metals

Review

Untapped Opportunities in Additive Manufacturing with Metals:
From New and Graded Materials to Post-Processing

Mohammad Hossein Mosallanejad

and Luca Iuliano

check for
updates

Citation: Mosallanejad, M.-H.;
Ghanavati, R.; Behjat, A.; Taghian, M.;
Saboori, A.; Iuliano, L. Untapped
Opportunities in Additive
Manufacturing with Metals: From
New and Graded Materials to
Post-Processing. Metals 2024, 14, 425.
https://doi.org/10.3390 / met14040425

Academic Editors: Carlo Alberto Biffi,
Evgeny A. Kolubaev and Matteo
Benedetti

Received: 19 February 2024
Revised: 19 March 2024
Accepted: 28 March 2024
Published: 3 April 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Reza Ghanavati, Amir Behjat, Mohammad Taghian, Abdollah Saboori *

Integrated Additive Manufacturing Center, Department Management and Production Engineering,
Politecnico di Torino, Corso duca Degli Abruzzi 24, 10129 Torino, Italy
* Correspondence: abdollah.saboori@polito.it; Tel.: +39-011-090-7285

Abstract: Metal additive manufacturing (AM) is an innovative manufacturing method with numerous
metallurgical benefits, including fine and hierarchical microstructures and enhanced mechanical
properties, thanks to the utilization of a local heat source and the rapid solidification nature of the
process. High levels of productivity, together with the ability to produce complex geometries and
large components, have added to the versatile applicability of metal AM with applications already
implemented in various sectors such as medicine, transportation, and aerospace. To further enhance
the potential benefits of AM in the context of small- to medium-scale bulk production, metallurgical
complexities should be determined and investigated. Hence, this review paper focuses on three
significant metallurgical aspects of metal AM processes: in situ alloying, functionally graded materials,
and surface treatments for AM parts. The current text is expected to offer insights for future research
works on metal AM to expand its potential applications in various advanced manufacturing sectors.

Keywords: metal additive manufacturing; metallurgy; in situ alloying; functionally graded materials;
surface treatment; rapid solidification

1. Introduction

Additive manufacturing (AM), known for its layer-by-layer production of components,
emerges as a driving force in manufacturing processes, capturing the interest of both the
industrial and academic sectors [1,2]. Metal AM holds numerous advantages and boasts a
wide range of applications, revolutionizing traditional manufacturing processes [3-5]. One
key advantage is the ability to produce complex geometric shapes with intricate designs that
would be challenging or impossible through conventional methods. This not only enhances
product performance but also allows for lightweight and optimized structures. Additionally,
metal AM enables rapid prototyping, reducing the time and costs associated with traditional
tooling [6,7]. Moreover, AM facilitates the customization of components, catering to specific
needs and requirements. Industries such as aerospace, automotive, healthcare, and tooling
benefit significantly from metal AM, utilizing it to produce lightweight aircraft components,
customized medical implants, and high-performance automotive parts [8-10]. The ability
to work with various metals, including titanium, aluminum, copper, and stainless steel,
further expands the applications of metal AM across diverse sectors, contributing to its
growing significance in modern manufacturing [11,12].

The AM of metals is often considered an innovative manufacturing method with
numerous metallurgical benefits [8,13,14]. The process, characterized by rapid cooling
rates and directional solidification, yields metallic components with unique microstruc-
tures and, under certain circumstances, three-dimensional, multiscale architectures [15,16].
Consequently, AM metal components can be featured with physical, mechanical, and met-
allurgical properties, meeting the stringent requirements of engineering applications [17].
Metallic AM is described as having the capabilities to revolutionize the time to market,
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the ecologicalimpact, and design considerations within the advanced manufacturing sec-
tor [18-20].

AM enhances metallurgical and mechanical properties and productivity compared
to traditional methods [21,22]. On the other hand, the metallurgical advantages of AM
extend to the production of large components in various metals, such as Ti, Al, and steel,
utilizing techniques like Wire Arc Additive Manufacturing (WAAM) [8]. In addition to
its benefits in large-scale manufacturing, AM’s intrinsic manufacturing flexibility enables
the production of small batches of end-products following customers’ demands [23,24].
Regarding specific materials, AM has been a game-changer in the manufacturing of Ti
alloys, altering the design and manufacturing landscape [1]. In terms of applicability, AM
has been successfully applied to produce complex products with high precision, such
as metal surgical guides, which serve as an affordable adjunct to oral and maxillofacial
surgery [25], with dozens of other implemented applications reported for aerospace and
automotive sectors [1,26].

Existing research has revealed the potential benefits of AM in the context of small- to
medium-scale bulk production, and it is evident that the current understanding of AM
metallurgical complexities is insufficient for further scale-ups. Although AM is widely
acknowledged as a method capable of producing complex metal components, the available
commercial alloys that can be processed via this method are limited (Section 2). The
ability to implement gradient features, such as varying chemical compositions, is another
important characteristic that should be explored to further expand the applicability of AM
methods in various industries (Section 3). Given that this method allows for flexibility in
terms of tolerance, geometrical complexity, chemical composition, and gradient features, it
is crucial to ensure that the surface characteristics of the manufactured components are of
appropriate quality to address key metallurgical considerations (Section 4). Consequently,
this review paper, with its dedicated focus on three important metallurgical aspects, i.e.,
in situ alloying (Section 2), Functionally Graded Materials (FGM) (Section 3), and surface
treatments of AM parts (Section 4), seeks to bridge this gap, not only contributing to the
existing literature but also providing a valuable resource that enhances the understanding
and applications of AM.

2. An Unprecedented Alloy Design Opportunity

Despite the numerous advantages considered for the AM method, such as the ability
to produce parts with complex geometries and precise dimensions, as well as the possibility
of processing refractory metals due to the use of a concentrated heat source, this novel
technique has only been extensively used with a few commercial alloys. Consequently,
developing AM methods to produce alloyed components out of elementally blended mix-
tures, rather than merely pre-alloyed powders, saves money. It offers careful compositional
tailoring, opening up enormous possibilities to make non-conventional alloy compositions
functionally gradient chemical compositions and properties [27-30]. Also, the distinc-
tive thermal and processing features of AM enable the fabrication of novel alloys with
microstructures and characteristics that would be unattainable otherwise. Consequently,
besides the conventional alloys successfully utilized to produce dense components, more
new alloys have lately been developed, especially for AM processes [29-31].

Preparing the feedstock powder is the first stage in powder-based AM production
processes. Pre-alloyed powder or an elemental mix of the component particles can be
used as the raw material for powder-based AM techniques [27,32]. The powder mixing
method for obtaining new alloy compositions for AM works is successful if the chemistry
of the product is a close match to the new composition being investigated. Accurate control
over the printed sample composition is crucial for a successful in situ alloying process.
This critical aspect of the alloy design primarily depends on the feedstock selection and
preparation method, the chemical mixing of the powders in the melt pool during printing,
and ensuring chemical uniformity in the resulting product. Although some authors have
reported instances of superior chemical mixing and reasonably uniform chemical dispersion
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in the printed part, there are numerous cases in which significant chemical heterogeneity
remains after printing.

