Sheffield
Hallam _
University

Porosity, cracks, and mechanical properties of additively
manufactured tooling alloys: a review

BIDARE, Prveen <http://orcid.org/0000-0003-2852-3498>, JIMENEZ, Amaia,
HASSANIN, Hany and ESSA, Khamis

Available from Sheffield Hallam University Research Archive (SHURA) at:
https://shura.shu.ac.uk/33286/

This document is the Published Version [VoR]
Citation:

BIDARE, Prveen, JIMENEZ, Amaia, HASSANIN, Hany and ESSA, Khamis (2022).
Porosity, cracks, and mechanical properties of additively manufactured tooling alloys:
a review. Advances in Manufacturing, 10 (2), 175-204. [Article]

Copyright and re-use policy

See http://shura.shu.ac.uk/information.html

Sheffield Hallam University Research Archive
http://shura.shu.ac.uk


http://shura.shu.ac.uk/
http://shura.shu.ac.uk/information.html

Adv. Manuf. (2022) 10:175-204
https://doi.org/10.1007/s40436-021-00365-y

q

Check for
updates

Porosity, cracks, and mechanical properties of additively
manufactured tooling alloys: a review

Prveen Bidare'

- Amaia Jiménez'? - Hany Hassanin® - Khamis Essa’

Received: 29 December 2020/ Revised: 19 April 2021/ Accepted: 5 July 2021 /Published online: 16 September 2021

© The Author(s) 2021

Abstract Additive manufacturing (AM) technologies are
currently employed for the manufacturing of completely
functional parts and have gained the attention of high-
technology industries such as the aerospace, automotive,
and biomedical fields. This is mainly due to their advan-
tages in terms of low material waste and high productivity,
particularly owing to the flexibility in the geometries that
can be generated. In the tooling industry, specifically the
manufacturing of dies and molds, AM technologies enable
the generation of complex shapes, internal cooling chan-
nels, the repair of damaged dies and molds, and an
improved performance of dies and molds employing mul-
tiple AM materials. In the present paper, a review of AM
processes and materials applied in the tooling industry for
the generation of dies and molds is addressed. AM tech-
nologies used for tooling applications and the characteris-
tics of the materials employed in this industry are first
presented. In addition, the most relevant state-of-the-art
approaches are analyzed with respect to the process
parameters and microstructural and mechanical properties
in the processing of high-performance tooling materials
used in AM processes. Concretely, studies on the AM of
ferrous (maraging steels and H13 steel alloy) and non-
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also analyzed.
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1 Introduction

Recent advances in additive manufacturing (AM) tech-
nologies have enabled their use in many manufacturing
applications. AM is becoming a useful alternative for the
production of completely functional parts. This technology
allows the production of parts with a complex and topo-
logically optimized geometry with internal cavities that
cannot be created with traditional manufacturing processes
[1]. AM is currently applied in the most demanding
industrial sectors, that is, the aerospace [2], energy [3],
defense [4], and biomedical [5, 6] fields. Metal AM pro-
cesses have enabled the repair of worn or damaged metallic
parts. This capability is of special interest in the application
areas for high-value components, for example, in tooling
applications to repair damaged dies and molds [7]. Fur-
thermore, the advantages provided by metal AM tech-
nologies can also be employed for the manufacturing of
tooling applications (cutting tools, dies, and molds, among
others) with enhanced geometries and material combina-
tions. In mold-making applications, AM technologies allow
the generation of cooling channels with a smooth curvature
near the surface contour. Lattice structures can also be
integrated into these channels. This enables efficient heat
removal, which in turn increases the process productivity
and lifetime of the tool [8, 9]. However, AM technologies
still present certain issues, such as the variability of
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mechanical properties, microstructural characteristics, and
surface roughness, which depend highly on the type of AM
process and parameters selected. In addition, owing to the
high cooling rates that occur during AM processes, residual
stresses are generated that affect the in-service perfor-
mance of the manufactured components. Given this con-
text, this study focuses on the AM of tooling alloys.

This review paper addresses the AM of tooling alloys
used in producing tools and dies for machining, forging,
and metal forming processes. Considering these manufac-
turing processes, materials employed for tooling applica-
tions must have specific properties to ensure the quality of
the generated parts and an acceptable tool lifespan.
Depending on the application, tool materials should exhibit
high resistance to wear, good thermal conductivity, high
toughness, and impact strength, among other characteris-
tics. The materials commonly employed in the tooling
industry are tool steel, maraging steel, high-speed steel
(HSS), non-ferrous metallic alloys, Co-Cr alloys, cemented
carbides, ceramics, diamond, and aluminum alloys
[10, 11].

During the last few years, the AM of metals has gained
the attention of the tooling industry owing to its advantages
in terms of material usage, the geometries that can be
generated, and the design flexibility. When AM processes
are employed to manufacture and repair various tools, they
must ensure the characteristics mentioned above. These
characteristics are closely related to the porosity,
microstructural integrity, and residual stresses generated
during the manufacturing, which are some of the most
critical challenges in AM technologies [12—-14]. Therefore,
the selection of optimal process parameters that ensure the
best mechanical and microstructural properties of the
generated tools is of paramount importance.

In general, the AM of metals has been the focus of many
recent research and review papers in the literature. How-
ever, until now, the microstructure and mechanical prop-
erties of metals created through AM have been analyzed
with special emphasis on steel, aluminum, and titanium
alloys only. This is due to the application of these alloys in
demanding industries, such as the aerospace and automo-
tive fields. Considering this, the present study aims to
provide insight into the most relevant findings regarding
the AM of tooling alloys employed for the manufacturing
and/or repair of dies and molds. Special attention is paid to
the specific characteristics required in the tooling industry,
and the feasibility of AM technologies used to achieve
these requirements is addressed.

The remainder of this paper is organized as follows. In
Sect. 2, a review of metal AM processes will be presented
with special emphasis on those that are most commonly
used in tooling manufacturing applications, i.e., laser
powder bed fusion, direct laser deposition, wire arc AM,
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and metal binder jetting. The main characteristics of the
materials employed for tool manufacturing are then
reviewed. Sections 4 and 5 present a summary of the
microstructural and mechanical properties of tools that
must be ensured in the additive processes. Finally, some
concluding remarks regarding the AM of tooling alloys are
presented based on the research review described in the
previous sections.

2 Metal AM processes

The development of metal AM processes has enabled the
generation of completely functional and end-use metallic
parts. Metal AM technologies can be divided into four
different groups: powder bed fusion (PBF), directed energy
deposition (DED), binder jetting (BJ), and material extru-
sion (ME) [15, 16]. Figure 1 shows a schematic diagram of
the AM technologies discussed.

(i) PBF. The energy source (laser or electron beam)
delivers energy to a certain region of the powder
bed to selectively fuse or melt the metallic
powder. Once the entire section is melted, the
powder bed drops, and additional powder is raked
into the work area. The melting process is then
repeated to create a three-dimensional component
layer by layer. Laser powder bed fusion (L-PBF)
and electron beam melting (EBM) are the most
well-known technologies within this group
[13, 17].

(i) DED. In this technology, a laser is employed as a
heat source to melt the material in a powder or
wire form and deposit it on a preheated surface
using a nozzle. The material is deposited in the
form of droplets to generate components layer-by-
layer following a predefined path. Laser engineer-
ing net shaping (LENS), direct laser deposition
(DLD), and wire-arc additive manufacturing
(WAAM) technologies are the most important
technologies in this group [17, 18]. Depending on
the power source, WAAM technology can be
divided into gas metal additive welding (GMAW),
gas tungsten arc welding (GTAW), and plasma arc
welding (PAW).

(iii)  BJ. In this technology, a binder agent is deposited
on a powder bed to selectively glue the material.
The part is created layer-by-layer by gluing the
particles together. This binder agent must be
removed later through sintering [17].

(iv) ME. The material is selectively pushed through a
heated nozzle or orifice to build parts in a layer-
by-layer manner [17].
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Fig. 1 Schematic diagram of AM technologies

Among the metal AM technologies presented in this
section, this paper focuses on those commonly employed in
the manufacturing of tooling alloys (highlighted in Fig. 1),
i.e., laser powder bed fusion, directed energy deposition,
wire-arc additive manufacturing, and BJ. In the following
sections, a further description of these technologies is
presented, and the advantages, shortcomings, and chal-
lenges of each are discussed.

Laser source

Re-coater

Mirror

Laser beam

Formed object

Build platform

Fig. 2 Graphical explanation of the L-PBF process [23]

welding (PAW)

2.1 Laser powder bed fusion (L-PBF)

As mentioned above, powder bed fusion technology can
employ a laser or electron beam as an energy source for
melting the powder material. However, in this study, only
L-PBF is considered as the most commonly employed
technology. It is currently being used to manufacture high-
value parts in high-tech industries. It employs a high-power
density laser to selectively melt localized areas of the
powder layer to create three-dimensional parts. When the
particles are melted, a viscous flow from the surface ten-
sion joins them, generating a melt pool. The energy in the
melt pool is then transferred to the surrounding powder
through conduction, radiation, and convection [19]. After
the consolidation of one layer, the powder bed is lowered,
and a new powder layer is spread on the surface of the
formerly created layer, that is, successive layers of powder
are formed, and the process continues until completion of
the fully dense 3D component according to the digital
design [20-22]. Figure 2 shows a schematic of L-PBF
technology [23].

The process parameters in L-PBF include the scan
strategy, laser spot diameter, laser power, scan speed, scan
line spacing, and the thickness of the powder layer. To
obtain the best results regarding the porosity and
mechanical properties of the generated part, these param-
eters must be optimized [21, 24-26]. Among these
parameters, laser power has the most significant influence
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on the porosity of the manufactured part [14, 27]. The
characteristics of the powder (such as chemical composi-
tion, size, distribution, and shape) also have an essential
effect on the component quality and properties. In addition,
the gas flow direction and rate of the enclosed chamber
must also be optimized to obtain the best results [28]. In
fact, part delamination can occur if the gas flow is not
adequately established. Furthermore, the height of the flow
straightener from the powder bed and the type of shielding
gas also affect the build quality [29]. Figure 3 shows some
examples of applications created using L-PBF [30, 31].
Productivity is one of the most significant issues in
L-PBF technology because of the time spent in laser
scanning. Therefore, recent research and advancements in
L-PBF have focused on improved productivity. In this
regard, the use of quad laser systems to improve the pro-
ductivity and reduce residual stresses has been tested [32].
By contrast, in situ shelling has been introduced to scan
only a thin shell of the part, followed by hot isostatic
pressing to minimize the time spent in laser scanning
[33, 34]. Multi-laser systems are also being implemented to
improve the productivity of the process. Meanwhile,
additive industries have integrated powder han-
dling/cleaning and post-processing of L-PBF components
in the same multi-build chamber, which constitutes a
chance for a series production [35]. Other studies have
focused on improving gas flow systems to optimize con-
sumption and process. Process monitoring has also been an
object of research because it can help in increasing the
understanding of the physics behind AM processes
[36, 37]. The build plate temperature, ambient temperature,
and pressure oxygen concentration, among other condi-
tions, have a significant influence on the process behavior
and the appearance of defects. Therefore, process moni-
toring is crucial. Recently, efforts have been made to
develop advanced monitoring systems that enable the
control of the laser power, position, melt-pool status, layer

(a) (b)

distribution on the build surface, and temperature, among
other influencing parameters [38, 39].

