history of the droplet influenced its solidification
behavior, as shown in Fig. 14(f), which demonstrates that the
solid portion of the droplet reduced as its diameter increased.
Since the model could accurately anticipate the motion and
cooling of individual droplets, it was utilized in conjunction
with numerical simulations to verify its correctness.

3.2.3. Deposition regime

Most metal droplets are semi-solid and have large kinetic
energy when they reach the deposition surface. The droplets
undergo complex physical and chemical changes due to vio-
lent collisions and bounce off. At present, despite numerous
research efforts that have been reported to reveal and analyze
the deposition mechanisms, there is a lack of accurate and
clear understanding of this process. Among these, the depo-
sition rate as the basis of preform forming and quality is
proved to be Gaussian distribution [98,140]. Trapaga et al. [144]

studied the droplet's extension on the substrate, the interac-
tion of adjacent droplets, and the splashing behavior of
droplets impinging on free liquid surfaces. The results indi-
cated that viscosity plays a dominant role in droplet expan-
sion. Thus, the sticking efficiency SE (shape and yield of
deposited billet are affected) was used to describe the rela-
tionship between surface solid fraction and droplet sticking or
bounce-off, which was expressed as follows [133],

SE=SE(0) + (nsfs + m.fL)ew

where SE is sticking efficiency, 7, is solid sticking coefficients,
ny is liquid sticking coefficients, f; is solid fraction, f; is liquid
fraction, and e, varies from 0 to 1. Moreover, Cai et al. [136]
developed a model for estimating porosity based on particle
packing theory. They hypothesized that: (1) The porosity in
the deposited billet could only be packing structure or solidi-
fication shrinkage (represented only by volumetric shrinkage).
(2) The droplets were divided into two types during the

(16)
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atomization cone: fully liquid and completely solid. Accord-
ingly, a porosity coefficient ® was described as,

o= <1__F> _ (

r fs
where 8 =1 — py/ps is the solidification contraction, f; is the
average solid fraction, and I' is particle packing density. Based

on the aforementioned basic assumptions, the porosity p can
be evaluated as,

1-f

Ja-o 1)

or >0
p= or (18)
or—(1-5) d<0
3.2.4. Solidification regime

The solidification regime is mainly reflected in the heat
transfer and cooling process of the deposited billet, and heat
dissipation is generally carried out in three approaches:
namely convection heat dissipation of the deposited billet,
radiative heat dissipation and heat transfer. Because of the
temperature differential between the surface and inside of the

(a)

deposited billet, some scholars have developed more accurate
numerical models [140,145—148], as follows,
dT d’T

df
pch— - kAHJ’_ pLVE

where p is density, C is specific heat capacity, V is volume, T is
temperature, f is solid fraction, k denotes thermal conduc-
tivity, and A denotes the cross-sectional area. For under-
cooling analysis, homogeneous and heterogeneous
undercooling models were discussed in detail [149—-152],
respectively. The expressions are as follows,

(19)

30272
ATﬁom: 167y QT : (20)
3ks (T} — AThom)h2 In <O.01NUVdAThom / T)
167y QP T2f (0
ATﬁet _ sl If( ) (21)

3ks(T) — ATheo)h2 In (0.011\1‘,\/,m*mt / T')

where AThom and ATy represent the degree ofhomogeneousand
heterogeneous undercooling, respectively. v is solid/liquid
interface energy, Q is atomic volume, T; is liquidus temperature,
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Fig. 14 — Modeling results of the deposition behavior of individual droplet of W18Cr4V HSS during SF process [143]: (a)
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fraction.
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Table 5 — Summary of particle engulfment models for critical solidification velocity.

Model Prediction Equations Refs
Kinetic/thermal/thermodynamic engulfment _ 0148/ a e [155]
T gr \Br
ineti 4y(a)KpTaos1a0]
Kinetic model engulfment o = [W] [153]
Thermal/kinetic model engulfment Vo = _Aoodo 2 — K [154]
g TS em-Dr\© K
hy is the latent heat of fusion, T is the function of the dropletsize, =~ 4.1.  Carbide precipitation behavior

Vg4isdropletvolume, f (6)is contact angle factor, Ny is thenumber
ofliquid atoms per unit volume, and kg is Boltzmann's constant.
Three typical kinetic/thermal/thermodynamic models were
proposed to evaluate the criteria for particle entrapment or
rejection [153—155]. The critical solidification front velocity V is
provided for each model. The details are summarized in Table 5.

In summary, SF is a complex process involving heat
transfer, mass transfer, metallurgy, chemistry and fluid me-
chanics. This process principally includes droplet atomiza-
tion, rapid solidification during flight and final solidification
that occurs when high-velocity droplets impinge on the
cooling substrate and bounce off.

4, Microstructural evolution of AM-
fabricated HSS

The microstructural characteristics (e.g., grain size, carbide
morphology and distribution) of AM-manufactured HSS
components are very susceptible to the thermal history during
manufacturing, which includes cooling rates, large tempera-
ture gradients, and other factors [156]. Compared with the
conventional solidification process, despite the cooling rate of
the AM process (10°—107 K/s) is higher than the normal cooling
rate (102 to 10? K/s), the resultant microstructure of AM-
fabricated HSS still maintains its basic characteristics, that
is, dendrites are encircled by an interdendritic network of
eutectic carbides that is more or less continuous [157]. The
fabricated microstructure has a matrix of austenitic decom-
position products (usually martensite, or bainite with a small
amount of retained austenite), spherical secondary carbides,
and eutectic carbides that are distributed both in the inter-
dendritic or intercellular regions (M,C, M,Cs, and MC) as well
as inside the eutectic cells (MC). Post-heat treatment, which
modifies the microstructural evolution of AM-fabricated HSS,
is an effective way to improve mechanical properties and
tribological behavior. Its typical microstructure is character-
ized by eutectic carbides and dispersed precipitation of sec-
ondary carbides distributed in tempered martensite. It can be
seen that carbides play a critical role in prolonging the service
life of HSS. For AM-processed HSS, the size, morphology, and
distribution of eutectic carbides change significantly with
higher cooling rates. However, the overall volume percentage
of eutectic carbides and the volume fraction of each eutectic
carbide are mostly determined by the chemical composition,
with little impact from the cooling rate [158—161]. Therefore,
given the specific alloy composition, the solidification process
determines the size, shape, and spatial distribution of the
microstructure. In this chapter, the microstructural evolution
of HSS components manufactured by AM is reviewed.