Moreover, the solidification-related elements, such as the enthalpy of mixing, the
Marangoni force (Figure 1), a fluid flow stemming from the surface tension gradient
due to the thermal field in the melt pool, and the Columnar-Equiaxed Transition (CET)
occurrence (Section 2.1), are also significant aspects for any alloy design step in AM
works [27]. Temperature-induced changes in surface tension determine the direction of the
Marangoni flow in the melt pool. Depending on the properties of the melt, this flow can
either be clockwise or counterclockwise, leading to alterations in the geometry of the melt
pool (Figure 1a). Consequently, the resulting texture formed during solidification is also
impacted (Figure 1b). The role of alloying elements in modifying the solidification range
and inducing CET is schematically shown in Figure 2. This feature has been utilized in
numerous AM alloy design works [27], some of which are summarized in this chapter.
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Figure 1. (a) The effect of Marangoni on the melt pool geometry based on the melt chemical
composition, reprinted from Ref. [33] and (b) the influence of the melt pool geometry on the preferred

orientation in alloys with a cubic crystal structure, reprinted from Ref. [34].

(a) Narrow solidification - Low growth restricton (Ti6Al4V) (b) Wide solidification - High growth restricton (Low-mod alloy)

o o
Laser beam Laser beam

Heat extraction Heat extraction

High growth restriction effects lateral
dendrite growth allowing many grains
to grow in a wide freezing zone

Favourably oriented grains out-grow
less favourably orientated neighbours
accross a narrow freezing zone

Figure 2. Schematic representation of (a) a Ti6Al4V alloy with a low growth restriction factor
(Equation (1)), hence developing columnar grains under the steep thermal gradient experienced
during the AM process, and (b) a modified alloy with a larger solidification range and higher value
of growth restriction factor, leading to CET and equiaxed grains, reprinted from Ref. [35].
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The powder size and characteristics should be selected according to the qualities of
the alloying elements to produce a dense and homogeneous product. Moreover, the impact
of the thermophysical characteristics and the composition effects of the powder blend, in
addition to the basic criteria for selecting AM powders, should be taken into account [36].
It is challenging to alter the conditions favoring the equiaxed development of titanium
grains by relying solely on AM processing parameters. Instead, numerous works have
attempted to change the chemical composition to attain the desired microstructures [27,37].
However, while some alloy strategies are centered on the formation of a solute layer ahead
of the solidification front [30,31], others focus on the formation of secondary phases for
grain refinement [38].

The development of novel alloys via AM has attracted the interest of numerous
researchers, and as a result, a number of reviews have been published in this area. Mos-
allanejad et al. [27] and Sing et al. [37] separately conducted comprehensive reviews on
the use of elemental powder for producing alloys via laser-based AM methods and out-
lined a framework for alloy design via AM methods, while Clare et al. [39] systematically
reviewed the design aspects by discussing the role of thermodynamics, solidification, and
AM methods in controlling the characteristic microstructure and property during AM. This
section explores some of the AM studies on alloy design, which may include utilizing
either elemental powders, pre-alloyed powders, or both as feedstock, and it illustrates the
phenomena that occur during in situ AM alloying.

2.1. Pure Elements

The use of pure element powder to produce the necessary alloys in the industry
sector is the most basic step that can be taken in the process of designing and developing
new alloys using AM. According to the findings of previous researchers, this approach is
associated with challenges like differences in the thermophysical properties of the applied
components and the heterogeneity of the result [27]. However, it can significantly expand
and improve the prospect of alloy design in AM processes. A wide range of alloys has been
dedicated to employing a mixture of pure elements to develop desired alloys using AM.
Ti alloys, Al alloys, High-Entropy Alloys (HEAs), and Mn-, Mg-, and W-based alloys are
examples of these metals [27,40,41].

However, researchers usually take different factors into consideration when devel-
oping alloys for AM methods. The high-temperature gradient in the melt pool of AM
processes produces strongly textured microstructures that are inappropriate for several
applications. The intense texture can be alleviated by preheating the substrate; however,
this is not possible in most cases. Another option to counteract the thermal gradient’s
impact is to change the solidification mode by introducing alloying elements that function
as nucleants or CET promoters. In earlier AM works, the growth restriction factor (Q) was
used to assess an element’s effectiveness as a grain refiner by triggering the potent nuclei
ahead of the solidification front. More specifically, it denotes the contribution of a solute
element to the diffusion boundary layer development rate in constitutional undercooling
situations. The measure was first proposed by Maxwell and Hellawel as follows [42]:

Q=m-Cop-(k — 1) 1)

where C is the solute concentration in the alloy melt, and m and k are the liquidus slope
and equilibrium solute distribution coefficient in the associated phase diagram. It is widely
accepted that solute rejection from the solidification front into liquid delays recalescence,
offering more time for nucleation to proceed. Mendoza et al. [43] added W to pure Ti to
induce grain refinement during the Directed Energy Deposition (DED) process (Figure 3).
Compared to other widely used alloying elements in Ti, W has a high growth restriction
factor (Q) of 22.65 Cy. The authors believe grain refinement can be described in two
scenarios: “solute-based” and “nuclei-based” mechanisms.
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Figure 3. SEM images in BSE mode from different sample heights; W concentrations increased
moving from (a) the substrate, (b,c) upward, reprinted from Ref. [43].

Employing the same solidification effect, Mantri et al. [44] altered the columnar tex-
ture of AM B-Ti alloys by adding trace amounts of boron. According to the results, the
morphology of « precipitates from lath-like to more equiaxed when boron was added to a
Ti-12 wt.% Mo alloy (Figure 4).

Figure 4. SEM images of (a) Ti-12 wt.% Mo and (b) Ti-12 wt.% Mo-0.5 wt.% B, reprinted with
permission from Ref. [44]. 2017, Springer Nature.

Furthermore, the addition of 0.5 wt.% boron reduced the Ti-20 wt.% V and Ti-12
wt.% Mo particle sizes from almost 2 mm to 35-40 and 10-20 um, respectively (Figure 5).
According to the authors, TiB precipitates serve as « precipitates’ formation sites, and the
refinement of prior 3 grains is brought on via constitutional supercooling created due to
boron rejection into the liquid [44].

Build Direction Ti-12Mo |

Figure 5. CET in (a,b) Ti-20V, and Ti-12Mo alloys, (c¢,d) both alloys after adding trace amounts of
boron particles, reprinted with permission from Ref. [44]. 2017, Springer Nature.
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Creation of a large amount of Q when added to Ti, Cu is also a viable candidate for
designing Ti-based alloys by the AM process. Hence, Ti-Cu alloys have been investigated
using Laser Powder Bed Fusion (LPBF) [45,46] and DED [29] methods. As outlined in
Equation (1), copper with a maximum solubility of 17 wt.% in 3-phase titanium can create a
Q as high as 110.5 when added to Tj, given the fact that m-(k — 1) = 6.5 K for this alloy [29].
Zhang et al. [29] adopted the mentioned idea to produce Ti—Cu alloys with a high yield
strength and uniform elongation using the DED method. The utilized laser power and
scan rate were 800 W and 800 mm/min, respectively. Ti—Cu alloys with ultrafine fully
equiaxed prior-f3 grains and «/Ti;Cu eutectoid lamellar microstructure were achieved.
Consequently, the highest yield strength (1023 £ 29 MPa) and Ultimate Tensile Strength
(UTS) (1180 + 21 MPa) were measured for the Ti-8.5 wt.% Cu alloy, with the elongation
being 2.1 & 0.6%, which are comparable to those of the cast and wrought Ti-6Al-4V alloy.
Mosallanejad et al. [46] investigated the production of a Ti-Cu alloy via the LPBF method.
The Rosenthal method was used to simulate the melt pool formation on Ti and Cu surfaces,
which suggested that Cu particles, with a melting point lower than Ti, could not be fully
melted using the laser beam even at the highest volumetric energy density. These particles
would dissolve in the more easily created Ti melt pool. The above findings mark the
importance of considering the constituents” thermophysical properties.