The L-PBF process offers advantages over other man-
ufacturing processes. Complex geometries and parts with
small features and internal cavities can be created using
this technology. It enables the generation of topology-op-
timized parts and lattice structures with a reduced mass,
which is particularly interesting for the aerospace industry.
In addition, the produced parts have a high specific strength
and stiffness.

However, the L-PBF technology also presents several
limitations. Surface roughness is one of the major problems
of this technology, and is caused by the layer-by-layer
process, which leads to the widely known “staircase
effect”. In addition to the process parameters, the powder
size also affects the surface finish. When smaller particles
are employed, and the layer thickness is reduced, a better
surface finish can be obtained, but with the penalty of an
increased production time [40]. In addition, parts created
by L-PBF usually exhibit poor fatigue behavior owing to
the residual stresses generated. These are the consequences
of the thermal gradients that are created in the metallic part
owing to the significant amount of heat generated during
the manufacturing process [12].

L-PBF has other inherited issues, such as porosity and
shrinkage of L-PBFed parts [24]. Shrinkage occurs during
the liquid-to-solid transformation of the material, which is
also responsible for accumulating residual stresses that
deteriorate the performance of the part. Concerning the
porosity and instability of the melt pool [41], a lack of
fusion between powder particles [42], a narrow particle
size distribution that reduces the packing density [43, 44],
and scanning strategies are some of the factors that may
promote the generation of low-density AM parts [12, 45].
Other issues include powder oxidation, which might occur
owing to oxygen in the build chamber during the printing
process [46]. These issues lead to a lack of confidence in

Fig. 3 Applications created by L-PBF technology a topology optimised bracket for aerospace industry [30], b stopper and (¢) connecting plate
for automotive industry [31] (The figures are reused under the Creative Commons Attribution License.)
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the quality obtained through L-PBF and need to be over-
come in order for the technology to be fully applied in the
production industry. In this context, it is important to
understand the physics of the process to control the final
results. As noted by King et al. [47] in their review paper,
computer models can help in understanding the physics of
the process, such as the interaction between the powder and
laser. These models will enable the optimization of process
parameters depending on the materials employed and the
design geometries.

2.2 Direct laser deposition

Direct laser deposition (DLD) employs a laser as a heat
source to melt the material and deposit it through a nozzle
on the work surface. According to Thompson et al. [48],
DLD is a direct deposition method that utilizes a metal
wire and/or powder deposited on a building platform
accompanied by simultaneous irradiation of a laser beam.
Part of the heat provided by the laser is absorbed by the
substrate on which the material is deposited, creating a
controlled melt pool on the surface. The material is then
delivered to the melt pool through a nozzle [49]. In addi-
tion, to minimize the risk of metal oxidation, an inert gas is
usually delivered to the deposition area. This process is
illustrated in Fig. 4 [50].

The DLD can be attached to a robot arm or integrated
into a machine such that the nozzle follows a specific path
to generate the desired geometry in a layer-by-layer man-
ner. DLD is commonly employed for coatings and for
repair of worn or damaged components, increasing interest
in the automotive and aerospace industries owing to its cost
savings.

As in other powder-based technologies, powder char-
acteristics significantly influence the quality and properties
of DLD manufactured parts. The chemical composition of
the powder, particle size, distribution, morphology, and

Powder nozzle
Shielding gas

Deposited material

Fusion zone

laser parameters (laser power, powder feed rate, and
scanning speed) must be optimized to obtain the desired
physical and mechanical properties [51]. Another critical
parameter in the DLD processes is the hatch or scanning
pattern that defines the powder deposition path. The
microstructure and mechanical properties of DLD parts can
be controlled by changing the hatching pattern [52]. In
addition, the nozzle inclination angle and the focus of the
laser beam are essential factors that influence the properties
of the printed parts. Figure 5 shows examples of industrial
applications of the DLD process [53].

DLD enables the manufacturing of metal parts with
higher productivity (higher building rates) compared to
L-PBF technology [54]. In addition, through the DLD
process, parts can be created from scratch, or the material
can be deposited over specific regions of existing compo-
nents and uneven surfaces to create a specific geometry or
repair a broken feature. This characteristic of the process
offers enormous flexibility in the manufacturing of metal
components. Furthermore, in DLD processes, different
powder materials can be used simultaneously, enabling the
creation of functionally graded materials or customized
alloys. Another advantage of the DLD technique is the low
heat input required in the process (laser powers within the
range of 1-5 kW), which reduces the distortion of the
printed part and damages the building substrate [55].

However, some disadvantages and limitations must be
considered when using a DLD. Dimensional inaccuracies, a
rough surface finish, the so-called “staircase effect” part
porosity, and residual stresses that lead to poor mechanical
and fatigue behavior of the components are common issues
to additive technologies in general and are the most typical
limitations of this process. In addition, the DLD also pre-
sents particular issues, such as the oxidation of powder that
may occur during the process. DLD systems are not usually
integrated into a closed chamber in a controlled environ-
ment. Therefore, DLD systems usually deliver inert gas to

Laser beam

/ Powder

///// ;Z/

Molten pool
\1/ Substrate plate

//////// ////

// //

/

Fig. 4 Schematic diagram of powder-based DLD process
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(d)

Fig. 5 Industrial applications of the DLD process in Mazak Integrex i-400AM system (a) a mould insert, (b-¢) general machinery and (d) surface

coating added to an impeller [53]

the melt pool to limit the oxidation of the powder, as shown
in Fig. 4. However, depending on the environment and the
processed material, this might be insufficient to ensure the
absence of oxides in the deposition, which may damage the
integrity of the part. Furthermore, in comparison with PBF
techniques, DLD samples show a lower hardness, higher
ductility, and higher toughness [56].

Considering the limitations of DLD, as mentioned for
the L-PBF process, computer models that can help in
understanding the process and optimize the process
parameters are of significant interest. As an example of the
ongoing efforts to develop DLD models, Liu et al. [57]
recently proposed a model for the evolution of the grain
structure in the DLD process considering the influence of
laser power and scanning speed parameters.

2.3 WAAM

WAAM is another remarkable technology that belongs to
directed energy deposition AM technologies. It employs an
electric arc as a heat source and a metallic wire as feed-
stock to build components in a layer-by-layer manner. To
3D print components using WAAM, the nozzle movement
can be provided by a robotic system or a numerically
controlled machine table. WAAM systems can be created
using commercially available components, i.e., a robotic
system or numerically controlled table, a welding power
source, a welding torch, and a wire feed system [58]. In
addition, to avoid or decrease the oxidation issues during
deposition, WAAM systems are usually enclosed in a
chamber to provide an inert gas environment (similar to
PBF systems), or they are equipped with local shielding gas
mechanisms that deliver the inert gas. This last option
increases the working space and allows the manufacturing
of large metallic structures [59]. Figure 6 shows a sche-
matic of the proposed WAAM technique [60].

The most remarkable advantage of WAAM technology
is that it enables the generation of components with high
deposition rates, reducing the fabrication time by 40%-—
60% compared with traditional subtractive manufacturing
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processes [59]. Regarding other AM processes, the increase
in the deposition rate allowed by the WAAM technology is
also noticeable. For example, whereas L-PBF and DLD
technologies achieve deposition rates of 0.1 kg/h and 1 kg/
h, respectively, with WAAM systems, deposition rates of
up to 5-6 kg/h can be achieved [61].

However, WAAM processes present disadvantages. In
comparison to other AM technologies such as L-PBF,
WAAM does not allow creating small details with such
good resolution [58] and it generates parts with an inferior
accuracy, mainly owing to the “stair-stepping” effect and
higher surface roughness than other AM techniques
[62, 63]. Figure 7 shows examples of geometries generated
through WAAM technology [64—-66].

In addition, residual stresses, which are a general issue
shared by all AM technologies, are of particular importance
in WAAM [58, 61]. Furthermore, WAAM technology also
presents defects such as porosity, cracking, and deforma-
tions caused by residual stresses, which are also common in
other AM processes.

To avoid or decrease the impact of the above-mentioned
problems, there are several techniques, such as post-pro-
cess heat treatment, interpass cold rolling, interpass cool-
ing, peening and ultrasonic impact treatment, that have
recently been applied to WAAM components and have
shown beneficial effects on the residual stress fields,
porosity, mechanical properties, and microstructural char-
acteristics of WAAM parts [59, 62].

As in other cases, the process parameters have a sig-
nificant influence on the final result obtained with WAAM.
The travel speed, wire feed rate, current, and argon flow
rate are some of the most critical parameters that must be
controlled to obtain optimal results. Deposition patterns
and deposition sequences must also be considered to obtain
the best results [63].

2.4 Metal BJ

BJ is an AM technology in which a binder agent is
deposited on a powder bed to selectively glue the powder
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Fig. 7 Various metal AM components produced by WAAM [64—66] (The figures are reused under the Creative Commons Attribution License.)

particles following a certain two-dimensional pattern. Once
the layer is printed and cured, a new layer of powder is
deposited in the powder bed on top of the previous layer,
typically using a counter-rotating roller, and the binder
agent is again delivered to create the part in a layer-by-
layer manner [67-69]. Figure 8 shows a schematic of the
BJ process [70].

Torch

.,,,,
T

SR LI

) J

The as-deposited part, which is usually called a green
part, is fragile and requires further post-processing for
strengthening purposes. To transform a green part into an
end-use strength product through a post-processing, a ser-
ies of operations must be conducted. Firstly, the green part
must be separated from the unbound powder particles in
the powder bed. To accomplish this, the powder bed is
usually placed in a furnace. Special attention must be paid

@ Springer
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Print aient suiilr

Powder spreader

Powder supply

(a) Green part printing

Fig. 8 Layout of BJ process [70]

to ensure that the treatment does not alter or consolidate the
unbound particles. The second stage is the debinding pro-
cess, which consists of removing the binder agent. Finally,
sintering must be applied to the part to densify and
strengthen the green part by generating mechanical bond-
ing between the particles [67].