4.1.1. Precipitation dynamics

The composition of the most widely used AISI M2 HSS is the
foundation of the HSS alloy design. The obvious variation of
different grades of HSS is the modification of carbon and va-
nadium content. Therefore, the chemical composition of
various grades of HSS principally falls into the following ranges:
0.9-2.5% C, ~10% W, ~7% Mo, 3—7% Cr, 2—10% V, ~12% Co and
Fe balance. Fig. 15 shows the precipitation sequence of the
microstructure of HSS with different carbon content under
equilibrium regimes. For carbon content between 0.8% and
1.2% (wt), the pseudobinary section of Fig. 15(a) shows that the
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Fig. 15 — (a) Pseudobinary section for Fe—6W—-5Mo—4Cr—
2V—C HSS using Thermo-Calc software [2] and (b)
Fe—5W—-5Mo—5Cr—5V—C was predicted using Thermo-
Calc software [157].
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primary crystallization of & ferrite is completed with the
decrease of temperature [2]. As demonstrated in Fig. 15(b),
austenite instead of ferrite is the predominant solidification
phase for carbon contents more than 1.5% (wt) [157]. Although
the prediction in Fig. 15 indicates the formation of austenite
and various carbides in terms of MC, M,C, MgC, and M,Cs, it is
necessary to emphasize the gap between the prediction and the
experimental results needs to be considered because the so-
lidification process usually occurs under non-equilibrium re-
gimes. For instance, If the residual delta ferrite is not
completely consumed by the peritectic reaction (depending on
the cooling rate and carbon content), it will decompose into a
mixture of austenite and carbide, i.e. delta eutectoid [6,162].
The significance of delta eutectoid is that it can affect the

mechanical properties of HSS [163]. In fact, there are many
controversies with respect to the carbides in the delta eutectoid
of HSS, with MgC [164], which contrasts with M,3Cs in another
study [165]. Chaus et al. [163] systematically investigated the
morphology and origin of the carbide in the delta eutectoid of
M2 HSS and indicated that both M,C and MsC carbides could
simultaneously form delta eutectoid. Meanwhile, in-situ EBSD
studies confirmed that delta eutectoid was based on M,C [166].
Moreover, M2 HSS produced by the LC process results in an
incomplete peritectic reaction, d ferrite and austenite remained
to room temperature due to the high cooling rate [76]. It was
discovered that the microstructure progressively changed from
cellular or dendritic 5 ferrite and austenite to martensite and
retained austenite as the cladding layer thickness rose.
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Fig. 18 — (a) Secondary M,GC precipitates in the M3:2 matrix, and (b) M3:2 (2% Nb) HSS, (c) HRTEM image of M,C carbides in
M3:2 (2% Nb) HSS, with the accompanying FFT image inset in (c), (d) IFFT image of rectangle marked in c, (¢) HRTEM image of
MC carbides precipitated at the matrix in M3:2 (2% Nb) HSS, the insets are the matching FFT and IFFT images of MC indicated

by a rectangle [108].

Especially, Fig. 16 comparatively presents the microstruc-
tural evolution and carbide decomposition behavior of DED-
fabricated Fe—1C-2.6Mo—W-V HSS [167] and SF-deposited
high cobalt HSS [38] during rapid solidification. It can be
observed that columnar dendrites grow towards the heat
source in the deposited layer of HSS manufactured by DED.
Fig. 16(a and b) illustrate the formation of fine dendritic arms

with secondary dendrite arm spacing (SDAS) of around
1.47—-2.51 pm. This fact suggests that fast cooling during DED
reduces the solute components' diffusion time and might
resultin a smaller SDAS. As can be observed in Fig. 16(c and d),
carbides often develop in the interdendritic zone and take the
shape of plates or rods with lengths ranging from 0.5 to 2 um.
Meanwhile, the alloying elements exhibited obvious
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Influence of process variables on the porosity of M2 HSS processed by DMLS: (c) without and (d) with graphite addition [58].

interdendritic segregation, enriched in C—V-Nb-Mo or
C—V—Cr—Mo, as shown in Fig. 16(d). As a consequence of the
relative scarcity of solute elements in the dendritic area, the
austenite stability of the dendritic region is lower than that of
the interdendritic region, as illustrated in Fig. 16(e). By
contrast, spray-formed HSS often has spherical MC carbides
that are finely and evenly dispersed among discontinuous
M,C carbide networks, as shown in Fig. 16(f). As expected, the
production of primary austenite dendrites dominates the
initial solidification, and MC carbides form around the den-
drites. The droplets split into austenite dendritic packets
during deposition, and the liquid that is left fills the voids left
by the dendrite packets. As illustrated in Fig. 16(g), metastable
M,C carbides have completely decomposed into MC and MeC
carbides after annealing at elevated temperatures. Compara-
tively, Fig. 16(h) exhibits the morphology of the M,C eutectic
carbide before decomposition, which still maintains the plate-
like shape. After the decomposition treatment by holding at
1200 °C for 1 h, it can be observed that the original M,C car-
bides are completely destroyed and the distribution of car-
bides with the size of 1—2 um is more uniform, as shown in
Fig. 16(i). It should be noted that despite the similar changes in
microstructure and phase composition of wrought and cast
HSS, the evolution of wrought HSS is not evident after the heat
treatment regime. In comparison with cast HSS, MC carbides
precipitate from MgC carbides instead of M,C at high

austenitizing temperatures due to decomposition of M,C
carbides [168]. This mechanism may be defined as M¢C car-
bides nucleating at the interface between M,C and austenite
and expanding. MC carbides are subsequently generated in-
side MgC carbides or in contact with MgC carbides. However,
Chaus et al. [169] concluded that during decomposition, MC
carbides mainly precipitated at the interface between the
lamellar M,C carbides and the matrix. It was emphasized that
the dimension of MC carbides formed at the interface between
the lamellar M,C carbides and the matrix was significantly
larger than the MC nucleated inside the MgC carbides, which
implies that significant coarsening of the decomposed car-
bides occurred. Nevertheless, these different phenomena
suggest that the more fully the M,C carbides are decomposed,
the more uniform the carbides are distributed after thermal-
mechanical processing (mainly involving hot forging and hot
rolling), resulting in a substantial improvement in bending
strength and impact toughness [38].

4.1.2.  Morphologies and distribution of carbides

Generally, the resultant microstructure is distinctive of HSS
parts manufactured by different AM processes. For instance, it
is found that the microstructure of the HSS parts fabricated by
PBF and DED processes is made of equiaxed crystal and
columnar dendritic structure, while the microstructure of HSS
parts manufactured through the SF method is mainly
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equiaxed grain. Although there are remarkable differences in
dendrite arm spacing or cell size compared with conventional
processes, it is noteworthy that the interdendritic (or inter-
cellular) network of eutectic carbides, which is more or less
continuous, is still a significant feature of the HSS micro-
structure. This phenomenon reveals the considerable effect of
eutectic carbide shape and distribution on the microstructure
of HSS produced by AM. Especially, the most prevailing
eutectic carbides are MC, M,C and M¢C. MC eutectic carbide in
HSS is rich in vanadium element, and the higher the content
of vanadium and carbon, MC is favored to M,C or MgC. MC
carbide has an isolated massive or petallike shape with an FCC
structure, and its microhardness is about 3000 HV [157].
Several variables impact the shape of M,C eutectic carbide,
including chemical composition, cooling rate, and modest
addition of particular components [170—173]. Eutectic
morphology is classified into two types: irregular and
complicated regular. For irregularity, many researchers
describe its shape as feathery, fanlike, lamellar and platelike
[170,172,174]. For complex regular, it appears as lamellar and
rod-like [172,173]. M,C carbide has a hexagonal crystalline
structure with a microhardness of 2000 HV [157]. As a meta-
stable phase, it decomposes into MC and MC carbides during
the subsequent high-temperature annealing process
[175,176]. M,C eutectic is favored to MeC eutectic by increasing
the Mo/W ratio. MegC eutectic carbide is generally fishbone
shaped with a ridgeline, which is significantly different from
M,C eutectic carbide. It has a complex FCC crystalline struc-
ture with a microhardness of 1500 HV [157]. In addition, the Cr
element is easily enriched to form M;C; and M,3Ce carbides
distributed in the martensite matrix, which resist oxidation
under high-temperature wear conditions [177]. Because of the
incorporation of Co, the matrix retains its strength even when
subjected to high temperatures [178]. Therefore, in this sec-
tion, the carbide characteristics of HSS parts fabricated by AM
process are reviewed.