2.2. Pure Elements Added to Pre-Alloyed Powders

Some alloy design strategies rely on forming secondary phases for microstructure
modification, rather than rejecting solutes into the liquid. The varying solidification rate
throughout the solidification process is usually a key point when in situ intermetallics are
employed as nucleation sites. Xu et al. [38] produced Al-Fe-Cu—xZr alloys (x = 0.6, 0.8, and
1.3 at %) via the LPBF method. The feedstock was prepared via the induction of the melting
of the associated ingots, followed by atomizing to prepare the powders. EBSD results are
shown in Figure 6, where it can be noticed that the majority of the grains in both fine grain
zones (FGZs) and coarse grain zones (CGZs) are equiaxed, except for the Al-Fe-Cu-0.6Zr
alloy in CGZs, which exhibits a minor columnar characteristic. It can also be noted that the
grain size in CGZs and FGZs decreased as the Zr concentration increased.

Figure 6. The heterogeneous structure in the Al-Fe-Cu—xZr alloys as observed using the EBSD
method: (a) x = 0.6, (b) x=10.6, (c) x = 0.8, and (d) x = 1.3, reprinted with permission from Ref. [38].
2023, Elsevier.

Perhaps the main point is that Al3Zr precipitates that developed close to the melt pool
border served as Al grain nucleation sites, resulting in FGZs. On the other hand, the Al3Zr
precipitation was suppressed as the solidification rate increased with the development of
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the solidification front, resulting in the formation of CGZs inside the melt pool [38]. The
true stress—strain curves of the three Al alloys produced by Xu et al. [38] under uniaxial
tension are illustrated in Figure 7. The yield strength (cy) increased with Zr content. CGZs
and FGZs decreased with increasing Zr content (Figure 6), a behavior that explains the
trend observed in Figure 7.

600
L 0,=500.7+3.31 MPa (Zr1.3)
500 r—‘"———'\
E H -
E 400 B
0 [
@ 300{ o,=31422.86 MPa (20.6)
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e work of fracture (MJ/m*)
= 2106  10.420.52
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Figure 7. True stress—stain curves of the Al-Fe-Cu—xZr alloys under tension, reprinted with permis-
sion from Ref. [38]. 2023, Elsevier.

The selection of a technology that meets the required alloy design constitutes an impor-
tant factor affecting the alloy properties produced through the AM process. Different AM
techniques share characteristics such as rapid solidification and a significant temperature
gradient in the melt pool. Due to the intense temperature gradient, a fast cooling rate alone
cannot usually result in the fine graining of the finished product.

In powder-based AM processes, regardless of whether the heat source is electron or
laser, a higher heat input under constant spot scan rate conditions increases the temperature
and size of the melt pool. On the other hand, since the AM process is performed layer by
layer, hotter molten pool transfers more heat to the previous layers, thereby increasing the
substrate temperature and the melt pool depth. The overall effect would be the alleviation of
the thermal gradient. Employing the electron beam, as opposed to the laser beam, similarly
decreases the melt pool thermal gradient, thanks to the higher energy of the electron beam.
Figure 8 compares the thermal gradient associated with the Electron Beam Melting (EBM)
method with other powder-based AM processes. Similarly, Mosallanejad et al. [31] used
the EBM method to induce CET in the Ti-6Al-4V alloy by adding 7 wt.% Cu to the initial
powder mixture. Figure 8 shows that a higher constitutional undercooling (ATc > ATc”)
further promotes the CET at a lower thermal gradient.

The microstructural changes after adding Cu to the Ti-6Al-4V alloy powder are
depicted in Figure 9, where it can be observed that the columnar grains were successfully
converted to equiaxed grains after Cu was added. Another prominent finding reported
by the authors was the enhanced chemical homogeneity noticed in the designed alloy
compared with the past works on the in situ production of Ti-Cu alloys via AM, where
local Cu-rich zones were reported [46—48], citing density and viscosity differences between
Ti and Cu in the liquid state. Also, Mosallanejad et al. [46] suggested that the Cu particles
could not be fully molten using the laser beam due to their poor absorption coefficient of
copper for the laser beam. Therefore, utilizing an electron beam leads to proper energy
absorption by copper particles. The homogeneity of the chemical composition can also be
due to the high input heat, resulting in the formation of a large molten pool. The Marangoni
process during the solidification and re-melting of the previous layers due to the melting of
the new layers and can be considered the other influential factor.
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Solid/Liquid " %
interface

Figure 8. Schematic representation of the thermal gradient experienced during the EBM method
compared to other powder-based methods (i.e., LPBF and DED). The creation of different amounts of
constitutional undercoolings (ATc > ATc’) ahead of the solidification front is also illustrated, reprinted
with permission from Ref. [31]. 2022, Elsevier.

Buildjdirecton

Figure 9. OM images of (a) Ti-6Al-4V and (b) Ti-6A1-4V-7 wt.% Cu, reprinted with permission from
Ref. [31]. 2022, Elsevier.

It should be noted that adding an element to a commercial alloy is sometimes carried
out for other purposes, such as preventing the formation of defects. Identifying the pro-
cesses underlying defect formation, including the primary variables that impact them and
their propensity to occur, helps shed light on them. For instance, many alloys, even those
with excellent weldabilities like Hastelloy X and Haynes 230, are unable to withstand the
rapid cooling rate and regionally varying temperature gradients experienced during the
laser AM process. As a result, they ultimately show significant cracking under thermal
stress, the most common kind of which is hot cracking, also referred to as solidification
cracking in casting. It typically occurs during the final stage of liquid pool solidification.
For instance, using segregation engineering, Zhao et al. [49] successfully eliminated hot
cracking in Haynes 230 super alloys during the laser AM process by introducing a continu-
ous, uniform interdendritic liquid layer in the final stage of solidification. In essence, this
method used low partition coefficients of Zr to create a stable liquid layer that is continuous
at the grain and cell borders, allowing for liquid backfilling to reduce stress concentration.
Zr atoms can delay dislocation climbing and reinforce the bonding at grain boundaries by
reducing elemental diffusion rates at grain boundaries and filling vacancies.