The process parameters must be controlled and opti-
mized to obtain the best results in the fabricated parts. For
other AM processes, the powder particle size, distribution,
and shape significantly influence the results. In addition,
the binders employed, layer thickness, and post-processing
also affect the quality of the generated part. All mentioned
factors must be optimized to obtain the best results in terms
of part density, surface roughness, accuracy, and mechan-
ical properties, such as the strength and fatigue.

According to the materials employed in BJ, it theoreti-
cally allows the use of any material in powder form.
Therefore, a wide range of ceramics, metals, biomaterials,
and polymers have been used in this process. The use of
these materials allows for the generation of parts for dif-
ferent applications. Figure 9 shows some examples of parts
fabricated using BJ and different powder materials
[71-73].

BJ has the advantage of being able to process, in theory,
all materials in powder form. It enables the use of ceramic
materials and metals with high reflectivity that are
impossible or difficult to handle in laser-based AM tech-
nologies. The BJ process can generate parts with a rela-
tively good surface quality. Depending on the powder
characteristics and post-processing parameters, an average
roughness of 5 pum can be achieved. In addition, the gen-
erated components present isotropic properties, which can

@ Springer
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(b) Sintering

be of particular interest in specific applications. Concerning
the economy of the process, BJ requires lower energy
consumption than other technologies and allows a high
building rate, which improves the process productivity.
Finally, it is worth noting that the amount of unused
powder that can be recycled for successive processes is
high. However, to reuse the powder, specific considerations
must be considered. Any remaining binder agent must be
completely removed. Furthermore, the presence of con-
taminants and changes in the size, morphology, chemical
composition, and microstructure of the powder caused by
the oxidation or sintering process must also be analyzed
because such parameters may affect the quality of the
successive powder bed printing processes.

The BJ technology also has certain shortcomings. It is a
relatively new technology that requires further research to
fully understand how process parameters may affect the
final results. To obtain the best results, there is still a need
to develop process models and simulations that can help in
selecting the optimal process parameters for each desired
design. Regarding the properties of the generated parts,
although the mechanical properties are similar to those
obtained through L-PBF processes, their fatigue behavior is
more deficient owing to the relatively high porosity of the
BJ parts.

Table 1 shows a comparative analysis of the main
advantages and shortcomings of the AM techniques pre-
sented above.
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3 Characteristics of tooling alloys

Considering their usual applications (stamping, forming,
shearing, and cutting metals and forming plastics), tooling
alloys must have resistance, toughness, and resistance to
softening at high temperatures [74]. In the following sec-
tions, these properties will be further analyzed along with
other desirable tool material characteristics.

3.1 Machinability

Tooling materials are typically used for manufacturing
molds and dies for casting and forging industries. They
usually need finishing processes to achieve the tough tol-
erance requirements of these industries. Considering the
need for machining to obtain the desired surface qualities
and dimensional accuracies, the machinability of tooling
materials is an important issue to consider.

Although not an intrinsic property of materials,
machinability is a reference for evaluating the interaction
between the tool material and the workpiece material to be
cut [75]. This can be understood as the ease or difficulty by
which a given material can be machined [76]. Depending
on the application, machinability can be defined as the
achievable surface finish, tool wear generated, or power
consumption in a machining operation. It is also related to
other factors such as the type of machining operation,
cutting parameters, cooling conditions, cutting tool geom-
etry, mechanical properties, and microstructural charac-
teristics of the material to be machined [76, 77].
Traditionally, machinability has been quantitatively mea-
sured based on different criteria such as the number of parts
machined prior to tool failure, the maximum cutting speed

achievable, and torque and power requirements [75]. The
“machinability index” and “machinability rating” are
other parameters employed to measure the machinability of
a material. Specifically, the machinability rating (Ry;) can
be expressed as a ratio of the material removal rate
between the workpiece material of interest and a reference
workpiece material

Ru _ S 100%, (1)

ref
where ¢ is the material removal rate, and &, is the refer-
ence material removal rate. The machinability rating has
also been defined in terms of the cutting speeds as [76]

v,
Ry = Ver) g x 100%, (2)

(VCT)ref
where (Vcr),,, is the cutting speed at which the material of
interest yields the defined tool life for a specific feed rate,
depth of cut, tool material, and tool geometry. (Ver),.¢ is
the cutting speed at which the reference material with a
machinability rating of 100% yields the defined tool life
under the same conditions. In machining handbooks,
machinability is usually related to the machining time
needed to generate a predetermined flank wear value with a
given cutting speed or on the power required to remove a
unit volume of material during a turning operation. How-
ever, the machinability information provided by manufac-
turers and handbooks is not usually up-to-date. Such
information is not entirely reliable because it does not
consider differences in material grades or processes
occurring during cutting, such as work hardening [78]. A
vast amount of research is available in the literature
focused on analyzing the machinability of different

Sintered

Fig. 9 Examples of the different materials processed by BJ printing suited for various applications a compression samples for lattice designs
[71], b hollowed components to save weight, ¢ internal channels for efficient cooling [72] and d magnetic part [73]
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Table 1 Comparison of the four AM techniques mostly employed with tooling alloys

Technology Advantages Disadvantages
L-PBF (1) Complex geometries and parts with small features and internal (i) Surface roughness [40]
cavities are possible to create (ii) Poor fatigue behaviour due to the residual
(ii) It enables the generation of topology-optimised parts and lattice stresses generated [12]
structures with reduced mass (iii) Porosity and shrinkage of parts [24]
(iii) The produced parts have high specific strength and stiffness (iv) Powder oxidation due to the presence of
oxygen in the build chamber during printing
[46]
(v) Part delamination can occur if gas flow is
not properly established.
DLD (i) Enables manufacturing of metal parts with higher productivity (i) Dimensional inaccuracies, rough surface
(ii) Material can be deposited over specific regions of existing finish
components and uneven surfaces to create a specific geometry or (ii) Part porosity and residual stresses that lead
repair a broken feature to poor mechanical and fatigue behaviour
(iii) Enormous flexibility (iii) Powder oxidation
(iv) It enables the creation of functionally graded materials or (iv) Lower hardness than L-PBF [56]
customised alloys
(v) Low heat input needed, which reduces the distortion of the printed
part and damage of the building substrate [55]
(vi) Higher ductility and toughness tan L-PBF [56]
WAAM (i) High deposition rates [59] (i) It does not allow to create small details with
such good resolution [58]
(ii) Generates parts with inferior accuracy and
higher surface roughness [62, 63]
(iii) Accumulation of residual stresses [58, 61]
Metal BJ (i) Able to process all materials in powder form (i) The as-deposited part, is fragile and needs

(ii) Relatively good surface quality
(iii) Parts with isotropic properties

further post-processing for strengthening

(ii) A relatively new technology that still needs
more research

(iv) Lower energy consumption than other technologies

(v) High building rat

(iii) Need to develop process models and
simulations to optimize process parameters

(iv) Poorer fatigue behaviour than L-PBF parts

materials and alloys. Many studies [79, 80] have conducted
an experimental tests of the material machinability based
on different measurements, such as the cutting forces,
surface roughness generated by a specific cutting pressure,
tool wear, and cutting temperature. It is generally agreed
that a specific parameter combination ensures optimal
results in terms of surface quality, tool life, and power
consumption.

For the machinability of tooling materials, Co-Cr-Mo-
based alloys, also known as Stellite, are included in the
group of difficult-to-cut materials. Stellites are designed to
produce hard and thick coatings, and their use is recom-
mended for forging die mold coatings owing to a high
resistance to abrasive wear and toughness [81]. However,
cobalt-based alloys also have high hardness, a dense but
non-homogeneous structure, and low thermal conductivity,
which lead to poor machinability [82]. Tool steels are
another group of materials addressed in this study.
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Machinability is influenced by many factors, such as the
chemical composition, inclusions, and thermo-mechanical
properties [83]. The machinability of martensitic hot
worked steel is mainly influenced by the amount of non-
metallic inclusions, such as manganese sulfides, and the
hardness of the steel.

Regarding the machinability of additively manufactured
tooling components, studies have focused on analyzing the
machinability of components in which a coating layer has
been additively deposited [84, 85]. When high surface
quality and precision are required, the additively deposited
coating layers require post-processing machining opera-
tions [85]. In some cases, the properties that make these
materials suitable for harsh environments are also respon-
sible for their low machinability. Different process
parameters were monitored during machining to analyze
the machinability of these materials. Cutting forces,
specific cutting pressure, cutting temperature, surface
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finish, power consumption, and residual stresses, among
other factors, have been employed as machinability crite-
ria, and the influence of the cutting parameters on their
values has been studied to find optimal parameters that
ensure the best results [80, 81, 84-86].

3.2 Reparability

During their life, tool materials are subjected to thermal
and mechanical loads, impacts, and harsh environments,
which may lead to erosion, wear, damage to their surface
quality, or even cracking [87]. To avoid the high economic
cost of a total tool replacement, dies, molds, and general
tools are usually repaired.

To repair damage molds and dies, arc welding, cold-
spray, and electro-spark techniques have been used. In
recent years, laser-based and electron beam-based additive
manufacturing techniques have gained attention as alter-
native repair options [88]. Among the different material
deposition techniques, fusion welding has proved to be the
optimum method for repairing molds and dies [88, 89]. The
repair procedure usually consists of excavation to remove
the damage and debris, followed by a clean-up of the
surface and subsequent deposition of the filling material.
Usually, a final machining step is required to generate the
original surface shape. Regarding the repair techniques,
options for material deposition during die and mold repair.
Figure 10 presents the summary of the most employed
approaches.

Once the deposition process is selected, the appropriate
filling materials must be chosen when considering both the
chemical composition of the substrate and the filling
materials to ensure appropriate matching and good weld-
ability. The final results of the repair depend not only on
the materials engaged, but also on the welding parameters
employed, which influence the microstructure and behavior
of the welding and, in turn, those of the repaired tool.

3.3 High wear resistance

Wear resistance is the ability of tooling materials to
withstand unfavorable working conditions without wear.
For example, in the machining industry, tool wear control
is crucial and might lead to the generation of out-of-

tolerance surfaces and/or defects in generated components,
which leads to time and economic costs. Therefore,
extensive research has been conducted to analyze the
suitability of different tool materials, coating materials, and
cutting conditions that can improve the wear resistance of
the tool. Cemented carbides and high-speed steels are the
most common materials employed for cutting tools,
accounting for 53% and 20% of the market, respectively.