Extensive work has been carried out on the research of
carbides in HSSs fabricated by AM. For instance, Mu et al. [179]
investigated the microstructure characteristics of $390 HSS
produced by SF. The results revealed the presence of two
carbides, MC and MeC, which are uniformly dispersed at the
grain boundaries and inside the grains. By contrast, the car-
bide precipitation behavior of S390 HSS processed by EBM was
characterized [32]. It was found that eutectic carbide types are
MC and M,C, and the regional energy input affected their
relative proportions in the as-EBM microstructure. According
to Xu et al. [180], the composite carbides of MC and Mo were
distributed within the grains whereas the MC carbides of
CPMYV HSS deposited by SF were mostly distributed at the
grain boundaries. Especially, as the most prevailing M2 HSS,
the microstructures fabricated by AM processes such as SLM
[62,63,181], SLS [53], DMD [75], and LC [34,35,88] are discussed.
As expected, the carbide types include MC, M,C, and MC,
which is compatible with the discovery of A30 HSS deposited
by SF [103]. Meanwhile, as mentioned earlier, a uniform car-
bide dendritic network was still observed, and different car-
bide morphologies were pertinent to the solidification cooling
rate. Moreover, Yu et al. [90] studied M3 HSS billets produced
by SF with the addition of niobium content. It was found that

the carbides in M3 HSS were composed of MC and M,C, while
M,C appeared in M3 HSS with niobium. Niobium was thought
to have the capacity to alter the principal carbide type and
enhance the thermal stability of the microstructure of M3 HSS
following heat treatment. Shim et al. [82] comparatively
analyzed the evolution of carbides in the microstructure of
DED-fabricated M4 HSS before and after heat treatment. It can
be observed in the as-deposited layer composed of cellular
dendrites, retained austenite and martensite, as shown in
Fig. 17(a). As evidenced in Fig. 17(b), the XRD pattern showed
that the as-deposited layer included a significant amount of
martensite and M,C carbides. Afterwards, the microstructure
of the quenched and tempered M4 HSS was shown in
Fig. 17(c). It has been shown that the deposition zone results in
the development of tempered martensite, which contains tiny
spherical carbide particles. As indicated in Fig. 17(d), the vol-
ume percentage of martensite in the deposited zone was
much lower than that of the unheated M4 HSS, and more
carbides developed in relation to MC and MgC as a result of the
decomposition of M,C. By contrast, the microstructure of
deposited M4 HSS after direct tempering was characterized, as
shown in Fig. 17(e). As can be observed, the equiaxed dendritic
structures were maintained even though more residual
austenite was dispersed along the grain boundaries in com-
parison to the untreated M4 HSS specimen. The types of car-
bides remained the same as in Fig. 17(d), as displayed in
Fig. 17(f). Carbides precipitated at grain boundaries were
bigger in size than those seen in Fig. 17(a and c), and the un-
dissolved particles typically had sizes on the order of a few
microns. The primary source of strength and hardness came
from the carbides that were generated during tempering.

To further elucidate the precipitation characteristics of
secondary carbides, Wang et al. [102,105,108,182] discussed
the precipitation behavior of secondary carbides in M3:2 and
M3 HSSs manufactured by SF with 2% Nb. The secondary
carbides were identified in detail using a high-resolution
transmission electron microscope (HRTEM), as illustrated in
Fig. 18. Needle-like secondary M,C are shown in Fig. 18(a).
These secondary M,C carbides also appeared in M3:2 HSS with
2% Nb, with a diameter of about 1.5 nm (Fig. 18(b)). By contrast,
there is no significant difference in size due to the strong
thermal stability of secondary carbides. To further discuss the
orientation relationship between the secondary carbide and
M3:2 HSS with a 2% Nb matrix, the fast Fourier transformation
(FFT) image of M,C carbide marked with a rectangle is shown
in Fig. 18(c). Correspondingly, the inverse fast Fourier trans-
formation (IFFT) image (Fig. 18(d)) displays that the interplanar
spacing of (110), is 0.2022 nm. While inserted FFT and IFFT
images in Fig. 18(e) are characterized by the secondary MC
carbides in the M3:2 HSS with 2% Nb matrix with a size of
7—8 nm. The results declared that the addition of 2% Nb re-
duces the primary austenite grain size. While Nb appears in
MC carbides, contributes less to eutectic MgC carbides. The
coordinated precipitation of MC and M,C carbides is respon-
sible for the peak strengthening. Under the same tempering
conditions, 2% Nb HSS has excellent tempering performance
due to the presence of high-density nano-scale M,C pre-
cipitates. It was claimed that niobium substitution could
provide good solid solubility of vanadium and molybdenum
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and that considerable amounts of nano-scale MC and M,C
secondary carbides predominate in 2% Nb HSS for achieving
better hardness and outstanding strength.

In summary, carbide type and shape are mostly deter-
mined by the chemical composition of HSS and the rate of
cooling during the manufacturing process [162]. However, it is
not universal for specific carbides, such as MgC. The chemical
composition and cooling rate have little effect on the
morphology of MsC eutectic carbide, however higher cooling
rates minimize the distance between platelets [172].

4.2. Defect formation mechanism

4.2.1. Porosity

Depending on the process settings and alloy types, porosity is
a relatively prevalent defect in HSSs manufactured by AM
[26,183], which is particularly harmful to the mechanical
characteristics of HSSs [184]. Three possible porosity forma-
tion mechanisms were proposed: gas porosity, interstitial
porosity, and solidification shrinkage [140]. For example,
porosity appears in DED components, which may be ascribed
to inadequate solidification processes or the existence of
entrapped gas and debris. Porosity is caused by inadequate
efficient fusion between succeeding layers, which is promoted
by insufficient laser power [185]. Un-melted particles also
affect porosity, which may occur in the first/second deposited
layer next to the substrate owing to a considerable quantity of
heat transmitted to the substrate during the early stage of
DED. Moreover, it has been observed that the porosity of SF-
deposited HSS in the bottom and top surface regions could
reach 20% [136,183,186,187].