2.3. Mixture of Pre-Alloyed Powders

Modifying a commercial alloy using another commercial alloy is one of the appealing
yet practical ideas for developing new alloys using the AM method. This approach offers
the benefit that, under certain circumstances, raw materials might be available, in which
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case there would be no need to supply new materials to develop novel compositions with
distinctive properties. Although the interaction between the base elements in both alloys is
crucial when using this technique, it is also essential to consider the potential of interfering
intermetallic compounds forming. However, intermetallics have also been employed in the
literature to enhance the alloy’s properties via AM [50]. Li et al. [51] added a B4C compound
to Ti-6Al-4V to benefit the in situ formation of TiB and TiC intermetallics, weakening the
texture intensity of «-Ti by increasing the varieties of « variants. Adding B4C to Ti-6A1-4V
was also suggested to cause grain refinement for the (3 grains, thanks to the constitutional
undercooling created due to the rejection of C and B ahead of the prior 3 grain solidification
front, as shown in Figure 10.

@ Nucle/TiB
* Nuclei/TiC

TiB

Figure 10. Schematic illustration of intermetallic formation and grain refinement due to the rejection
of B and C in Ti liquid during the (TiB + TiC)/Ti solidification process, reprinted with permission
from Ref. [51]. 2023, Elsevier.

Zhang et al. [30] offered the modulation of the microstructure in a Ti alloy by employ-
ing a mixture of Ti-6Al-4V powders modified by 316L stainless steel powders. The authors
demonstrated that producing micrometer-scale concentration modulations containing the
main elements found in 316L in the Ti-6Al-4V matrix was feasible through the partial
homogenization of the two dissimilar alloy melts. Consequently, a p + o dual-phase
microstructure (Figure 11a) with a progressive transformation-induced plasticity (TRIP)
effect resulted, creating a high tensile strength of 1.3 GPa, a uniform elongation of about
9%, and an excellent work-hardening capacity of more than 300 MPa (Figure 11b). It can be
observed that strength and ductility were simultaneously achieved upon adding 4.5 wt.%
316L stainless steel powders to Ti-6Al-4V feedstock. According to the authors, in this
composition, the 60% vol. of the resultant microstructure consists of the (3 phase, which has
a higher level of work hardening, and the stress-induced p to &’ martensitic transformation
(SIMT) is triggered at higher stress. The creation of CET by adding Fe to liquid Ti is another
influential factor leading to the enhancement of mechanical properties.
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Figure 11. (a) Band contrast image showing the ultrafine fully equiaxed grain structure (side view)
and (b) engineering stress—strain curves of as-built samples. The open symbols indicate the UTS
points, reprinted with permission from Ref. [30]. 2021, Science.

3. Functionally Graded Materials
3.1. Definition, Classification, and Applications

Functionally graded/gradient materials (FGMs) are defined as materials with the
gradual evolution of chemical composition or structural features at different scales across
preferred directions to provide site-specific properties without abrupt changes [52-55].
This concept was derived from simple examples in nature (imagine a wood or bone cross
section) that have placed FGMs in the latest stage of continuous material development
shown in Figure 12. In other words, it was inevitable to combine different materials
due to the wide range of service needs in today’s advanced applications. However, the
main weakness of typical multi-material structures (mainly joints or composites) is sharp
interfaces, which cause premature or even catastrophic failure. As a result, FGMs have been
suggested to increase the efficiency and lifespan of engineering structures by minimizing
or eliminating abrupt changes. Different types of FGMs can be classified based on size
into thin (coatings) and bulk and based on the structure as continuous or discontinuous.
Figure 13 schematically illustrates continuous and discontinuous FGMs with structures
for each type. It can be noticed that, in discontinuous FGMs (Figure 13a), the changes
are step-wise, and the interface can be recognized along the structures (Figure 13c—e).
Meanwhile, in continuous FGMs (Figure 13), the changes along the position are integral,
and it is practically impossible to recognize the interface throughout them (Figure 13) [52].

- Iron - . Alloys - Composites .

Future ]

Past ] [ Present

Figure 12. The stages of continuous materials development, reprinted from Ref. [56].
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Position

Position

Figure 13. Graphical diagrams of (a) discontinuous and (b) continuous FGMs. (c-e) Schematic
structures for discontinuous FGMs due to gradual changes in the chemical composition, grain
orientation, and volume fraction of secondary phases, respectively. (f-h) Schematic structures for
continuous FGMs due to gradual changes in the grain size, fiber orientation, and volume fraction of
secondary phases, respectively, reprinted with permission from Ref. [57]. 2019, Elsevier.

The FGMs were first proposed for thermal barriers [58] and are now widely employed
as advanced materials in high-performance multi-functional or critical conditions in high-
tech industries such as energy [59], aerospace [60], and medicine [61]. Figure 14 presents
the diversity of the application areas of FGMs with examples for each. Also, Figure 15
shows FGM prototypes for the rocket nozzle, automotive valve stem, and space mirror
from the design to the final part. A research work aimed at demonstrating the superiority
of FGMs compared two 304L stainless steel-Inconel 625 valve stem parts, one produced via
the FGM method and the other friction-welded, using FEM method. The results showed
that, at the operating temperature of 1000 K, there was a nearly 10-fold reduction of stress
concentration in the gradient valve stem compared to the latter [62].

CHEMICAL PLANT
Heat exchanger
Heat pipe Slurry pump
Reaction vessel

COMMODITIES
Building material ) =
Sport goods, Car body ENGINEE!
Window glass

Cutting tool

Engine

Figure 14. Various application areas for FGMs, reprinted from Ref. [52].
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gradient

Invar36

(k)

Figure 15. FGM prototypes from design to the final part: (a—e) gradient rocket nozzle from Ti6Al4V
alloy to Nb, (fj) gradient automotive valve stem from stainless steel 304L to Inconel 625, and
(k—n) gradient space mirror with isogrid backing from stainless steel 304L to Invar 36, reprinted with
permission from Ref. [62]. 2014, Springer nature.

3.2. Manufacturing Methods: Conventional vs. AM

The selection of a manufacturing method is an important step in producing an FGM
part because the realization of the complex and detailed design of FGMs (in terms of their
chemical composition, microstructure, and geometrical features) is highly dependent on
the manufacturing method. In addition, the production process should be economically
viable while considering the environmental aspects. Table 1 shows the categorization of
conventional manufacturing (CM) methods based on the initial material state and size of
FGMs. In general, the mechanism of CM methods for producing an FGM part includes
two separate stages of gradation and consolidation processes, as shown in Figure 16. The
gradation operation is typically carried out by progressively adding a multi-phase material
to a single-phase structure, following a preliminary design, using chemical, physical,
and mechanical procedures or a combination of them. Then, the final FGM part is often
achieved through a consolidation process such as solidification and drying or sintering.
Although each of the CM methods has its own advantages, the multi-stage production,
along with some inherent disadvantages such as limitations in terms of geometry (e.g., in
centrifugal casting) and density (e.g., in powder metallurgy), high energy consumption,
and environmental damage (e.g., in CVD/PVD or SHS), are considered obstacles to the
further spread of FGMs via CM methods [11,63].

Table 1. Conventional manufacturing methods of FGMs, adopted from Ref. [3], and adopted with
permission from Ref. [64]. 2016, Elsevier.