Recent research on the wear resistance of tooling alloys
has focused on different alternatives to improve the wear
behavior of these materials. Ahn et al. [90] developed a
technology to improve the wear resistance of hot forging
dies by the deposition of Stellite material through DED
technology. Hot forging experiments were conducted to
compare the wear resistance and quality of the products
obtained with a designed die and a conventional die. It was
shown that the proposed technology can dramatically
improve both the wear resistance and quality of the prod-
ucts in hot forging applications. Cora and Ko¢ [91] ana-
lyzed the benefits provided by eight different coatings
applied to a tool steel material employed in stamping
processes concerning the wear resistance. Experimental
wear tests were conducted in which the specific wear rate,
microscopic examination, and 3D surface roughness were
analyzed as the wear parameters. The authors observed that
among the coating materials tested, TiAIN and CrN
showed a slightly higher wear resistance.

3.4 Thermal conductivity

Thermal conductivity can be defined as the ability of a
material to conduct heat [92]. It can also be defined as the
rate at which heat is transferred by conduction through a
unit cross-sectional area owing to a temperature gradient
normal to it. The thermal conductivity of a material k can
be extracted from Fourier’s law of heat conduction as

_AQ1T x  AQ x

= AAMT  AMAT’ (3)

Repair
techniques
|
I | I 1 I I 1
plasma ‘ ‘

Gas tungsten Electron beam Cold spray Laser based Electro-spark Thermal

; . transferred arc pl .
arc welding welding it method deposition method spraing

Fig. 10 Options for material deposition during die and mold repair
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where AQ/At is the rate of heat flow, A the total cross-
sectional area of the conducting surface, AT the tempera-
ture difference, and x the thickness of the conducting sur-
face separating the two temperatures.

Thermal conductivity is particularly important in the
stamping/press hardening industry. Regarding the produc-
tion cost, tooling is one of the main factors to consider
because it can result in up to 20% of the cost of the final
product [93]. This cost is associated with the design,
manufacturing, and maintenance of the tool and its influ-
ence on the component cycle time and quality. This cycle
time is highly affected by the cooling rate, which, in turn,
depends on the thermal conductivity of the tool material.
High-thermal-conductivity materials allow fast cooling
rates and shorter cycle times. In addition, tool materials
that allow high cooling rates also ensure a higher hardness
of the produced components.

3.5 Toughness

Toughness is the ability of a material to withstand external
forces without fracturing. Traditionally, it has been defined
as the ability of a material to dissipate deformation energy
without crack propagation. In terms of crack propagation, it
can also be considered as the resistance of the
microstructure against a “crack-driving force” [94].

Materials can be toughened by intrinsic mechanisms, as
in the case of metals, in which the toughness is enhanced
by changing the nature, distribution, and/or properties of
second-phase particles to suppress damage through
extrinsic toughening and extrinsic mechanisms, as in the
case of ceramics. Ceramic materials are brittle and
impossible to toughen intrinsically; therefore, microstruc-
tures must be used to promote the transformations required
for toughening. Some tool steels have also been used to
enhance their toughness. This is the case for AISI D2 cold-
work tool steel, which exhibits a good behavior in terms of
deformation, wear and corrosion resistance, and dimen-
sional sensibility, but a low level of toughness [95]. Viale
et al. [95] attempted to improve the toughness of ASIS D2
steel by adapting the chemical composition of the material
to reduce the volume fraction of primary chromium car-
bides that are responsible for the low toughness.

In addition to microstructural changes, heat treatments
have also been tested to improve the toughness. For
example, Cornacchia et al. [96] investigated the influence
of aging on the microstructure and fracture toughness of
die steels. They observed that, for the H13 steel commonly
employed for dies, the aging treatment promoted fracture
toughness.
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3.6 Impact strength

The impact strength of a material is defined as its capability
to resist a sudden applied load or force. It is normally
conveyed as the amount of mechanical energy absorbed
during deformation under the applied impact loading and is
expressed as the energy lost per unit of thickness. The
impact strength of tool materials is a crucial property for
applications such as punches, rivets, and chisels [10]. The
impact strength is related to the fatigue behavior of the
components, which is of special importance in applications
such as forging dies. In fact, most forging dies fail owing to
the impact of fatigue cracks [97].

Lee and Chen [98] conducted an experimental investi-
gation of the relationship between the mechanical proper-
ties and hardness of materials employed for cold-forging
dies. According to the impact strength, they observed that
the mechanical properties increased with an increase in the
material hardness. Ebara and Kubota [99] conducted a
failure analysis of hot forging dies for automotive com-
ponents. They observed that impact failure led to a fracture
in the component surface (concretely, a flange yoke die)
after the forging process was repeated 2 000 times. Based
on impact tests, the authors also noted that the impact
fracture toughness depended on the testing temperature,
and consequently, different fracture types were observed
depending on this temperature.

3.7 Lubricating properties

The lubricant should ideally provide a continuous layer
between the tool and workpiece to reduce friction and
wear, prevent pickup on the workpiece, remove debris
from the tool/workpiece interface, and extract the heat
generated during the process away from the tool [10, 100].
Wilson [101] remarked that different lubrication regimes
could be distinguished.

(i) A thick film lubrication regime. The surface is
separated by a continuous film of lubricant that is
much thicker than the roughness of the surfaces
involved. In this case, friction is governed by the
properties of the lubricant. Wear is unlikely to
occur, but it can appear as a consequence of
corrosion.

(ii) Thin-film lubrication regime. In this case, the
lubricant thickness is between 3- and 10-times the
RMS roughness of the surfaces, and the surface
roughness can have a significant influence on the
lubrication. However, as in most sections, the
lubrication film is larger than the asperities of the
surfaces, and the friction behavior is similar to that
in the thick-film regime.
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(iii)) Mixed lubrication regime. This occurs when the
film thickness is much lower than 3-times the
RMS value of the surface roughness. In this case,
a significant fraction of the contact load between
surfaces was carried by the asperities. Typically,
lubricants contain compounds that react chemi-
cally with the surfaces and form a tightly adhered
lubricant film that can prevent metal-to-metal
contact, welding, and pick up at the asperity
collisions.

(iv)  Finally, when all loads between the surfaces are
carried by the asperities, the system is in the
boundary lubrication regime, in which the friction
is governed by the mechanics of the local
deformation of the asperities and the physics and
chemistry of the surfaces.

From the explanation above, it is evident that thick and
thin-film lubrication regimes are the most desirable as they
reduce friction and wear.

In machining operations, tool hardness decreases with
an increase in the temperature in the cutting area. This
leads to a faster development of wear mechanisms that, in
turn, shorten the tool life. During these operations, cooling
and lubrication are mainly intended to remove the heat
from the cutting area and decrease the friction between the
tool and the workpiece to avoid the fast development of
wear mechanisms [102]. It has been shown that, with the
use of lubrication, an 80% decrease in friction can be
achieved. This enables machining to be conducted at high
cutting speeds without decreasing the tool life.

In recent research, the use of self-lubricating materials
has been analyzed to improve the friction and wear
behavior of cutting tools during machining. Wu et al. [103]
created a ceramic tool material in which a metal-coated
solid lubricant powder was added. The self-lubricating tool
showed notable improvements in the microstructure and
mechanical properties, and better frictional behavior and
wear resistance than the corresponding cutting tool during
dry cutting experiments. Torres et al. [104] attempted to
overcome the tribology problems appearing in the hot
stamping of aluminum alloys by using iron-based and
nickel-based self-lubricating laser claddings with the
addition of solid lubricants. Self-lubricating claddings
showed lower friction than tool steel. In addition, material
transfer from the aluminum counter body was found to be
low because of the higher resistance to adhesion wear and
galling than the reference steel.

3.8 Additional coating compatibility

To reduce friction coefficients and in turn improve the tool
life, surface finish, and power consumption, coatings are

usually applied to the tool materials [10]. To obtain the best
results from the coatings, compatibility between the sub-
strate and coating materials should first be ensured.

In the case of cutting tools, substrate materials are
usually coated with different alloys, mainly TiC, TiN,
TiCN, TiAIN, AITiN, AICrN, and Al,Os;, to enhance their
adhesive and abrasive wear resistance [105, 106].

Tool coatings are increasingly used in forming, die
casting, and injection molding. H13 tool steel, commonly
employed for the aforementioned applications, has been
recently coated using AM technologies. Many authors have
noted that the use of alloy powders with the same or similar
chemical compositions to the substrate material ensures
better metallurgical bonding, a smooth surface, and similar
properties along with the interface [91, 107].

3.9 Heat-treatable

Finally, it has been shown that heat treatments enhance the
mechanical properties of certain materials; therefore, they
are also commonly applied to tooling materials. As for
metal forming, the microstructure of most alloys in an as-
cast condition is quite heterogeneous, and they must be
homogenized at high temperatures to improve their work-
ability [10].

Owing to the stringent requirements regarding tooling
material properties, researchers have focused their attention
on different alternatives to improve such properties. Dif-
ferent heat treatments have been tested in tooling materials
to analyze their influence and possible benefits that can be
added. Qamar [108] conducted an experimental test in
which the H11 tool alloy, which was employed in metal
forming applications, was subjected to different heat
treatments, such as annealing, austenitization, air cooling,
oil quenching, and single and double tempering. This study
aimed to obtain the most suitable combination of treat-
ments that led to the best results. Double tempering of oil-
quenched samples was found to be the optimal heat treat-
ment combination for obtaining hardness, toughness, and
high yield strength, tensile strength, and ductility.

4 Microstructural and mechanical properties
of tooling alloys

As concluded by Herzog et al. [109] and Gorsse et al.
[110], among others, the high-temperature gradients that
occur in AM processes have an influence on the grain
microstructure generated and, consequently, on the
mechanical properties of the built parts. Depending on the
materials involved, different microstructural evolutions can
occur. In addition, the anisotropic conductivity along the
part is also responsible for the resulting anisotropic
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microstructure, which in turn leads to anisotropic proper-
ties along the created components as well. Both reviews
cited above show how the microstructural characteristics of
AM steel, aluminum, titanium, and high-entropy alloy parts
are correlated to the resultant component properties. In this
section, microstructural features such as density, micro-
hardness, and micro-cracking of AM parts fabricated from
tool steels and non-ferrous tooling alloys are described.
These characteristics are also correlated to the static and
fatigue properties of the parts.