During PBF processing, complex interactions between the
particles in the powder bed and the energy beam occur,
resulting in microstructural defects such as pores, spheroid-
ization and vaporization effects during the accumulation
process [188,189]. Geenen et al. [26] studied the density of M3:2
HSS processed by SLM at a preheating temperature of 300 °C.
The results showed that irregular pores occupied a larger area
of the SLM sample due to insufficient melting at a spot dis-
tance of 40 pm and an exposure time of 60 ps, as shown in
Fig. 19(a). In contrast, at the spot distance of 20 um combined
with an exposure time of 110 ps, small, regular round pores
were observed in Fig. 19(b). These pores, with a diameter of
about 35 pm, are concentrated due to the reduced solubility of
argon and other gases in the molten metal during the solidi-
fication process. It can be found that as the exposure time
increases, the porosity can be minimized. When high melt
viscosity and melt-bath dynamics are combined, gas cannot
escape because of a high solidification rate, which leads to the
formation of pores [190]. Especially, as described in 2.1.3, the
porosity of HSSs fabricated by DMLS is the most extraordinary
among the processes listed. Since the sinterability of HSS is
greatly affected by the sintering atmosphere, Simchi et al. [58]
studied the effect of the total porosity of M2 HSS manufac-
tured by DMLS under argon and nitrogen atmospheres, as
seen in Fig. 19(c and d). It was discovered that the laser
scanning speed and the amount of graphite addition had an
impact on the sintering atmosphere. After sintering in a ni-
trogen atmosphere, the overall porosity of M2 HSS steadily
increased. In contrast, after sintering under argon, the

porosity decreased slightly at the scan rate v < 100 mm/s while
it increased at higher scan rates. Similarly, the porosity of M2
HSS with 0.4 wt% graphite exhibited a rapid increase at scan
rate v > 100 mm/s regardless of atmospheres. According to
Fig. 19(c and d), the M2 HSS produced by the DMLS process
appears to be denser in argon than in a nitrogen environment.
Furthermore, even though porosity is decreased at a lower
scan rate, healthy parts cannot be made owing to sintered
layer delamination and component breaking. The higher
porosity produced by DMLS in a nitrogen environment might
be ascribed to nitrogen dissolving in the melt during the DMLS
process. Meanwhile, the dissolution of nitrogen content af-
fects the surface tension of the melt, and variations in the
melt's surface tension and viscosity may dominate Marangoni
convection and further impact the attainable density [191].
Therefore, it can be found that the porosity of HSS compo-
nents is related to the protective medium and process pa-
rameters. Generally, for the HSS parts manufactured by PBF
and DED processes, the subsequent thermo-mechanical
deformation process is rarely carried out due to the size lim-
itation and the complexity of the shape. To manufacture HSS
components with a high density, the process parameters must
be optimized. Regarding the HSS manufactured by SF process,
a small amount of porosity is allowed, and a completely dense
part can be obtained due to thermo-mechanical deformation.
In terms of reducing porosity, HSS parts fabricated by SF
process have higher flexibility compared to HSS manufac-
tured by PBF and DED processes.

4.2.2. Cracks and delamination

HSSs with high carbon content (>1.3 mass-%) have a consid-
erable impact on the formability of AM and alloy weldability
regardless of PBF or DED-based AM process, particularly the
presence of hard and brittle martensite and carbides linked to
internal stress in the component, which causes cracks to form
[31]. There are two sorts of cracks: hot cracks and cold cracks
[192]. Hot cracking encompasses the solidification as well as
the liquification of the material to be fractured. Thermal strain
caused by solid shrinkage breaks the liquid layer at the
interdendritic region (or grain boundary), resulting in solidi-
fication fractures. Liquefaction cracking develops when ther-
mal stresses are applied to the liquid layer created by the
remelting of low melting point materials. Solute segregation
creates the liquid film at the interdendritic area (also known
as the grain boundary). When DED is rapidly cooled, non-
equilibrium solidification takes place, and more alloy is pre-
sent in the liquid phase. As a result, solute segregation occurs
at the grain boundary, or interdendritic region, and the
development of eutectic carbides makes materials more sus-
ceptible to heat cracking [193]. The driving force for the for-
mation of cold cracks may be related to the residual stress
generated during the deposition process. From a macroscopic
perspective, residual stress might be created by the restricted
shrinking of the liquid molten pool induced by the substrate's
restraining effect during solidification [167]. At the micro-
scopic level, residual stress may be the result of local internal
strain brought about during solidification by variations in the
atomic packing density and thermal expansion coefficient
between martensite and austenite [194-196]. As a conse-
quence, a heated crack's tip may geometrically concentrate
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the accumulated residual stress with a high-stress concen-
tration factor. Cold cracks may develop as a result of stress
concentration once the brittle martensite phase is present
close to the fracture tip [197]. Therefore, residual stress has to
be released and reduced in order to prevent cold cracking.

In their investigation of the (Fe—1C—2.6Mo—W-V) HSS
fabricated by the DED process, Park et al. [167] argued that
eutectic carbides enhanced the sensitivity to thermal cracking
and induced solidification cracking and liquation cracking in
the interdendritic area. There is a possibility that the
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certain cracks propagated into the interior of grains with
comparable crystallographic orientations and were referred to
as green routes. These transgranular fractures are indicative
of cold cracks. As a result, cold cracks are formed and prop-
agated by residual stress concentration at the hot crack tip,
and macroscopic crack propagation may be launched by
joining the separated hot cracks, as seen in Fig. 20(f). This may
be accomplished effectively by heating the baseplate to reduce
macroscopic residual stresses, by modifying process vari-
ables, or by appropriately optimizing the alloy design. Mean-
while, PBF processing in the austenitic regime would result in
a reduction of residual stress in the material [198]. During M4
HSS manufacturing, Shim et al. [36] found that a slower
cooling rate decreased thermal stress generated at the
deposited layer-substrate interface, resulting in less crack
formation. The effect of varying the preheating temperature
on the density and crack tendency of PBF-fabricated M2 HSS
parts was investigated [65]. It was found that a preheat tem-
perature of 200 °C enabled the fabrication of crack-free dense
components (99.8%). Therefore, a lower tendency to crack is
shown by applying the preheating temperature. Since a pre-
heating system may minimize cracking, it is reasonable to
assume that martensite formation can be prevented by pre-
heating above the martensite initiation temperature [43].
Moreover, Saewe et al. [31] discussed the effect of opti-
mizing alloy compositions on the processability of HS6-5-3-8
HSS produced by the SLM. Although the additional carbon
boosted the retained austenite in the microstructure, it was
thought to accelerate the development of embrittlement
fractures and lower the processability of HS6-5-3-8. This
phenomenon indicates that increasing the carbon content
leads to an obvious cracking trend in HSS components, which
may be explained by the higher carbide precipitation caused
by the higher carbon content. These carbides are significant to
promote crack initiation, resulting in stress concentration at
the incoherent precipitation. This research lays the founda-
tion for the alloy design of AM-processed HSS parts. In addi-
tion to carbon, further attempts should be made to add other
austenite-stabilizing alloying elements to HSS without
embrittlement due to carbide formation in the future.
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Delamination, on the other hand, refers to the separation
of two or more adjacent layers within a component as a result
of incomplete melting between layers [199]. This macroscopic
defect cannot be remedied by post-processing. High thermal
gradients and different cooling rates generate different
shrinkage and internal tension between the melting zone.
When these tensions exceed the cohesion limit of the layer,
the layer splits and forms gaps. Severe delamination and
bending of the component boundary are caused by the exis-
tence of residual stress [200]. In addition, due to low scan
speed and without preheating the baseplate, M2 HSS parts
manufactured by SLM exhibited warpage, delamination, and
baseplate separation [65], which is in accord with the research
conclusions of Liu et al. [64]. In summary, the delamination
phenomenon is common in HSS parts fabricated by AM pro-
cess. Small changes in the temperature field and stress field
may lead to this defect. It is extremely effective to avoid the
formation of delamination by optimizing the AM process pa-
rameters and strengthening the numerical simulation
analysis.