Category Method Type of FGM

Chemical vapor deposition (CVD)

Physical vapor deposition (PVD
Gas-based method Y P P ( ) Thin film/coating
Thermal spray

Surface reaction process
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Table 1. Cont.

Category Method Type of FGM

Centrifugal casting

Gel casting

Sedimentation

Liquid-phase process Tape-casting Bulk

Slip casting

Electrophoretic deposition

Directional solidification

Powder metallurgy
Solid-phase process - - Bulk
Spark plasma sintering (SPS)

Self-propagating high-temperature
synthesis (SHS)

Other methods Plasma spraying Thin film/coating

Electrode deposition

Ion beam-assisted deposition

CM methods mechanism

Figure 16. Outline of the conventional manufacturing (CM) methods” mechanism for producing
FGMs, reprinted from Ref. [11].

Nevertheless, the emergence of AM technology with the unique features mentioned at
the beginning of this paper has opened a new window for the development of FGMs [65].
The layer-wise nature of AM allows for more precise control over the gradient and geo-
metrical characteristics when producing FGMs with more complex designs. In addition,
integrating the two stages of gradation and consolidation processes and reducing materials
waste makes AM more economical and environmentally friendly than CM. As shown in
Figure 17, AM processes, including stereolithography, material jetting, fused deposition
modeling, and melting- and solidification-based processes, can fabricate FGMs. However,
the processes mainly based on melting and solidification, i.e., DED and PBF, are used to
produce metallic FGMs. In this regard, DED is more popular due to its powder-blowing or
wire-injection mechanism and, thus, high flexibility in adjusting and altering the chemical
composition during the process [66].
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Additive Manufacturing Methods Suitable for FGMs Fabrication
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Figure 17. Categorization of the AM methods for FGMs'’ fabrication.

Figure 18 shows a laser-directed energy deposition (L-DED) process able to contin-
uously control the chemical composition along the build direction to fabricate an FGM
part [67]. In contrast, the difficulty of successively changing the composition of the powder
bed in the PBF system has made it less likely to be used for the fabrication of composi-
tionally graded materials, though PBF is leading the production of structural gradients
(e.g., graded lattice). However, the advantages of PBF over DED, including the superior
resolution, high surface quality, minimal requirement for post-processing, and easy control
over feeding the designed composition (especially in cases with highly different densities
of base materials such as metal-ceramic gradient structures), have led to some efforts in
recent years to adapt the PBF process for the fabrication of compositional FGMs [68,69].

Computer

Four-way coaxial

Powder Nozzles Laser head

Y

Powder
feeder

Fiber laser
moce B soac

YFL-1000

: CNC Table

Y-axis

X-axis
—

Figure 18. Schematic of the L-DED process with separate powder feeders to fabricate FGMs, reprinted
from Ref. [67].

Figure 19 schematically shows some developed mechanisms for material spreading in
the PBF process adapted for compositional FGMs. The blade-based dual-powder recoater
(Figure 19a) was first developed by researchers in Singapore to fabricate copper-stainless
steel bimetal. Therefore, this method is only suitable for the AM of bimetallic structures,
though later solutions were made to upgrade it to a system that can simultaneously
spread dissimilar materials in the same layer. The ultrasonic-based dual powder dispenser
(Figure 19b) uses ultrasonic waves to selectively dispense the powders with a uniform rate
and micro-scale precision. However, the very low production rate and non-uniformity of
the layer thickness are among the method’s challenges.
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Figure 19. Schematics of the material-spreading mechanisms in the PBF process compatible with
compositional FGMs'’ fabrication: (a) blade-based dual-powder recoater, (b) ultrasonic-based dual-
powder dispenser, (c) electrophotographic-based dual-powder dispenser, and (d) “blade-ultrasonic”
hybrid powder spreading, reprinted from Ref. [69].

In an electrophotographic-based dual powders dispenser (Figure 19¢c), the powder
particles are accurately placed on a cylindrical mesh via a micro-airflow, and the deposition
process is carried out using a (laser) heat source by blowing them off the mesh onto the
platform. The last mechanism in Figure 19d combines the blade-based and ultrasonic-based
mechanisms for spreading main constituting and secondary powders, respectively, with
a micro-vacuum for suctioning excess unmelted powders in each layer. This method,
developed at the University of Manchester, in addition to the point-by-point precision
provided via the ultrasonic-based mechanism, has a much higher production rate. It has
been demonstrated that the method can employ up to seven materials simultaneously [69].

3.3. AM Framework for FGM Structures

Extensive studies on the AM of FGMs over recent years have led to the transition from
the research and development stage to standardization, like ISO/ASTM TR 52912 [70], de-
veloped to ensure the final quality. Figure 20 shows a practical outline for the development
of metallic FGMs via AM. The selection of base materials in the first step necessitates a
thorough comprehension of the service requirements and their metallurgical compatibility.
For instance, the service conditions of land-based or aero-gas turbine components are
entirely different in hot and cold sections. The durability of microstructure and mechanical
properties at high temperatures and highly corrosive environments often dictates the appli-
cation of nickel-based superalloys and refractory metals in the hot section (e.g., combustion
chamber). When considering weight and cost savings in the cold section, titanium-based
alloys and steels are preferred for their respective properties. To achieve the requirements
mentioned above in a gas turbine, the usage of dissimilar structures of Ni-based superalloy,
Fe-based alloy, and Ti-based alloy is inevitable. However, each pair encounters unique
metallurgical compatibility issues that must be considered when building the gradient
structure in the following step. Due to their distinct natures, connecting Ti- and Fe-based
alloys suffers from severe incompatibility. As a result, manufacturing a dissimilar structure
out of them is highly prone to failure, even in graded form. Hence, special measures are
necessary for the design step, which will be discussed further. Table 2 summarizes the
compatibility of different base alloys comparatively from three aspects of “intermetallic
formation and solubility limitations,” the “mismatch of thermal property,” and “other
metallurgical effects,” based on the literature [71-73].
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Figure 20. Outline of the development of metallic FGMs via AM.

Table 2. Cross-comparison of alloys’ compatibility associated with joining them.

Austenitic Martensitic and Low All Refract
Stainless Precipitation ow Aoy Nickel Aluminum Cobalt Copper Magnesium  Zirconium elractory
N Steel Metals
Steel Stainless Steel
o M, TM, M, TM, . PS, ™, .
Titanium CTE M, TM M, TM M, TM CTE M, CTE ™, CTE CTE, TC None ™, TC
Austenitic CTE, M, M, TM, . PS, CTE, PS, ™, IM, TM,
stainless steel - CTE cMms  MEMS o orp ¢ None TC, T™ CTE M, CTE CTE
Martensitic and
precipitation - - CM, OM None (Ijl\.l/,[]’g% None * P%,’I\FZC’ Pcsirg\:[’ ™mM* H\é,l:FEM,
stainless steel !
M, TM, PS, TC, PS, ™, IM, TM,
Low alloy steel - - - M, CP, S CTE, TC None * ™ CTE IM* CTE
. M, ™, N N IM, T™,
Nickel - - - - CTE, TC * None TC, TM ™, CTE M CTE
. M, T™, M, T™, M, T™,
Aluminum - - - - - CTE * M, TM ™M CTE * CTE
Cobalt - - - - - - PS,TC* TM,CTE* IM,CTE* M IM
CTE*
c i i ) i i ) i IM,TM,  IM,TM, PS, T™,
opper CTE,TC  CTE, TC* CTE
Magnesium - - - N _ _ _ R PS, ™™, PS, T™,
gnes CTE* CTE*
Zirconium - - - - - - - - - IM *
Refractory B B ~ B B ~ B B ~ B
metals
Intermetallic formation and solubility limitations Thermal property mismatch Other metallurgical effects
IM: brittle intermetallic formation TM: melting temperature mismatch CM: carbon migration
PS: poor solubility CTE: coefficient of thermal expansion mismatch OM: other species migration
TC: thermal conductivity mismatch CP: carbide precipitation

S: sensitization

M: martensite formation

* Limited data available.