4.1 Ferrous alloys

Steel alloys are the most relevant materials that comprise a
group of ferrous alloys. In the most common applications,
steel is required to provide a combination of corrosion
resistance, strength, ductility, hardness, toughness, and
wear resistance, along with low production prices and a
variety of achievable microstructures and functionalities
[8]. In the tool and die making industries, steel alloys with
good yield strength, high hardness, and abrasion resistance
are required.

4.1.1 Properties of AM maraging steels

Maraging tool steels are steel alloys that exhibit superior
strength and toughness while maintaining a good weld-
ability and dimensional stability during aging. These
properties make them especially suitable for high-perfor-
mance aerospace and motor racing applications, such as
rocket motor castings, drill chicks, punching tools, plastic
injection molds, and metal casting dies. Among the steel
alloys, carbon-free maraging steels, particularly 18Ni-300/
1.2709, are currently the most widely employed in AM
processing [8]. Compared with high-carbon tool steels that
are also employed for these applications, the use of
maraging steel corrosion and quench cracking can be
avoided. This good performance is due to the lower carbon
content and high nickel content and the absence of carbides
in these alloys, as shown by Monkova et al. [111]. The
authors studied the mechanical properties of untreated and
heat-treated MS1 maraging steel. Samples were generated
using L-PBF with different orientations. The authors
observed that part orientation and heat treatment influenced
the mechanical properties of the samples. During the ten-
sile tests, the untreated samples suffered significant plastic
deformation before breakage. The annealed samples
exhibited a lower yield strength and higher ductility. In this
case, the samples broke owing to a brittle fracture. In
addition, concerning the cutting tool industry, it has been
shown that the use of additively manufactured maraging
tool inserts improves the removal of heat from the cutting
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area. This in turn improves the cycle time and productivity
of the cutting tools.

Jdgle et al. [112] conducted an experimental investiga-
tion in which L-PBF and DLD AM technologies were used
to generate maraging samples, and their properties were
compared with those of conventionally manufactured
samples. In the DLD process, the laser power was set to 3
kW, whereas during the L-PBF process, a concept laser M3
linear machine was employed with a laser power of 100 W.
The DLD samples showed higher hardness values than the
conventional and as-deposited L-PBF samples. According
to the authors, this was due to the heat treatment inherent in
the DLD process. A heat source is continuously applied to
the previously deposited layers when the adjacent or/and
overlaying layers are melted. Because of this intrinsic heat
treatment, early stage precipitation is induced, which leads
with a higher hardness of the DLD samples when com-
pared with the as-received wrought and as-deposited
L-PBF samples. However, when a subsequent aging
treatment was applied to the samples, the trend shown in
Fig. 11 was observed.

As the aging treatment progresses, the DLD material
softens, and after 10 min of treatment, the conventionally
produced samples become harder.

Special attention is usually paid to controlling and
improving the density of parts generated by AM tech-
nologies, as this property affects the mechanical and fati-
gue behavior of the parts. Many studies have shown that it
is possible to create crack-free samples with relative den-
sities above 99% by using AM [113—118]. In these studies,
the generated density (1) is usually related to the so-called
energy density, which can be expressed in terms of other
process parameters as [26]

- (4)

vht’

where P and v are the laser power and scan speed,
respectively; h is the scan spacing; and ¢ is the layer
thickness.

Tan et al. [113] investigated the microstructure and
mechanical properties of maraging 300 samples manufac-
tured using L-PBF. They analyzed the influence of energy
density on the resultant part properties and observed that
for values below 35 J/mm?, porous parts were generated
owing to the lack of fusion issues. In addition, as shown in
Fig. 12, the porosity decreased with an increase in the laser
energy. However, the highest values of energy density led
to a decrease in the density of the parts. According to their
investigation, an energy density of 67 J/mm® must be
employed to obtain the optimal density (99%) of the
manufactured part, and the P, v, and h parameters in Eq. (1)
must be set to 285 W, 960 mm/s and 110 um, respectively,
for the best results.
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Similarly, Bai et al. [114] investigated the influence of
process parameters on the density of maraging steel 300
samples generated using L-PBF with a laser power of
200 W. They observed that the density increased with an
increase in laser power up to a specific value and then
decreased with the increase in laser power, scanning speed,

and scanning space. Another conclusion extracted from
their work is that, if low laser power and high scanning
speeds are employed, a low energy density is obtained (see
Fig. 12) and the metal employed remains unmelted. By
contrast, if higher laser power and a low scanning speed are
employed, the energy density is sufficient to melt the metal
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properly. However, in these cases, strong vaporization and
spatter occur, leading to voids and inclusions in the sam-
ples. These same issues were also observed when small
scanning spaces were employed. However, a high scanning
space might leave unmelted powder and consequently a
low relative density. Therefore, it can be concluded that all
parameters must be optimized in each case to obtain the
best results in terms of the relative density.

Becker and Dimitrov [115] employed the same marag-
ing steel alloy to analyze the influence of the exposure
strategy on the density of parts generated by L-PBF. In
their tests, the layer thickness was set to 30 pm. The
authors remarked that the scanning strategy had a consid-
erable effect on the part porosity obtained and, according to
the results obtained in their study, a double exposure
scanning strategy enabled the generation of parts with
higher density. In addition, they observed that optimal
results were obtained when a hatch spacing of 0.7 d and a
laser speed of 600 mm/s were employed.

The influence of the process parameters on the generated
part density was also studied by Kempen et al. [116].
Specifically, they studied the effect of layer thickness and
scanning speed on the microstructure and mechanical
properties of 18Ni 300 steel samples. L-PBF technology
with a laser power of 100 W was employed for sample
manufacturing. The authors observed that an increase in
layer thickness and/or in the scanning speed led to a
decrease in the density of the manufactured parts, which in
turn implied a decrease in the macro-hardness (see Fig. 13).
However, they noted that these parameters had no signifi-
cant effect on the microhardness of the manufactured
samples.

Yasa et al. [117] studied the effect of laser re-melting on
the density of additively manufactured parts. Even when
the samples with and without re-melting presented similar
density values (above 99%) according to Archimedes’
method (above 99%), optical micrographs taken from the
generated samples showed differences between the sam-
ples. Figure 14 shows micrographs of the top and side
cross-sections of the samples [117]. It can clearly be seen
that those parts subjected to re-melting (parts 2 and 3 in
Fig. 14) present less porosity than the sample manufactured
without re-melting (part 1 in Fig. 14).

In addition to the good density values achieved, the
authors observed that the microhardness of additively
manufactured samples was even higher than that of con-
ventionally manufactured parts.

Regarding the mechanical properties of maraging steels,
it has been shown in the literature that additively manu-
factured maraging steels exhibit properties that are gener-
ally comparable with those of conventionally produced
materials. Maraging steels that are processed through
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L-PBF technology have shown a higher yield and ultimate
tensile strength in a non-treated form [114-116, 118].

Kruth and Humbeeck [119] analyzed the influence of
aging parameters on maraging 300 steel samples created by
hybrid manufacturing combining L-PBF additive technol-
ogy and re-melting. In their study, the authors observed
that aging of the samples led to an increase in hardness and
strength. Similarly, Tan et al. [120] studied the mechanical
properties of the same alloy manufactured by L-PBF and
aged at 490 °C for 6 h. The tests showed that owing to the
strengthening of the precipitated phase, the hardness of the
additively manufactured samples increased after heat
treatment.

As shown above, most studies in the literature regarding
AM of maraging steels are focused on L-PBF technology.
However, few studies have analyzed the results obtained
using DLD. As an example, low-carbon maraging 1.2709
steel is commonly employed for the manufacturing of
injection molds through DLD technology. Junker et al.
[121] analyzed the effect of selected DLD parameters on
the mechanical properties of 1.2709 samples. They
observed that a higher laser power generally led to a more
homogeneous hardness distribution in the samples, that is,
a more homogeneous inner structure. Nevertheless, when
compared with conventionally created parts, the DLD parts
have a lower hardness.

4.1.2 Properties of AM HI3

H13 alloy is a chromium-based tool steel usually employed
in the manufacturing of die casting, forging dies, pressure
casting dies for the automotive industry, and injection
molds owing to the combination of high hardness, wear
resistance, toughness, and resistance to high operating
temperatures [122—124]. These tools have been tradition-
ally manufactured from large blocks of materials, which
are costly and time-consuming. Recently, the feasibility of
AM for the manufacture of dies has been tested. In the die
casting and forging die industry, DLD technology is the
most commonly used.

Owing to its wide application, many studies have
focused on the AM of H13. The most relevant conclusions
extracted from studies that analyze the microstructural and
mechanical characteristics of H13 manufactured through
L-PBF are first presented below.

In their work, Yan et al. [125] noted that, in addition to
the formation of a martensite structure in L-PBF of H13, a
partial decomposition of the material into fine o-Fe and
Fe;C precipitates along with the retained austenite occur-
red. From a TEM analysis, the authors observed that the
lattice of the resulting o-Fe phase was slightly distorted
owing to the enhanced Cr, Mo, and V contents. According
to the mechanical properties of the samples, they noted that
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Fig. 13 a Macro-hardness for samples with different scan speeds and layer thicknesses, within a confidence level of 95% for 8 measurements
and b relative density for samples with different scan speeds and layer thicknesses [116]

high residual stresses were generated compared with the
yield strengths of the samples. In addition, they observed
that these residual stresses existed from just two additive
layers above the substrate and concluded that they might be
mainly due to the martensitic transformation that occurred
during L-PBF. Ackermann et al. [123] conducted an
experimental investigation of the toughness, hardness, and
impact properties of H13 manufactured by L-PBF. Samples
were analyzed under as-built and heat-treated conditions,
and the tensile, hardness, and Charpy test results were
compared with the corresponding values for conventionally

generated hot-rolled samples. The authors observed that
samples manufactured through L-PBF were more brittle
than conventionally created samples even after heat treat-
ment was applied. This is intensified during the AM pro-
cess owing to the thermal properties of the material.