5. Engineering performance of AM-
fabricated HSS

5.1. Residual stress

It is common knowledge that residual stress may have a
substantial effect on engineering materials, particularly in the
fields of fatigue, fracture, corrosion, friction and wear [201].
The existence of residual stress in AM-processed components
is principally caused by uneven temperature field distribution
along the building direction of the component and thermal
history [202,203]. During the AM process, the residual stress at
the starting position of scanning is relatively small. As the
height of deposited layers increases, the compressive residual
stress adjacent to the substrate is relatively large [204] and
gradually transforms into tensile residual stress [205]. Rah-
man et al. [37] introduced strain gauges to measure the re-
sidual stress of the LC-deposited HSS, and the results
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preheated clad pipe. (f) 3D rendering of the porosity (blue) and (g) residual hoop stress distribution and local thermal
expansion coefficient along with the cladding-substrate interface of the clad tube [208,209].


https://doi.org/10.1016/j.jmrt.2023.04.269
https://doi.org/10.1016/j.jmrt.2023.04.269

JOURNAL OF MATERIALS RESEARCH AND TECHNOLOGY 2023;24:8198-8240

8227

demonstrated that there are compressive residual stresses
from the top layer to the substrate. The reason for the
compressive stress in the cladding is that during re-
solidification, the cladding close to the interface shrinks
significantly due to contact with the colder substrate, which
encourages conduction. Moreover, it was reported that sig-
nificant compressive stresses exist in the LC of HSS as a result
of volume expansion caused by martensitic transformation
[79,206].

By decreasing the local heat gradient, residual stress and
distortion may be reduced as much as feasible for AM pro-
cesses. This may be performed by optimizing and managing
the process parameters, maintaining ideal molten pool
morphology and size, pre-heating the substrate, and choosing
an acceptable laser scanning pattern [202]. However, it is
emphasizing the presence of residual stress is a double-edged
sword for the fabrication and application of components.
Generally speaking, residual stresses associated with the
cooling of deposited parts can be a principal cause of prema-
ture failure of HSS made by AM [207]. By using finite element
modeling, it can be seen, for instance, that the porosity of as-
sprayed HSS has an impact on the magnitude of the residual
stress, particularly when the critical threshold is surpassed
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[208]. To explore the link between porosity and residual stress
distribution, Lee et al. [209] successfully utilized ASP30 and M2
HSSs to deposit composite pipes on mild steel utilizing the SF
process, and systematically studied the evolution of micro-
structure and residual stress. To obtain a good bonding
strength of the entire interface, the mild carbon steel sub-
strate was immediately preheated before spraying, as seen in
Fig. 21(a). Afterwards, the atomized metal droplets deposited
in the spray cone were monitored in-situ in the preheating
zone, see Fig. 21(b). Especially, the inherent relationship
among the simulated average droplet deposition temperature,
porosity and coefficient of thermal expansion (CTE) was
established to improve the bonding stability of dissimilar
steels, as shown in Fig. 21(c—e). Meanwhile, the experimental
data on the porosity was obtained by synchrotron X-ray
computed tomography, and the 3D rendering of the porosity
(blue) is shown in Fig. 21(f). Moreover, simulation and neutron
diffraction (ND) measurements of the residual hoop stress
distribution on the cladding-substrate interface of the clad-
ding tube were obtained, as displayed in Fig. 21(g). It can be
seen that as the substrate preheating and spraying tempera-
ture increased, it was favorable to increase the cladding
temperature to promote interface diffusion, reduce porosity
and increase the proportion of retained austenite in the
cladding. A larger temperature difference between adjacent
deposited layers, which is known to increase porosity, was
frequently the source of compressive stress in the porous
zone. For the first time, the researchers discovered a link be-
tween porosity distribution and residual stress in a spray-
formed preform. On the other side, the experimental results
of LC-deposited CPM9V HSS on H13 tool steel revealed that
normal compressive residual stress was formed in the clad-
ding, which was desirable for repair applications due to hin-
dering crack propagation [79].

5.2. Hardness, strength, and impact toughness

It is common knowledge that the mechanical performance of
HSS strongly depends on chemical compositions, micro-
structure, process conditions and heat treatment procedures
[161,210]. Generally, the mechanical properties of AM-
processed HSS components with different compositions are
unique. For a specific alloy composition, the evaluation of
mechanical properties is particularly significant. To explore
the relationship between alloy composition and mechanical
properties, this section reviews the research progress of AM
technology for fabricating HSS components in terms of
hardness, strength and impact toughness.

Generally, the mechanical properties of the parts fabri-
cated by AM process in terms of hardness and strength are
higher than forged and CC materials due to the high disloca-
tion density present in AM-processed materials. Large
amounts of experimental data reveal that the mechanical
characteristics of SF-deposited HSS components in terms of
hardness, bending strength, and impact toughness are supe-
rior or equivalent to those of PM and ESR-processed HSSs of
the same composition. The mechanical properties of M2 HSS
components fabricated by three manufacturing processes
were investigated [211]. The findings showed that under the
same heat treatment procedure, the tempered hardness of SF
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deposited M2 HSS was equivalent to that of M2 HSS fabricated
by the ESR process, and bending strength was similar to that
of M2 HSS processed by the PM process. A similar investiga-
tion was also conducted by Ernst et al. [212]. Compared with
ESR-processed HSS, the bending strength and impact tough-
ness of 6W—5Mo—4V—4Cr HSS produced by SF were increased
by 40% and 18% after the identical hot forging and heat
treatment procedures, respectively. Rickinson et al. [213]
investigated the mechanical properties of M2 and M15 HSSs
fabricated by SF under various deformation and heat treat-
ment conditions. It was concluded that the hardness of SF-
processed M2 and M15 HSSs was always higher than that of
CC-processed HSSs. Meanwhile, Mesquita et al. [17,25] sys-
tematically discussed the effects of SF, CC and PM processes
on the mechanical properties of M3:2 HSS. Experimental re-
sults showed that the transverse toughness was larger than
that of CC-processed M3:2 HSS, and its isotropy was 87%.
Compared with the M3:2 HSS fabricated by PM, the size of the
carbides in M3:2 HSS fabricated by SF was larger and the dis-
tribution was relatively uneven, resulting in lower bending
strength and isotropy.

As mentioned earlier, as a special category of tool steel, the
significance of alloy composition is self-evident. For instance,
carbon and vanadium are two essential constituents in HSS
that have a substantial impact on the material's properties
and the products service life. To further improve overall
performance, high-carbon and high-vanadium (HCHV) HSSs
are designed and developed by modifying the carbon and
vanadium content [214—218]. CPM 9V, CPM 10V, CPM 15V and
M4 HSSs were deposited on carbon steel substrates utilizing
the LC process, respectively [84]. It was found that as-clad CPM
15V HSS exhibited the highest hardness of about 66 HRC, and
the lower hardness of CPM 9V HSS was about 48 HRC due to