Figure 21 illustrates some compositional gradient designs proposed in AM. Figure 21a—f
is related to the gradation of alloys and metal matrix composites (MMC), respectively.
Regardless of the FGM types, the gradient design necessitates understanding the physical
metallurgy of constituent element interaction. It can be seen from Figure 22 that, although
the intermediate element of vanadium (V) was used in the Ti6Al4V to 304L stainless
steel gradient structure (as the design in Figure 21d), multiple cracking caused due to
the formation of brittle intermetallic Fe-Ti (crack #1) and o-FeV (crack #2) prevented its
successful fabrication [74].
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Figure 21. Different build designs for the AM of compositional FGMs: (a) linear, (b) bimetal,
(c) recursive, (d) triple, and (e,f) dispersion and precipitation metal matrix composites (MMC),
reprinted with permission from Ref. [62]. 2014, Springer Nature.
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Figure 22. (a) Gradient design for the Ti6Al4V-304L stainless steel through the intermediate element
of V. (b) Cross section of the cracked sample during fabrication. (c,d) EBSD phase maps associated
with the locations marked in (b). (e,f) Equilibrium ternary phase diagrams of Ti-Fe-V and Cr—Fe-V
at 1123 K, respectively, with linear gradient paths drawn on each one, reprinted with permission
from Ref. [74]. 2018, Elsevier.

Figure 23 explains how the Calculation of Phase Diagram (CALPHAD) method can
be employed as a helpful guide for the gradient design on a ternary phase diagram of
X-Y-Z. When assuming the 'y phase is detrimental, the linear gradient path (red) between
terminal alloys 1 and 2 contains a large amount of y phase. Instead, binary (yellow)
and arbitrary (green) gradient paths avoid the formation of an undesirable y phase in
the structure. Realizing the arbitrary gradient path is operationally more challenging
than the binary because the AM system must be able to use more than two materials
simultaneously (for example, the DED system must be equipped with more than two
separate powder feeders) [75]. Figure 24 represents equilibrium and Scheil-Gulliver ternary
phase diagrams of Cr-Fe-Ti and Fe-Ni-Ti systems calculated using the powerful Thermo-
Calc software. It can be shown that their linear gradient path (the white dashed line) from
Ti to stainless steel contains various detrimental (brittle) phases, leading to the failure of the
designed composition. The difference in predicting phase composition regions between the
equilibrium and Scheil-Gulliver diagrams is due to the slow kinetics of secondary phase
formation under non-equilibrium solidification conditions (as in AM) and neglecting the
solid-state transformation in the latter. However, their overlap creates feasibility diagrams
whose combination for the Ni-V-Ti—Cr-Fe system (Figure 25) elucidates the feasible areas,
without the risk of deleterious phase formation and cracking, for the gradient design
between terminal alloys [76].
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Figure 23. Application of isothermal ternary phase diagram for gradient design between terminal
alloys 1 and 2. The yellow and green dotted lines as binary and arbitrary paths, respectively, avoid a
detrimental y phase, in contrast to the linear gradient (red dotted line), reprinted from Ref. [75].
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Figure 24. Equilibrium and Scheil-Gulliver ternary phase diagrams of (a,b) Cr-Fe-Ti and (c,d) Fe-Ni-
Ti systems. The white dashed line shows the linear path from Ti to a particular type of stainless steel,
reprinted with permission from Ref. [76]. 2022, Elsevier.

It should be highlighted that, in order to apply any gradient design, the AM process
must first support the necessary capabilities; for example, the DED and PBF systems must
be equipped with separate powder feeders and powder-spreading mechanisms to deliver
the materials according to the gradient design. Second, the various features of each gradient
step necessitate the adoption of specific optimal processing parameters to prevent defects
(e.g., porosity, residual stress, etc.). For this purpose, applying online feedback systems,
numerical modeling, and machine learning approaches might be helpful. Finally, like other
production processes, quality control of the final part is required to ensure the intended
performance under physically simulated service conditions, esp. corrosive environments,
as well as dynamic and multi-axial loading, to which less attention has been paid in the
literature and often focused on the FGMs design and fabrication.
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Figure 25. The combination of ternary feasibility diagrams representing safe regions (without
detrimental phases) to grade between 316L stainless steel and Ti6Al4V based on equilibrium and
Scheil-Gulliver calculations, reprinted with permission from Ref. [76]. 2022, Elsevier.

4. Post-Surface Treatment; Creation of Novel Opportunities

Despite several advantages of AM, certain challenges, some depicted in Figure 26,
should be addressed before the technology is widely adopted and commercialized [77-79].

Figure 26. Challenges in AM technology.

According to the literature, the quality challenges of AM metallic products are porosity,
poor surface finish, and tensile residual stresses. These issues mostly appear in the post-
print stage after the geometry is generated [80] and negatively affect the mechanical
properties, especially the fatigue performance of AM metals [81]. Among the mentioned
issues, poor surface quality is the most visible drawback of AM parts [82]. Although
the surface roughness of AM components can be controlled so that they are comparable
to that of traditional manufacturing processes, the surface quality is affected by the AM
method and material used. Metal AM processes each have their unique surface qualities
and deposition rates. Metal AM often involves a trade-off between the build rate and
surface quality, making it unfavorable to manufacturers and unsuitable for industrial
applications [83].
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Surface roughness can be caused by the inadequate melting of the powder particles
during the melting and solidification process in the powder bed metal AM process, which
is the most extensively used technique. This can result in partially melted or unmelted
powder particles remaining on the printed part surface. The support structures that hold
the component fixed during manufacturing also contribute to surface roughness since they
have to be removed after printing, leaving uneven surfaces. Another element that might
affect surface roughness is the translation of a digital model into an STL file, which could
result in data loss and errors in the final printed output. Furthermore, the powder bed AM
technique’s intrinsic stair-stepping effect can lead to significant surface roughness. Also,
since the AM machine builds pieces layer by layer, the surface roughness is stepped, rather
than smooth [20,78].

High surface roughness can have a negative impact on performance in various appli-
cations, especially in situations involving fatigue. As mentioned earlier, the weak fatigue
performance of metals produced with AM is a major obstacle to the widespread use of AM
technology in critical sectors where components are subjected to cyclic stress [84]. Because
of the significant temperature gradients and rapid cooling rates that occur throughout the
printing procedure, residual stresses are common in AM. The printed material contracts
and strains away from the build plate during the cooling step, resulting in residual stress in
the finished component [85,86].