The influence of AM process parameters on the
microstructure and properties of H13 samples has been
widely studied. Mazur et al. [9] conducted experimental
and numerical studies to quantify the properties, manu-
facturability, and part characteristics of L-PBF-manufac-
tured HI3. Among other findings, the authors concluded
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Part 2

(a)

Fig. 14 Micrographs of a top cross-section (cs2) and b side cross-section (cs1) [117]

that in L-PBF of H13, a suitable compromise between part
porosity and dimensional accuracy could be achieved when

the energy density and laser power were set to 80 J/ mm’
and 175 W, respectively. Regarding the energy density,
Narvan et al. [124] found that the relative density of parts
manufactured through L-PBF increased with increasing
energy density up to 60 J /mm3. From this value on, no
significant change was observed in the microstructure. In
their experiments, samples with a maximum density of
99.7% were obtained. In addition, the authors noted that
substrate preheating helped to avoid thermally induced
cracks. In 2016, Mertens et al. [126] analyzed the effect of
powder preheating on the microstructure, mechanical
properties, and residual stresses of H13 samples. During
the L-PBF process, they employed a 170 W laser power
with a beam diameter of 50 pum, layer thickness of 30 um,
scanning spacing of 105 pum, and two scanning speeds of
400 and 800 mm/s. They compared samples created with
no preheating and samples with 100, 200, 300 and
400 °C pre-heating, and observed that internal stresses on
the top surface of samples evolved from compressive
without preheating to tensile with preheating at 400 °C.
However, they noted that pre-heating at 400 °C led to a
uniform bainitic structure that resulted in better mechanical
properties.

In addition, the influence of different post-treatments
applied to additively manufactured H13 components has
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also been studied. ;\sberg et al. [127] investigated the
effect of stress relief, standard hardening and tempering,
and hot isostatic pressing (HIP) on the microstructure,
tensile properties, hardness, and porosity of HI3 parts
generated through an L-PBF technology. During the
experiments, a HI13 powder particle size within the range
of 15-45 pm was employed, and the layer thickness was
set to 30 pum. 150 W laser power and a 450 mm/s scanning
speed were selected for the contour zone, whereas the laser
power and scanning speed were set to 175 W and 720 mm/
s, respectively, for the core of each layer. They observed
that the AM H13 material consisted of carbides and ferrite
after hardening heat treatment along with colonies of prior
austenite. At this stage, the material shows low strength
and hardness and a variable elongation to fracture, mainly
owing to the porosity. After hardening and tempering, an
increase in hardness and strength was noted, and the
resulting microstructure was similar to a conventional
microstructure, with a martensite structure and carbides.
Finally, with the addition of HIP treatment, the highest
hardness and ductility values were obtained with a
microstructure similar to that conventionally obtained,
consisting of tempered martensite and carbides. In addition
to maraging steel and H13 alloys, other ferrous alloys such
as H11 or H12 have also been used for AM applications.
However, as maraging and HI13 alloys are the most
employed, information about these two materials has been
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included in this review. Their behavior is assumed to be
representative of the general behavior of other ferrous
alloys.

Studies on the evolution of microstructure and
mechanical properties of DLD-ed H13 can also be found.
In 1997, Mazumder et al. [128] studied the microstructural
characteristics and mechanical properties of laser cladding
H13. In their experiments, two different deposition modes
were employed (fine and coarse) for the deposition of H13
onto an H13 substrate. For the fine mode, a laser spot of
1.1 mm and 4 500 W power was employed, and the pow-
der was fed at 16 g/min. In the case of the coarse deposi-
tion mode, the process parameters were set to a laser spot
diameter of 0.6 mm, a laser power of 1 000 W, and a
powder feed rate of 5 g/min. In both cases, the scanning
speed was 750 mm/min. With regard to the microstructure
of the generated samples, the authors distinguished four
sections: (i) a first section of fully annealed H13 corre-
sponding to the substrate, (ii) a heat-affected zone of the
substrate, consisting of tempered martensite, just below the
cladded layers, (iii) a section of untampered martensite
corresponding to the first layer, and (iv) the last section of
untampered H13 corresponding to the outermost layers. It
is worth noting that as the layers are deposited, heat passes
through the layers into the substrate, and section (iii)
becomes tempered. The mechanical properties of the gen-
erated samples were also analyzed in this work, and it was
observed that the average hardness was 690 Knoop and
675 Knoop for the fine and coarse modes, respectively. In
addition, the yield strength of the samples was 1 505 MPa,
and the ultimate strength was 1 820 MPa. Similar results
were obtained by other authors [125, 129, 130] with regard
to the resulting microstructure. Pinkerton and Li [129]
analyzed the feasibility of using water-atomized powder
particles as an alternative to gas-atomized powder. They
observed that in both cases, the wall samples created had a
martensitic structure with a small amount of austenite in
the upper layers. Moving down the wall, untampered,
transition, and tempered regions were observed. In addi-
tion, they found that samples created by gas-atomized
powder were harder than those created by water-atomized
particles. Xue et al. [130] also deposited H13 powder using
a 1 kW laser power. In addition to the dominant martensitic
microstructure with some amount of austenitic phase, the
authors observed that the samples created were crack-free
and had a fine microstructure, possibly due to the process-
induced rapid solidification. They also observed that the
mechanical properties (tensile strength, strain, and sliding
wear resistance) measured in the samples were comparable
to those of wrought H13. Moreover, Cottam et al. [122]
analyzed the microstructure and residual stresses generated
on a wedge-shaped H13 sample manufactured by DLD.
They employed a 2 500 W laser power, 300 mm/min

traversing speed, and powder fed at 4.5 g/min. As previ-
ously reported, they observed that the phase transformation
occurring during the deposition processes greatly affected
the final microstructure of the sample and in turn the
residual stress distribution. The wedge-shaped sample
showed a martensitic microstructure and a tempering
evolution from the outer surface to the interior. In addition,
the authors observed that a high hardness and compressive
stresses were generated on the top 4 mm of the wedge,
which were suitable for die casting and forging dies. The
samples also showed good resistance to thermal fatigue.
Park et al. [131] analyzed the influence of energy input on
the microstructure, hardness, and chemical composition of
H13 samples. In their experiments, samples were created
by DLD technology with 2 kW laser power, 0.56 mm
beam, and powder feed rate of 0.057 g/s. The energy input
was varied within the range of 37.81-88.21 J/mm?. The
resulting microstructure was a mixed cell type and a den-
dritic structure. The authors also observed that large-sized
grains were generated as a consequence of the low cooling
rate caused by the high energy input. It was observed that
the hardness decreased with the increased energy input,
which could be due to microstructure coarsening and the
decrease in carbon content. Finally, the authors noted that
energy input had no significant effect on the chemical
composition.

The results obtained through the AM of H13 by WAAM
technology were also analyzed. Wang et al. [132]
employed additive WAAM technology, specifically MIG,
to generate thin-walled samples and observed that different
thermal histories resulted in different microstructures.
However, they noted that the hardness of the generated
samples was uniform from the top to the bottom of the
walls. The authors observed anisotropy in the mechanical
properties of the as-welded samples. However, these
properties became isotropic after heat treatment by
annealing at 830 °C for 4 h. Recently, Ge et al. [133]
investigated the characteristics of H13 samples generated
by the so-called cold metal transfer, which was a novel
WAAM technology. Optimal process parameters were
selected from preliminary tests: a 0.15 m/min deposition
speed, 12.7 V and 118 A deposition voltage and current, a
wire feed speed of 8 m/min, a 90° wire feed angle, and a
5.5 mm distance between successive deposition tracks.
They observed that a negligible porosity was generated at
below 0.001%, which ensured a sound metallurgical
bonding in the as-deposited part. In addition, good micro-
hardness values were measured in the body zone. An
enhanced ultimate tensile strength was obtained regarding
the mechanical properties owing to the generation of a hard
martensite structure.
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4.2 Non-ferrous alloys
4.2.1 Properties of AM Co-Cr-W alloys

Co-Cr-W alloys are particularly suitable for tooling appli-
cations requiring high wear resistance, toughness, and
high-temperature hardness that other tooling materials,
such as conventional carbides or high-speed steels, do not
provide. Because this work focuses on additively manu-
factured tool materials, in this section, among other Co-
based alloys, the properties of additively manufactured
Stellite™ alloys are reviewed owing to their common use
in AM processes. Stellite™ alloys are primarily used in
DLD processes for the remanufacturing of industrial
components (crankshafts, shafts, and turbine blades)
[48, 134-138]. Stellite™ alloys are among the so-called
superalloys. As mentioned, they are Co-based alloys that
contain a high amount of chromium (20%-30% (mass
fraction)), Tungsten (4%—-18% (mass fraction)), Molybde-
num and carbon (0.25%-3% (mass fraction)) [139]. Stel-
lite™ alloys have also been chosen as tool materials for
machining stainless steel owing to their weldability,
properties, and powder availability. These alloys provide
excellent mechanical wear resistance at high temperatures
(up to 500 °C) and exhibit outstanding corrosion, erosion,
abrasion, and galling resistance [140, 141]. In addition,
Stellite™ shows good resistance to sliding wear when
employed in forging and forming applications [142, 143].
They represent a good alternative to H13 steel, which is
traditionally employed to manufacture dies [144]. Owing to
their excellent formability, weldability, and combination of
good wear resistance and high-temperature strength, Stel-
lite™ alloys are also used as coatings for bearings, pump
seals, knives, and valve seats [145, 146].

In the following section, a review of the most relevant
studies concerning the microstructural and mechanical
properties of additively manufactured Stellite™ are
presented.

Many research studies concerning the AM of Stellite
alloys through laser cladding have been recently reported
[147-150]. Sun et al. [151] deposited Stellite 6 on a
stainless-steel substrate through laser cladding by using a
pulsed laser with frequencies within the range of 40-60 Hz
and a fixed pulse length of 8 ms. Different hardness values
were measured in samples that depend on the process
conditions. They observed that crack formation could be
avoided by employing multi-track cladding owing to the
remelting of cracks in the subsequent tracks. The same
process was tested by Singh et al. [152], who conducted
laser cladding experiments of Stellite 6 on stainless steel
substrates using different energy density values (within the

range of 32-52 7/ mm?). The authors employed a laser spot
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of 4 mm, a scanning rate of 10 mm/s, and a 30% overlap
between successive scanning tracks and observed that the

lowest energy density tested, that is, 32 J /mmz, led to a
higher hardness of the samples, which decreased with an
increase in the energy density. Yao et al. [139] compared
the performance of Stellite 21 alloy with Stellite 22 and
Stellite 728 through the deposition of materials on a 316
stainless steel substrate using laser cladding. Stellite 22 and
Stellite 21 powders had similar compositions. Stellite 728
powder has a slightly higher carbon content than Stellite 21
powder, as well as Nb. During these tests, the laser power
was set to 1 800 W with a spot size of 4 mm, an energy

density of 757/ mmz, a laser scanning rate of 6 mm/s, and a
powder feeding rate of 13 g/min. As a result of their
experiments, Yao et al. [139] observed that Stellite 728
exhibited the highest hardness. According to the wear
resistance, Stellite 22 and Stellite 728 exhibit approxi-
mately 2- and 3-times higher wear resistance, respectively,
than Stellite 21. Diaz et al. [153] employed Stellite alloys
(concretely, 6, 12 and 21 alloys) and Triballoys® to repair
Cr-Mo steel components by laser cladding with a maxi-
mum laser power of 2 200 W during their experiments. N,
inert gas was also employed as the shielding and powder
carrier gas. When using Stellite alloys, they noted that
dendritic microstructures were generated, and coating with
neither cracks nor porosity could be deposited. In addition,
they remarked that crack-free deposition can be enhanced
by preheating the substrate material. AM of Stellite alloys
has also been applied to the generation of functionally
graded materials (FGMs) through the combination of dif-
ferent metallic substances. Ding et al. [146] also conducted
experimental research with the aim of improving the
characteristics and properties of Stellite 3 and Stellite 6
laser cladding samples by mixing Stellite 3 (70%) and
Stellite 21 (30%). They compared the results to Stellite 3
and Stellite 6 samples, and observed that, given the optimal
process parameters, mixed material samples showed better
microstructural characteristics and no cracking. Therefore,
they concluded that this mixture of materials could be
employed for property enhancement in terms of hardness,
wear resistance, and laser processing.