the lower volume fraction of the hard phase. As a result, it can
be inferred that the difference in vanadium content directly
determines the volume fraction of hard MC carbide generated
in the martensite. However, Tekumalla et al. [219] character-
ized two high vanadium HSSs (10V and 15V) fabricated using
DED, exhibiting the excellent hardness of 950 HV and 850 HV.
The increased hardness of 10V HSS is due to the presence of
more martensite, which is aided by the lower carbon content
compared to 15V HSS, where they discovered a larger per-
centage of softer and more stable austenite in the matrix.
Kattire et al. [79] investigated the microhardness evolution of
CPM 9V HSS manufactured by LC. It was found that the top
layer of the cladding reached the maximum hardness, with an
average value of 800 HV. Leunda et al. [83] characterized the
average microhardness of CPM 10V HSS manufactured by the
LC process was 700 HV, showing that changes in carbide dis-
tribution in the remelting zone led to uneven hardness along
with the claddinglayer, as displayed in Fig. 22. Meanwhile, the
impact of variable process factors on the mechanical qualities
should not be underestimated. DED fabrication of vanadium-
rich HSS [33], HC-HSSs [27] and (W—Mo—Cr—V—Co) HSS [37]
was studied under different process parameters by Rahman
et al.. As evidenced in Fig. 22, increasing laser scanning speed
resulted in an increase in microhardness from 760 HV to 835
HV. However, sequential laser deposition could also resultin a
reduction in the microhardness of the pre-deposited layer due
to the formation of softer martensite and coarse carbide pre-
cipitation [220]. After several cladding passes, it was found
that the microhardness gradually decreased from 795 HV to
570 HV. The reduction in hardness could be ascribed to
martensite tempering during continuous cladding [37]. In
terms of strength-toughness, the tensile strength of
(W—Mo—Cr—V—Co) HSS could reach 889 + 20 MPa, but the

Table 6 — Research results on the mechanical properties of HSSs fabricated by AM processes.

Grade Fabrication Hardness Bending strength ~ Impact toughness Refs
process (MPa)
M2 (Fe-0.91C-4.36Cr-5.7W-5.27Mo-2.12V) SF 65.8 HRC [208]
M2 (Fe-0.9C—4Cr-6.4W—5Mo-1.9V) SF 60.8—65.4 HRC [109]
M2 (Fe-0.86C-1.25Cr-6.32W-5.23Mo-1.97V) DMLS 420-1020 HV [58]
M2 (Fe-0.99C-3.93Cr-6.32W-5.03Mo-1.78V) LC ~830 HV [76]
M3:2 (Fe-1.3C-4.6Cr-6.2W-5.1Mo-2.8V) SF 65-66 HRC 3163-3514 21-25 [40]
M3:2 (Fe-1.3C-4.2Cr-6.3W—5Mo—3V) SF 62.1-66 HRC [109]
M3:2 (Fe-1.29C-3.9Cr-6.2W-4.8Mo—3V) SLM 940 HV [26]
M3:2 (Fe-1.14C-4.04Cr-5.86W-4.91Mo0-2.94V) SF 63.4—65 HRC 2133-2385 [25]
M3:2 (Fe-1.14C-4.04Cr-5.86W-4.91Mo-2.94V) SF 2150—2471 [17]
M42 (Fe-1.15C-4.1Cr-1.6W-9.6Mo-1.16V-8.1Co) SF 65.1—68.8 HRC [225]
HS6-5-3-8 (Fe-1.23C-3.8Cr-5.9W-4.7Mo-2.7V—8Co) SLM 650 + 37 HV [31]
S390 (Fe-1.64C—4Cr-10.12W—2Mo-4.97V-7.86Co) EBM 73.1 HRC 3012 + 34 [32]
T15 (Fe-1.6C-4.11Cr-12.1W-0.12Mo—5V-4.62Co) SF 4675 26.86 [104]
HC-HSS (Fe—2C—5Cr—6W—6Mo—5V) DED 800-900 HV [27]
V-rich HSS (Fe—2G-5.2Cr-0.3W-1.2Mo—10V) LMD 760-835 HV [33]
HSS-L1 (Fe-1.4C-4.3Cr—5W—-5Mo—4V) LC 570-795 HV [37]
HSS (Fe-1.35C-4.3Cr-5.6W-4.64Mo-4.1V) LC 741-761 HV [81]
ESP4 (Fe-1.29C-3.97Cr-5.93W-5.06Mo-4.23V) SF 62.2—64.2 HRC 4962 48.9 [212]
HS6-5-2C (Fe-0.92C-3.77Cr-6.07W-4.78Mo-1.74V) SF 64.7 HRC 11.8-16.7 [106]
X153CrMoV12 (Fe-1.54C-11.7Cr-0.15W-0.75Mo- SF 62.8 HRC 11.3-21 [106]

0.94V)
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plastic strain was only 2.5%, which indicated that the fracture
mode was brittle due to the presence of martensite and hard
carbides.

Moreover, the effects of heat treatment procedures on the
mechanical behaviors in terms of hardness, strength and
toughness of HSS fabricated by AM have been extensively
investigated. A series of studies have been carried out on SF
deposition of M42 HSS [221], M3:2 HSS [40] and T15 HSS
[104,222], DED fabrication of M4 HSS [223,224], D2 HSS [87] and
HVHSS [85], SLM fabrication of M2 HSS [63] and M50 HSS [61],
as well as EBM deposition of S390 HSS [32]. As expected,
appropriate heat treatment procedures have significantly
improved the mechanical properties of AM-processed HSSs.
The detailed research results on the mechanical properties of
HSSs made by AM processes are listed in Table 6. However, the
experimental findings of M4 HSS manufactured by the DED
process revealed that the heat treatment procedure decreased
microhardness, which was ascribed to the alleviated residual
stress and the reduction in carbon concentration in the
martensite after tempering [82].

In conclusion, because of the many variables involved, it is
difficult to directly compare and assess the mechanical char-
acteristics of HSS made using AM techniques. Taking the PBF
process to fabricate HSS as an example, the thermal history,
structure, and properties of the HSS will vary depending on
the laser power, scanning speed, laser spot size, and hatch
spacing. Even if these values stay constant across builds, the
laser scanning approach will impact the thermal history. The
scanning strategy is determined by the positioning of the
components on the substrate and the other components
constructed during the same PBF build [120]. Therefore, even if

e
debris

Abrasien stripes
i

the processing parameters remain unchanged during the
study, the thermal history within the HSS component will be
determined by the geometry of the component and the ge-
ometry of the test sample. This indicates that the temperature
history, microstructure, and mechanical characteristics of the
components will vary when specimens are collected from
various locations. Lastly, the dimension and shape of the
specimens may be the primary determinants of the mechan-
ical characteristics, since the grain size of PBF-produced
components varies substantially. Similarly, the mechanical
characteristics of HSSs made by DED and MJ processes are
influenced by a multitude of process factors. Therefore, to
deepen the comprehensive understanding of AM processing,
microstructure and mechanical properties, future research
must describe the processing parameters and AM geometry,
and extract the specimen geometry when reporting mechan-
ical properties.

5.3.  Tribological behaviors

HSSs are widely employed in harsh working conditions due to
their unique microstructure endowed with excellent me-
chanical properties and enhanced tribological behavior
[7,226]. However, with the development of complex applica-
tion conditions, HSS as a wear-resistant component also faces
many challenges. For example, the development of wear-
induced defects on the surface of milling rolls made of HSS
has been a great concern in the steel rolling process and af-
fects their service lives [227—229]. These defects may act as
the crack-initiation sites during the cyclic thermal shock and
rolling process, leading to the failure of the roller products.

Fig. 23 — (a) SEM image of the worn surface of high-carbon HSSs, (a) high-carbon HSS without tungsten element. (b) Surface
morphology profile of high-carbon HSS without tungsten element. (c) SEM images of the worn surface of high-carbon HSS
with high tungsten content. (d) Surface morphology profile of the worn surface of high-carbon HSS with high tungsten

content [27].
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Considering the unique microstructure of metals fabricated
by different AM processes, it is significant to understand the
tribological behavior, as well as the associated failure mech-
anism of AM-manufactured HSSs [230].