The residual stress found in AM parts can be either tensile or compressive. The
direction and magnitude of these stresses depend on factors like printing parameters,
material properties, and the part’s geometry. Tensile residual stress is generally seen on the
surface of the component due to the fast solidification and cooling of the melted material.
Compressive residual stress, on the other hand, is more typically observed in the interior
of the part as a result of thermal contraction during the cooling process. The quantity
and distribution of residual stress vary among materials and components and must be
carefully regulated to ensure AM parts have the necessary mechanical properties and
dimensional accuracy. Complex geometries or larger parts typically exhibit higher residual
stress levels [86]. Tensile residual stress, as previously stated, can have a negative impact
on AM components in a variety of ways. These include distortion or warping, dimensional
accuracy, decreased fatigue life, and decreased strength, stiffness, and toughness [85].

Several methods, including post-processing, surface polishing, building support struc-
tures, and optimizing printing configurations, can be used to alleviate these challenges.

4.1. AM Process Optimization

AM process optimization is crucial for achieving high-quality parts with the desired
mechanical properties. The study of surface integrity enhancement through optimizing
AM process parameters has received much attention [87-89].

Several studies have previously found that the feedstock, process parameters, and
type of alloy used all impact the physical and mechanical performance of metal AM
components [78]. However, optimizing the building direction and process parameters
has less of an influence on the surface roughness of the AM-built components, which is
insufficient to meet the standards practiced in industries for complex applications. As
a result, AM technology can hardly produce components that fulfill both mechanical
characteristics and surface roughness standards [80,87,90].

According to the Wohlers Report in 2018, post-processing accounts for approximately
one-third (32.8%) of total part costs. This comprises, among other things, the removal of
support structures, surface polishing, heat treatment, and inspection. As a result, many
manufacturers have been searching for post-processing operations aimed at enhancing
mechanical properties and surface quality in order to achieve their intended utilization.
Post-processing is an essential stage in the production process of metal AM components
in any company, regardless of its profile. Post-processing is required after the production
of AM components for various reasons, including dimensional accuracy, the smoothness
of interior channels, aesthetic concerns, and practical requirements [80,91-93]. When
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considering all of this, it is clear that post-processing processes are required in order to
obtain ready-to-use components via the AM route.

4.2. Surface Post-Treatment Techniques for Metal AM Parts

In the context of metal AM, post-processing refers to the various processes that 3D-
printed parts must undergo before being put into service, such as powder removal, stress
relief annealing, wire cutting, heat treatment, etc. The ideal choice of a post-treatment
method is influenced by various factors, including surface quality, the time available to
produce the desired surface quality, material properties, the post-treatment cost, the part
shape, and the target function of the AM component [94-97].

Currently, the application of surface post-treatments has been shown to be quite
efficient in resolving the issues associated with the uneven surface morphology of metal-
lic objects produced using AM. Surface post-processing reduces surface roughness and
porosity, making the material more resilient against fracture initiation and propagation
and thereby increasing fatigue life [98,99]. Different parts may require different surface
treatments based on the size, complexity, and desired properties. Overall, the choice of
surface post-treatment technique also depends on the specific application requirements
and the material properties of the metal AM part [100,101]. Following a literature review,
surface post-processing techniques have been classified, as shown in Figure 27.

Surface post-treatment techniques for metal
AM materials

[ I I
Thermal l Mechanical Chemical
e ——————

| | Laserbased || | BT | Chemical
treatments g etching
s
Electro Grindi lishi nceel]
| discharge || Grinding/polishing || =i
-t polishing
| machining | [
Local heat || | Media blasting ___ Elecropolishing
treatment
I ey

| | Peening based

treatments
I

|| Mass finishing

Figure 27. Categorization of the surface post-processing techniques for metal AM products.

The surface integrity, porosity, and tensile residual stresses of metal AM samples are all
affected differently by common surface post-processing techniques. Figure 28 depicts how
surface post-processing procedures affect the surface characteristics of AM components.

Moreover, Table 3 summarizes surface post-processing techniques based on their
benefits, limitations, important parameters, and applications.
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Figure 28. Schematic representation of the post-processing operations’ effect on the surface character-

istics of the as-built AM parts, reprinted with permission from ref. [98]. 2021, Taylor&Francis.

Table 3. Summary of effects of surface post-processing for AM metals.

Surface Post- . el Applications and Effect on Surface
Processing Methods Process Parameters Main Advantages Main Limitations Complexity Integrities
Costly to operate; Suitable for flat and éﬁgﬁ:e;j;g:;ees
Laser polishing Laser powder, spot Selective polishing of difficulty in curved surfaces; low orosi ,an d results
[98,102-104] size, scan speed, etc. small areas achieving uniform to medium P ty, .
intensity profile complexit in tensile residual
yp plexaty stresses
Removes onl Low material Increases surface
. . Blasting pressure, . 4 Suitable for flat, roughness and
Media blasting . . unsintered powders; removal rate; part .
velocity, grit . ) : external surface; low improves hardness
[93,94,96] . applicable to a wide complexity R .
type, size, etc. . . - complexity and fatigue
variety of materials restrictions
performance
Improves the surface
Peening: Use of laser Peening material, Simple process; . Comphca.ted mechgmcal
. . . . Potential damage geometries properties and
or spherical shots size, pressure, applicable to a wide N - . .
. . . tothin parts cannot be finished; converts tensile
[80,91,93,105] velocity, etc. variety of materials .
low complexity stresses to
compressive stresses
Advanced finishing Machining speed, . Relatlve'ly .NOt applicable to .
L . inexpensive highly complex parts Suitable for shafts; Improves surface
and machining tool material, coolant, / ) .
and well understood like scaffold low complexity finish and hardness
[90,100] depth of cut, etc.
process structures
Acid Extreme health Used for scaffold
Chemical polishing fluidconcentration Suitable for complex . surfaces and internal Reduces surface
. . and safety issues due .
[80,106] process time, geometries 1 features; high roughness
to oxidation .
temperature, etc. complexity
Electro-polishing Type of che.rmcal, Cost-effective Utlllzgs hard Suitable for‘free-.form Achieves a
process time, chemicals as shapes with high
[107-109] method . smooth surface
temperature, etc. electrolytes complexity

Laser polishing can reduce porosity, improve surface integrity (Figure 29), enhance the
residual stress distribution, and improve the dimensional stability and distortion control of
the parts. However, it may also induce detrimental tensile stresses on the surface [100,105].
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Figure 29. Roughness reduction via laser polishing: (a) SEM image showing the contrast between the
original and polished surfaces and (b) the equivalent transition using the laser profilometer, reprinted
with permission from Ref. [98]. 2021, Elsevier.

To date, laser polishing has proven effective in enhancing the surface integrity of
metallic parts produced via AM. This technique has been successfully applied to various
metals such as Ni, Tj, steel, and Al alloys [110].