Direct laser deposition technology has also been
employed for the manufacturing of Co-Cr-W alloys. Traxel
and Bandyopadhyay [154] compared the performance of
the Stellite 6 machining tool produced by the LENS AM
technology with a commercially available tool. They
observed that the capability of the AM Stellite tool was
comparable to that of a commercially available tool. They
also found that laser re-melting of the Stellite enabled a
slight increase in the surface hardness. The same Stellite
alloy was the object of research conducted by Moradi et al.
[143]. In their work, the authors investigated the influence
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of the laser’s focal position and its power on the geomet-
rical dimensions, microhardness profile, grain size, and
microstructure of additively manufactured Stellite 6 alloys.
The powder particle size employed was 10-36 pm, and the
DLD parameters were set as follows: 1 kW laser power
with a minimum spot size of 0.2 mm, a focal length of 200
mm, and a Rayleigh length of 2 mm operated in a con-
tinuous wave. During these tests, the cobalt-based Stellite
alloy was deposited on a DIN1.2714 hot work tool steel
substrate. The authors observed that grain size increases
with an increase in the laser power, leading to grain sizes of
3.13 and 2.11 pm when using the highest and lowest laser
power values, respectively. An inverse trend was observed
for the microhardness of the generated samples. For laser
power that leads to the smallest grain size, the highest
microhardness values were reported. It is worth noting that
the microhardness of the samples was higher at the center
of the samples than at the beginning and end of the
deposited walls. Ren et al. [155] analyzed the influence of
heat treatment on the microstructure of additively manu-
factured Stellite 12 samples by comparing the hardness and
wear resistance at high temperatures of untreated and heat-
treated samples. Three different treatment processes were
analyzed: solution heat treatment, aging, and the combi-
nation of both. Table 2 summarizes the process parameters
employed during the tests.

The authors observed that the highest hardness corre-
sponded to the samples after aging. However, such samples
also exhibited the worst wear resistance. They noted that
wear resistance could be improved by applying heat
treatment, and samples subjected to the combination of
solution heat treatment and ageing exhibited the best per-
formance against wear resistance.

As mentioned above, one of the applications of Stellite
alloys is the repair and remanufacturing of forging dies.
Foster et al. [144] employed DLD to repair H13 dies with
Stellite 21 alloy with a 500 W laser power, scanning speed
of 12 mm/s, and argon as a carrier and shielding gas.
Among the Stellite alloys, Stellite 21 contains the lowest

Table 2 Process parameters [155]

Parameter Value
Laser power/W 3 000
Powder size/pm 25—-86
Travel speed/(mm-s’l) 8
Powder flow rate/(g~min_l) 18
Carrier gas flow rate/(L-min ") 5
Protective gas flow rate/(L-min~") 15
Overlapping rate/% 45

Z step/mm 0.9

carbon content. It provides a high mechanical strength at
high temperatures and good corrosion resistance, making it
suitable for applications such as forging or hot stamping
dies and valve trims for high-pressure steam, oil, and
petrochemical processes [139]. The authors observed that
the additively manufactured Stellite 21 shows a better
performance in terms of wear resistance. In addition, it
provides a good toughness, machinability, and forge-ability
for the application considered in this study. The feasibility
of FGM using DLD technology was also tested. Muller
et al. [156] analyzed the capability of DLD technology for
the generation of FGM samples by combining 316 L
stainless steel and Stellite 6. The material gradient was
established in the direction perpendicular to the substrate,
and a scanning speed of 900 mm/min and a laser power of
256 W were employed. Pore-free and crack-free FGM
samples can be generated using this combination of
materials and the aforementioned process.

4.2.2 Properties of AM W-C alloys

Among the W-C alloys, tungsten carbide-cobalt (WC-Co)
is one of the most widely used materials for wear-resistant
parts, cutting tools, and molds. WC-Co cermet with a Co
content of 5%-25% (mass fraction) possesses superior
hardness, compressive strength, fracture toughness, and
transverse rupture strength. In addition, WC-Co exhibits
high wear properties and good corrosion resistance. WC-
Co has been traditionally produced by injection molding,
extrusion molding, and powder metallurgy. However, these
processes are inefficient and expensive. In this context, AM
technologies are an excellent alternative to traditional
processes in terms of productivity and enable the genera-
tion of complex geometries and internal cooling channels
[157]. However, AM of WC-Co alloys is extremely com-
plicated, mainly because of the different melting temper-
atures and optical absorptance of the laser beam
wavelength of WC and Co and the fragility of WC, which
when considering the thermal cycles in the AM processes,
is an important issue [158]. A summary of the relevant
literature regarding the AM of WC-Co alloys is presented
in the following section.

Most studies analyzing the characteristics of additively
manufactured W-C alloys have employed L-PBF technol-
ogy. Chen et al. [159] employed L-PBF AM technology to
generate bulk cemented carbide, and they observed that
relatively high-density samples can be obtained (at more
than 96%). They analyzed in detail the influence of grain
morphology on the microstructure generated. During their
experiments, the authors employed a laser power within the
range of 380—400 W, with a spot size of 80 um. A scan-
ning speed of 470-500 mm/s was also selected, and the
hatching space and powder layer thickness were set to
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60-75 um. The authors observed that spherical granules
lead to higher densities owing to their higher apparent
density. In the cross-section parallel to the laser beam, the
lamellar microstructure was prominent with both coarse
and fine WC grains, whereas in the horizontal cross-sec-
tion, no lamellar structure was observed. Regardless of the
anisotropic microstructure, the hardness obtained was
similar in both the vertical and horizontal directions.
Domashenkov et al. [160] compared the microstructure and
mechanical properties of WC/Col2 samples generated by
L-PBF using conventional and nanocomposite powders.
The aim of their study was to analyze the effect of the
initial crystallite size on the microstructure and mechanical
properties. The authors observed that both coarse and fine
carbide samples were segregated in the molten pool. The
sample made from the nano-phased powder showed higher
homogeneity in terms of the microhardness. Uhlmann et al.
[161] also compared the results obtained in the L-PBF of
WC-Co when using two different powders. In this study,
agglomerated and pre-sintered powders were employed to
analyze the evaporation effect during the L-PBF process.
The authors noted that a high energy density results in a
coherent and closed molten pool and leads to a high den-
sity. However, it also generates the embrittlement of
tungsten carbide, which in turn enables the thermally
induced cracks to spread. By contrast, a low energy density
leads to a higher porosity. Fortunato et al. [158] generated
WC-Co samples by L-PBF using 80 W laser power, a spot
diameter of 50 um, and a scanning speed of 400 mm/s.
After the AM process, the samples were subjected to the

HIP treatment. They showed that the density of the samples
increased with increasing energy density until a certain
energy density (375 J/mm® in these experiments) was
reached. Similar results were obtained by Ku et al. [162]
for L-PBF samples generated with varying processing
parameters. In their experiments, the authors varied the
laser power from 40 to 75 W and employed two different
scanning speeds (75 and 150 m/s) and hatching spaces (50
and 75 pm), and the layer thickness was set to 30 pum in all
tests. In Fig. 15, as extracted from this study, it can be
observed that a decrease in energy density yields a decrease
in the generated sample density.

Regarding the chemical composition, the importance of
Co as a binder was confirmed in this study. The greater the
quantity of Co that is applied, the lower the brittleness of
the components. Additionally, a low Co content leads to
the generation of porous samples. Regarding the influence
of Co content on the achieved results, Khmyrov et al. [163]
studied the range of the WC/Co ratio needed to ensure that
cracks are avoided. In their experiments, laser power from
50 W to 100 W was employed with a spot diameter of
100 pm, and the scanning speed was varied from 10 to
100 mm/s. The authors concluded that by using a powder
mixture with 25% (mass fraction) WC during L-PBF pro-
cess, samples without cracks could be generated. The same
AM technology was employed by Li et al. [164] to create
cemented carbide alloy samples composed of an 80%
(mass fraction) spherical tungsten carbide powder mixed
with 20% (mass fraction) gas-atomized NiAlCoCrCuFe
high-entropy alloy powder. Optimized process parameters

(a)

(b)

Fig. 15 Density of L-PBF samples for different energy densities a energy density 16 J/mm? and density 95% and b energy density 13.33 J/mm?>
and density 91.8% [162] (The figures are reused under the Creative Commons Attribution License.)
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were obtained for the manufacturing, that is, a 140-W laser
power, 90-mm/s scan speed, 115-pum hatch distance, and
40-um layer thickness. The hardness and toughness of the
generated samples varied because of the microstructural
heterogeneity of the cemented carbide. In addition, a
variety of chemical compositions and microstructures of
the samples were observed along the building direction
owing to the diffusion from the baseplate materials and
element evaporation caused by the high laser power
employed. Both the hardness values and fracture toughness
of the samples increased along the building direction. Gu
[165] employed L-PBF to generate W-Ni-graphite samples
with two different laser types: a CO, laser and a fiber laser.
They obtained high-density parts (up to 96.3%) and
observed that by increasing the laser power or decreasing
the scanning speed, a coarsening of WC crystals in both the
length side and thickness of the samples occurred.