Wang et al. [84] characterized the tribological behavior of
CPM 9V, CPM 10V, CPM 15V and M4 HSSs fabricated by the LC
process. It was suggested that hardness cannot directly assess
the wear resistance of HSSs, but depends on the matrix
microstructure and the characteristics of dispersed carbides.
The tribological behaviors of three LC-processed HSSs were
compared and discussed in detail by Hashemi et al. [81]. The
results showed that, compared with softer M,C carbides, the
harder vanadium-rich MC carbides have better wear resis-
tance. In terms of shape differences, clover-shaped primary
carbides were more wear-resistant than angular primary
carbides because of better geometric anchoring. In summary,
hard phases are effective against abrasive wear if the size,
morphology, hardness, and embedding of the hard phases
into the metal matrix are sufficient. The LC-deposited M2 HSS
was used to improve the wear resistance of parts due to the
abundant carbides network effectively supporting the applied
load [86]. The previous studies showed that the type and
shape of carbides are critical to the wear resistance of HSS.
Meanwhile, it was reported that compressive stress signifi-
cantly improved wear resistance [231]. Afterwards, Rahman
et al. [27,33,78] carried out a series of high-temperature
(T = 500 °C) friction investigations through pin-on-disc ex-
periments on LMD-processed vanadium-rich HSS and LC-
processed HSS. Experimental results suggested that MC

0.7

carbides provided load-bearing capacity during wear. In the
case of extensive support, an in-situ oxide layer is formed,
which can support mechanical loads other than carbides
[232]. Nevertheless, when in contact with the tough oxide
layer on the countertop, it is challenging to keep the fine
carbides stable at high temperatures. At T = 500 °C, angular
MC carbides and discontinuous M,C carbide networks were
readily peeled off due to weak anchoring and became wear
debris entrenched in the matrix surface. The SEM images and
surface roughness plots of the worn surface of two high-
carbon HSSs after the friction test at T = 500 °C were pre-
sented in Fig. 23. Abrasive stripes can be discovered on the
worn surface of high-carbon HSS without tungsten elements,
and metal oxide debris was incorporated into the matrix, as
shown in Fig. 23(a). The estimated surface roughness was
about 0.35—0.45 pm from Fig. 23(b). The worn surface of high-
carbon HSS with a high tungsten concentration indicated the
existence of an all-over thin oxide layer. Compared with M,C
carbides, it was found that MC carbides at the grain boundary
were partially oxidized, as shown in Fig. 23(c). The corre-
sponding surface roughness was also approximately
0.35—0.45 pm in Fig. 23(d). It can be concluded that the wear of
both HSSs at 500 °C demonstrates inhomogeneous oxidation,
where the oxidation rate is determined by the carbide distri-
bution [233]. As mentioned earlier, MC carbides are strongly
susceptible to oxidation, but M,C and M;C3/M»3Ce carbides are
resistant to oxidation [177]. Nielsen et al. [234] claimed that
the oxide layer acts as a protective layer to a certain extent,
reducing the strength of contact stress and surface wear. It
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Fig. 24 — (a) Surface roughness of the HSS samples at T = 25 °C and 500 °C, (b) wear rates of HSS after wear test at T = 25 °C
and 500 °G, (c) wear rate evolution of vanadium-rich HSS at T = 500 °C with laser scanning speed, and (d) variation of wear
rates of high-carbon HSS at T = 25 °C with different sliding speeds.
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was evidenced that high-temperature wear mechanisms
include abrasive, adhesion and oxidative wear, with the latter
dominating.

To further estimate the tribological behavior of HSS after
wear testing, the surface roughness and wear rate were
characterized by different grades of HSS, as depicted in Fig. 23.
Interestingly, as shown in Fig. 24(a), a higher surface rough-
ness (=0.21-0.54 pm) is observed after room temperature
wear tests compared to after high-temperature wear tests to
form stable contacts and oxide films, resulting in low surface
roughness (=0.15—0.18 um). However, in contrast, it is found
that the wear rate after the high-temperature test is much
higher than that after the room-temperature friction test, as
displayed in Fig. 24(b). It is worth emphasizing that the wear
rate at T = 500 °C cannot be correlated with the wear rate at
T = 25 °C. Due to material thermal softening at high temper-
atures and the oxidation of worn surfaces, high-temperature
tribological examinations are very complicated [232]. The re-
sults from Fig. 24(a and b) indicate that temperature signifi-
cantly affects the evolution of surface roughness and wear
rate of HSS after friction testing. On the other side, the process
parameters and the experimental conditions of the friction
test also have obvious effects on the wear rate of HSS, as
depicted in Fig. 24(c and d). For the LMD-processed V-rich HSS,
the cooling capacity is reduced and the carbide refinement in
the matrix is suppressed, resulting in increased wear rates, as
seen in Fig. 24(c). MC carbides, on the other hand, altered their
morphology from square and round to angular and rod-like at
a faster scan speed of 15 mm/s, which was observed to be less
efficient against abrasive wear [81]. Fig. 24(d) shows that at
higher sliding speeds, the wear rate of HSS increases. Wear
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testing revealed oxide formation at both sliding speeds. The
oxide layer's thickness is steadily grown until it reaches a
critical amount where internal stress may cause the oxide
layer to fragmentize [235]. Therefore, the tribological behav-
iors of HSS are affected by the synergy of various factors.

Moreover, Xiao et al. [77] studied the tribological behaviors
of H13/W—Mo—V HSS composites fabricated by LMD at
various temperatures. It was found that the increase of
W—Mo—V HSS content exhibited strong wear resistance at
T = 25 °C, while the oxide film formed at T = 450 °C weakened
the wear. Tarasov et al. [236] established the relationship be-
tween the wear behavior and microstructure of M2 HSS
deposited by EBM on different friction pairs. The results
indicated that the impact of friction pair on wear was perti-
nent to the formation of a mechanically mixed layer consist-
ing of iron tungstate, carbide fragments and transferred
metal.

Especially, among the HSS manufactured by AM, the HSS
fabricated by the SF has realized industrial application due to
its satisfactory performance in terms of wear resistance.
Hanlon et al. [235,237] characterized the tribological behavior
of high chromium HSS produced by SF. It was found that the
wear volume at 20—650 °C was significantly smaller than the
wear volume produced by the CC process. It was assumed that
the shift in the distribution of eutectic carbides and the
removal of macro-segregation contributed to the improve-
ment in wear resistance. IKawa et al. [238] investigated the
wear resistance of SF-deposited ultra-high-carbon HSS rolls,
indicating that the service life was 2—3 times longer than that
of CC rolls. Meanwhile, the high-temperature wear resistance
of M3:2 HSS deposited by SF and PM processes was discussed
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Fig. 25 — The wear mechanism of M3 and M3 with 2% Nb HSSs at elevated temperatures and different loads: (a) M3 HSS
evaluated at lower temperatures and loads, (b) M3 (2% Nb) HSS, (c) oxide formation at high temperatures and loads, (d) oxide
development in M3 (2% Nb) HSS, (e) MC carbides remain in the matrix, (f) Nb-containing MC carbides persist in the matrix

[105].
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[239]. At T < 600 °C, the specific wear rates of the HSS manu-
factured using SF and PM processes were hardly different
from one another, while at T = 600 °C, SF-deposited HSS had a
much lower specific wear rate than the PM process. It was
found at each test temperature, M3:2 HSS fabricated by SF is
unique, suggesting that the manufacturing route has a sig-
nificant impact on wear performance due to the influence of
carbide size distribution. Moreover, the effects of niobium
addition on the microstructure and tribological behavior of SF-
deposited M3:2 and M3 HSSs at various temperatures were
discussed [105]. According to the research, the addition of
niobium caused primary MC carbide to have a finer size and
more uniform distribution, which significantly enhanced the
tribological characteristics of M3:2 and M3 HSSs.