Few studies have been published on the mechanical
properties of additively manufactured non-ferrous alloys.
Concerning the AM of these alloys through L-PBF, Yang
et al. [157] conducted a review of AM of WC-Co hard
metals, where they summarized the main conclusions
extracted from the literature with regard to the AM of such
non-ferrous alloys. Among other characteristics, they ana-
lyzed the hardness and fracture toughness. Concerning the
hardness of additively manufactured non-ferrous alloys,
Yang et al. [157] mentioned that the resultant hardness was
uneven when using L-PBF, and thus so was the structure of
the sample. The addition of Cr to WC-Co enhances the
hardness, limiting the growth of WC grains. According to
their review, an efficient process for improving the char-
acteristics of WC-Co samples is to minimize the WC grain
size. It has been shown that small grain sizes can produce
high hardness and resistance to wear. However, it also
decreases the toughness. In their study, it was concluded
that L-PBF samples have a higher hardness but lower
toughness than samples generated through other technolo-
gies such as BJ or fused filament fabrication. This is due to
the uneven distribution of heat in the L-PBF process,
leading to Co evaporation and a ternary phase transfor-
mation. This can make the sample tougher and brittle at the
same time.

As for DLD-ed W-C alloy, Hutasoit et al. [142] ana-
lyzed the microstructure and mechanical properties on the
interface between an AISI 4130 steel substrate and laser
cladded Stellite 6. Stellite grain size was within the range
of 45-150 um, and during the deposition, a 550-W laser
power was employed with a spot diameter of 3 mm. The
scanning speed was set to 500 mm/min, the powder feed
was 4 g/min, and the nozzle was inclined at 60°. Argon was
employed as the shielding gas. The authors defined two
distinctive zones: the dilution, where the substrate melts
with the coating and has a similar microstructure, and the

heat-affected zone, which is in the substrate but has a
different microstructure. They observed that the heat-af-
fected zone has a lower elastic modulus than the dilution
section.

Table 3 presents a summary of the main conclusions
presented in the previous sections regarding the
microstructural and mechanical properties of AM tooling
alloys [108, 111-117, 122-125, 127-133, 139, 143, 144,
151-155, 158-161, 164-166].

5 Conclusions

In this study, a review and analysis of the relevant literature
regarding AM technologies of tooling alloys was pre-
sented. The properties and characteristics of tooling alloys
were first reviewed, considering the demands of the
industry. Powder bed fusion, directed energy deposition,
BJ, and material extrusion, which are the most employed
methods in the tooling industry, were also presented. Next,
the microstructural and mechanical properties of tooling
alloys that can be achieved through AM processes were
analyzed. Special emphasis has been placed on materials
that are usually employed in the tooling industry when
considering ferrous (maraging steel and H13 steel alloy)
and non-ferrous (Stellite and WC-Co) alloys. Finally, the
influence of the AM parameters on the density,
microstructure, and mechanical properties of the resulting
samples was analyzed.

The review shows that steel-based tooling alloys can be
processed well using AM, and some steels show better
properties than conventionally produced steels such as
maraging steels. However, in some cases, such as high-
carbon steel grades possess micro-cracks and porosity. As
shown in the literature, the microstructure of AM-produced
steel tooling alloys is dominated by solidification and a
solid-state phase transformation.

AM technologies offer attractive advantages for pro-
ducing tooling alloys with complex geometries. These
complex shapes with internal cooling channels allow
higher manufacturing speeds and, as a result, a remarkable
increase in process productivity. However, manufacturing
fully dense high integrity tools using AM is still a chal-
lenging and iterative process.

It has been shown that additive process parameters have
a significant influence on the microstructure of generated
parts, as phase transformations might be induced during
manufacturing owing to the large amount of heat gener-
ated. According to the energy density, a balance must be
found to obtain the best results in terms of the density and
hardness of the parts. As previously shown, the density and
hardness of AM parts increase with an increase in energy
density up to a point. Excessive energy density input may
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Table 3 Summary of most relevant remarks regarding the microstructure and mechanical properties of additively manufactured tooling
materials

Type Material ~Alloy AM Microstructural properties Mechanical properties Ref.
technology
Ferrous Maraging  18Ni-300/1.2709  L-PBF and DLD samples show the highest hardness due to  Properties comparable to those of [112]
steels DLD intrinsic heat-treatment conventionally manufactured maraging

steels. In fact, L-PBF technology have shown
higher yield and ultimate tensile strength in
the non-treated form
L-PBF As laser energy increases, porosity decreases up [113, 114]
to a certain point and then increases
High energy density values lead to higher
porosity
Scanning strategy has a considerable effect on [115]
porosity. Double exposure scanning strategy
enables the generation of parts with higher
density

Part density decreases with increasing layer [116]
thickness and so does the macro-hardness

Laser re-melting enables the generation of parts [117]
with lower porosity

Part orientation and heat-treatment have an [111]
influence on the mechanical
properties.#Untreated samples suffered
significant plastic deformation before
breakage.#Annealed samples showed lower
yield strength and higher ductility

H13 — Laser Four sections can be distinguished: [128]
cladding

DLD Fully annealed [108]

DLD Heat affected, tempered martensite [130]

L-PBF Un-tempered martensite.Un-tempered H13 [125]
(uttermost layers)

DLD Final microstructure highly affected by the [122]
phase transformation that occurs during
deposition

Martensitic microstructure along with
tempering evolution is observed

DLD Mixed cell-type and dendritic microstructure [131]
with large-sized grains due to low cooling
rate (high energy density)

Hardness decreases with the increase in energy
density, which might be due to
microstructural coarsening and decrease in
carbon content

L-PBF L-PBF samples more brittle than conventional [123]
WAAM Different thermal history leads to different [132]
(MIG) microstructure. However, hardness is
uniform
L-PBF Relative density increases with increasing [124]

energy density up to a point. Substrate pre-
heating helps in avoiding thermally induced

cracks
WAAM Negligible porosity and good microhardness Enhanced UTS due to the generation of hard [133]
(cold metal values are generated martensite microstructure
transfer)
L-PBF After hardening treatment (HT), H13 consists [127]

of carbides, ferrites and prior austenite and
shows low strength and hardness

After HT + Tempering strength and hardness
increase
After HT + Tempering + HIP: samples consist

of tempered martensite and highest ductility
and hardness values are obtained
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Table 3 continued

Type Material Alloy

AM
technology

Microstructural properties

Mechanical properties

Ref.

Non-
ferrous

Co-Cr-W Stellite 6

Stellite 12

Stellite 21

Stellite 21, 22 and
728

Stellite 6, 12 and
21

wC WC-Co

WC/Col2
conventional
powder and
nanocomposites

WC-Co
agglomerated
and pre-
sintered powder

WC-Co-Cr

WC-
NiAlCoCrCuFe

W-Ni-graphite

LENS

DLD

Laser
cladding

Laser
cladding

DLD

DLD
DLD

Laser
cladding

L-PBF

L-PBF

L-PBF

L-PBF

L-PBF

L-PBF

Laser re-melting enables slight increase on
surface hardness

Grain size increases with an increase in laser
power. The trend inverse for hardness

Crack formation can be avoided by multi-track
scanning because it induces re-melting of
cracks

Increase in energy density leads to decrease in
hardness

Among different post-treatments, aging leads to
highest hardness values. Solution heat-
treatment + aging leads to highest wear
resistance

Shows better wear resistance
Stellite 728 shows highest hardness
Stellite 22 and 728 show higher wear resistance

Dendritic microstructures are generated free of
cracks and without porosity. This can be
enhanced by pre-heating the substrate

Grains with spherical shape lead to higher
density samples

Lamellar microstructure in the vertical
direction (parallel to the laser beam) and no
lamellar microstructure in the horizontal
cross-section

Both samples coarse and fine carbides
segregate in the molten pool

High energy density may lead to embrittlement
and, in turn, to the propagation of cracks.
However, low energy density leads to
porosity

Density of samples increases with increasing
energy density, before reaching a horizontal
asymptote for a certain energy density. The
importance of Co is highlighted. The greater
the quantity of Co, the lower the brittleness of
components. Additionally, low Co content
leads to the generation of porous samples

Small cracks and high-density samples

Variation of chemical composition and
microstructure of samples was observed
along the building direction due to the
diffusion from baseplate materials and
element evaporation

Grain coarsening occurs when increasing laser
power or decreasing scanning speed

Despite of the anisotropic microstructure,
similar hardness was obtained in both
horizontal and vertical directions

Samples created from the nanocomposite
powder show higher microhardness
homogeneity

Hardness values show high deviation due to the
variability of WC grain sizes employed in the
experiments

Hardness and fracture toughness increased in
the building direction

[154]

[143]

[151]

[152]

[155]

[144]
[139]

[153]

[159]

[160]

[161]

[158]

[166]

[164]

[165]

lead to low density and decreased hardness. In addition, the
layer thickness has a similar influence on the part density
because this property decreases with the increase in the
layer thickness employed. It is worth noting that various
authors have observed that preheating of the substrate and
powder material has a beneficial effect on the properties of
the manufactured parts.

As a result of the literature analysis conducted in this
review paper, it was observed that the mechanical

properties of additively manufactured tooling alloys have
not yet been deeply analyzed, particularly the additive
manufacturing of non-ferrous alloys such as Co-Cr-W and
W-C. Considering the applications of such alloys in the
tooling industry, it is clear that such an analysis must be
addressed in the near future to better apply AM in the
tooling industry. It was shown that exposure of WC-Co to
high-energy laser/electron beams might result in a decar-
burization of WC, carbide formation such as W,C, and
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possible evaporation of Co, which might have detrimental
effects on the properties of the final parts. Therefore, fur-
ther efforts are required to eliminate this phenomenon.

Although it is a promising alternative to conventional
manufacturing processes, the AM of tooling alloys still
presents some challenges that must be addressed. Some of
the issues, such as the surface quality and porosity of the
parts, are common to the additive manufacturing of any
material. This, in turn, may affect the microstructure and
mechanical properties of the components. Therefore, the
process parameters must be optimized for each material
and additive technology employed to ensure the best
results. In particular, in the additive manufacturing of
tooling alloys, it has been observed that phase transfor-
mations that occur during the process owing to the large
amount of heat generated is a major concern, affecting the
mechanical behavior of the generated components.

The review and analysis presented in this paper
demonstrate that the AM of tooling alloys needs further
investigation to completely integrate such technologies in
the tooling industry and production plants. With this aim,
the impact behavior, fatigue life, and failure of tooling
components generated or repaired through AM must be
investigated. In addition, to improve the confidence of the
industry in applying AM to their production lines, it is
necessary to develop numerical models that help in
understanding the physics of the processes and to optimize
the parameters and obtain the required qualities in the built
components. Considering the benefits that additive manu-
facturing can provide to this industry, the authors encour-
age the research community to continue their investigations
into these matters.
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