To further clarify the evolution of the tribological behavior
of HSS, the wear mechanisms of spray-formed M3 HSS under
different temperatures and applied loads were revealed, as
shown in Fig. 25. At T = 20 °C, the presence of harder MC
carbides leads to a reduced wear rate for HSS containing 2%
Nb, as displayed in Fig. 25(a and b). As the temperature and
applied load increase, the oxide layer gradually developed
until it exceeds the critical oxide thickness, see Fig. 25(c and d).
The wear mechanism preferred adhesive wear, with
increased oxidative wear at T = 300 °C. A minor number of
primary carbides may be extracted with the debris, while the
majority of the carbides in Fig. 25(e and f) remained in the
matrix and protruded from the interface. It can be found that
the oxidative wear was most favorably formed at T = 500 °C.
Therefore, the investigation of the wear mechanism of HSS is
advantageous to give relevant information for extending the
life of HSS applications owing to the severe cycle tempera-
tures and loads under harsh working situations.

6. Challenges and future directions
6.1. Current challenges

Over the last several decades, significant development has
been achieved in many aspects of state-of-the-art AM tech-
niques. The next generation of AM facilities and processes is
being driven by advancements in AM technology, character-
ization, and modeling. However, as the AM field develops, the
use of AM for producing various classes of high-quality HSS
components will rely heavily on solving several key obstacles.
The following are some of the key obstacles that AM faces
while manufacturing HSS.

(1) AM control: The time-invariant operating parameters
will produce HSS components that are anisotropic or
that fail during the manufacturing process. Real-time
AM control must be devised and implemented to
enable adaptive, time-varying operational parameters
based on on-site monitoring feedback.

(2) AM efficiency: Most AM processes, such as PBF and DED
processes are not highly efficient in fabricating HSS.
Although the waste powder can be recycled, the depo-
sition and energy efficiency should be improved to
reduce the cost of the process.

(3) Defect formation and optimized process parameter
determination: To get near-net form and totally dense
components, it is essential to comprehend the ideal
process parameters for a particular AM machine. Prior
to building components, the appropriate process pa-
rameters should ideally be defined. The parameters are
usually determined based on trial and error, even if the
determined parameters may not be the optimal solu-
tion, resulting in increased time and manufacturing
costs.
Industry application: The dimension limitations of the
manufactured parts weaken the broad applications.
The challenge is to accomplish “laboratory to factory”
and deliver AM procedures with high precision and
repeatability that are suited for low- or large-volume
manufacturing.
(5) Numerical modeling: Due to present limits in
computing software and technology, it is difficult to
correctly simulate all associated AM phenomena. The
model should provide precise modeling of complicated
forms, time-varying process parameters, molten pool
morphology, and fluid dynamics/wetting behavior of
molten pool fluids.
Standards and regulations: As the AM process evolves,
standards and regulations are absent to ensure AM
components compliance. Certification must take into
account post-AM processing such as heat treatment, as
well as fault tolerance such as porosity. Once the cer-
tification of the parts produced by the AM process is
completed, the standard for mechanical characteriza-
tion is imminent.

(7) Development of new HSS alloys for AM processes: An
essential concern is the development of corresponding
HSS alloys for corresponding AM processes. Therefore,
the formation process of the microstructure must be
understood in detail. It is also necessary to determine to
what degree these alloys can be heat treated to get the
optimal qualities, resulting in the development of tailor-
made HSS alloys for AM operations.

=
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6.2. Future directions outlook

Due to the aforementioned obstacles, there is still a large
knowledge gap in the literature regarding the relationship
between process parameters, solidification behavior, micro-
structural development, and mechanical characteristics of
AM-produced HSS. Only a greater knowledge of the underly-
ing processing-structure-property linkages available with new
AM technologies may close these gaps. An approach has been
presented to handle the multitude of challenges using inte-
grated computational materials and engineering [240], as
illustrated in Fig. 26. This approach involves numerical
modeling/microstructure regulation/processing control and
monitoring strategies to enhance the understanding of
different AM processes-structure-performance. Therefore,
the authors believe that some potential research directions for
AM fabricating HSSs include the following aspects in the
future.
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[26,31,74,240].

(1) For AM control and efficiency areas, new innovative
techniques of control should be created to accomplish
the management of thermal history, allowing end-users
to manage microstructures and the resulting homoge-
neity in real-time. In addition, it is worthwhile to
investigate more suitable energy/deposition techniques
to increase overall efficiency.
It is necessary to replace the identification of the ideal
AM process variables for the various grades of HSS
materials with adaptive learning processes coupled
with numerical simulation. To hasten AM machine/
process learning, the material and procedure “genome”
must be enabled.
More study is needed to identify how the AM process
parameters should vary as the number of parts or part
dimensions rises to optimize the utilization of the
substrate.
More realistic/complex structures are being simulated
and modeled using AM with the use of supercomputing
capabilities or innovative new techniques. Modern so-
lidification simulation methods must be used to repre-
sent the AM process.
(5) The microstructure and mechanical characteristics of
AM-fabricated HSS components should be thoroughly

—
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investigated. With the help of advanced characteriza-
tion approaches, such as synchrotron radiation small-
angle scattering, X-ray imaging, X-ray micro-focused
beam, and neutron diffraction techniques, to investi-
gate the nano-precipitates, three-dimensional
morphology, element distribution, and residual stress
of HSS parts. Through the link between microstructure
and mechanical properties, it is anticipated that a
database of AM-processed HSSs' chemical composi-
tions, fabrication processes, and performance charac-
teristics may be established.

Regarding the wear resistance of HSS components, it is
not only pertinent to the microstructure characteristics,
but also the oxide film plays a decisive role. It is
necessary to strengthen the investigation of the for-
mation mechanism and thickness control of the oxide
film of AM-fabricated HSSs.

—
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7. Summary and conclusions

Advanced manufacturing process demonstrates great poten-
tial and advantages in the fabrication of HSSs. However, it is
still constrained by current issues such as part size,
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formability quality, and optimized solutions. To better inves-
tigate the process, numerical modeling and in-situ monitoring
are necessary to deepen the process understanding and opti-
mization. The development and combination of these
methods represent the current challenge to eradicate building
errors, improve component quality, and accelerate material
assessment and part testing. This work provides a complete
overview of the recent advances and progress in state-of-the-
art AM technology for fabricating different grades of HSS.
Especially, the difficulties facing AM technology now and po-
tential research routes for producing HSS components are
presented. This review is expected to provide recommenda-
tions and insights for future AM process designs that will
result in HSS components with outstanding mechanical
characteristics and improved tribological performance for a
wide range of applications.
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