Mechanical-based methods such as blasting, drag finishing, machining, and shot
peening have been applied and studied for AM parts [80]. These techniques have a
significant impact on the tiny layers near the surface of the AM parts by creating a protective
layer with a refined grain structure and transforming residual stresses in AM metals from
tensile to compressive, preventing failures due to fatigue, cracking, and stress corrosion and,
thus, extending the life of a 3D-printed part [105]. Kaynak performed a comparative study
to evaluate different mechanical-based surface post-treatments, such as finish machining
under dry and cold air conditions, vibratory surface finishing, and drag finishing using
ceramic abrasives to investigate surface roughness and hardness variation along the sample
depth. The results (Figure 30) showed that drag finishing reduced the surface roughness
and proved the most promising post-processing technique for achieving high surface
quality for complex geometries. However, this method could not alter the subsurface
characteristics profoundly [100].
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Figure 30. (a) The variation in average surface roughness and (b) microhardness variation after
post-processes, reprinted with permission from Ref. [100]. 2018, Elsevier.

The intended subsurface properties for the mechanical surface treatments may include
defects’ status, e.g., dislocation density and grain morphology. Figure 31 illustrates the
effect of laser polishing and shot peening as post-treatments on grain features and the
distribution of crystal defects of stainless steel AM parts.
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Figure 31. Inverse pole figure images with grain boundaries: (a) as-printed, (b) laser-polished,
and (c) shot-peened; image quality with grain boundaries: (d) as-printed, (e) laser-polished, and
(f) shot-peened, reprinted from Ref. [105].

As depicted in the figure, the grain boundary length for the shot-peened sample was
higher than the corresponding lengths of the others, which can be attributed to the severe
surface plastic deformation due to shot peening [105].

It is worth mentioning that applying mechanical-based techniques to the internal
structures of parts can be challenging due to mechanical treatments requiring surface-to-
surface interactions. This is particularly true for specialized porous structures designed for
biomedical applications or lattice structures intended for lightweight designs. In addition,
these techniques used to reduce surface roughness can increase the time and cost involved
in an already expensive process, which can further impede the widespread adoption of
AM in the industry [94,98,100].

Some chemical-based approaches, such as chemical polishing or electrochemical
polishing, have been effectively used for complicated geometries or small feature sections
to guarantee that all component portions are thoroughly treated. The two processes
have exhibited considerable promise in this sector (Figure 32). Compared to chemical
polishing, electropolishing yields a smoother surface; nonetheless, its effectiveness is
restricted due to the difficulty of inserting a counter-electrode into narrow or complex
geometries. Surface roughness is more favorable in such cases and can significantly improve
surface roughness [106]. Therefore, the treated object’s shape and geometry can significantly
impact the efficacy and uniformity of chemical treatments [87].
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Figure 32. (a) Outer surface texture, (b) internal surfaces of AM components with internal volume
after electropolishing and chemical polishing, and (c) various surface roughness parameters of blasted,
electropolished, and chemically polished AM components, reprinted with permission from Ref. [106].
2018, Elsevier.

The effect of different surface post-treatments on the surface morphology and corrosion
properties of AM stainless steel is shown in Figure 33. The electropolishing and planar
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grinding surface finish treatments provided the largest reductions in surface roughness
and increased corrosion properties [106].

Contour
scan/re-melting

(b) 14 0O As-printed 14 T ‘
12 __LL‘ @ Passivated 12 L A
- 1 '(II' X Contour're-melted o 1 - x "‘
1 Electro-polished 1 17
~. 1.0 | X O Tumble polished ~ 104y — |
S ‘ A $ ] I -
w T m Ground S 1
:“‘OS‘{ = < Wrought = 0.8 1
< A - RY >< \ (b‘x “
2 0.6 T Z 06 o S —
w2 L - . @ Passivated il -
M 0.4 w 4 1 =3 104 ¥ Contourre-melted L ]
=Y . A Electro-polished e
0.2 J}, 02 o] Tuml!ﬂepo!ix‘md —— 1
+ gem | T4
0.0+ T T T v 0.0+ T T T T T
0 5 10 15 20 25 0 40 80 120 160 200 240
S, (um) S,(um)

Figure 33. (a) BSE images and EBSD maps of surface cross-sections and (b) the relationship between
breakdown potential and surface roughness, reprinted from Ref. [107].

The effect of different post-treatment techniques on corrosion behavior is schematically
shown in Figure 34. In summary, a mechanical-based method affects surface roughness,
residual stresses, and the density of crystal defects, such as grain boundaries and disloca-
tions on the surface [105].

It should be highlighted that, in various situations, a single surface treatment may not
accomplish all the required qualities for an AM metallic product. Combining several ap-
proaches with complex constraints may be advantageous to establish a superior technique.
As a result, depending on the specific requirements of the ultimate application, different
post-treatments may be combined to produce the necessary surface or bulk characteristics
for the material [80,83].

The synergistic impact of combining mechanical (shot peening) and chemical (elec-
tropolishing) surface post-processing processes, for example, can be utilized to enhance
a part’s wear resistance and fatigue strength while also creating a smooth surface [111].
Another example, more specifically useful for aerospace applications, is combining heat
treatment and surface post-treatment to improve the fatigue performance of AM metallic
components. This approach has been shown to improve the robustness and reliability
of AM metallic components in conditions requiring cyclic loading and repeated stress
(Figure 35) [112,113].
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Figure 34. Schematics of surface modifications and passive film formation on the surface of
(a) as-printed, (b) ground, (c) laser-polished, and (d) shot-peened samples, reprinted from Ref. [105].

-1 8-7 223 199 235

8

to the as-built state (Times)
3

Fatigue life improvement compared

Figure 35. Fatigue life improvement in post-treated samples compared to the as-built state, reprinted
with permission from Ref. [113]. 2022, Elsevier.

4.3. Challenges and Future Prospects

Several challenges and limitations are associated with surface post-processing tech-
niques, which the market has been working to overcome through various means. The
lengthy duration of the procedure is one of the most significant obstacles. Furthermore, the
accuracy of surface post-processing techniques is restricted due to the original data quality;
therefore, results may be imprecise if the data are inadequate. Another obstacle is the
high cost associated with some surface post-processing techniques, which may make them
inaccessible to smaller companies or researchers. Furthermore, the lack of standardization
in surface post-processing makes it challenging to compare results across different studies.

That being said, some surface post-processing techniques for metal AM still rely
on a manual operation that requires highly competent operators for crucial duties. On
the first look, making a prototype or a few pieces by hand may be more cost-effective.
However, as hundreds or thousands of components are produced, the requirement for post-
processing automation in AM becomes increasingly urgent [80,87,114]. To overcome these
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challenges, researchers and the industry have developed new algorithms and technologies
to simplify surface post-processing, such as machine learning approaches that automate key
elements of the process, lowering the time and resources necessary. Furthermore, efforts
are continuing to develop standardized methods for post-processing, which will allow for
study comparisons [94].

As previously stated, future research (Figure 36) is leaning towards novel or hybrid
surface post-treatments, in-line post-processing, automated solutions, online monitoring,
and control system processes to increase as-built material quality. These strategies are
linked and can enhance manufacturing efficiency [77,80,94,115].

Figure 36. Future trends in surface post-processing of metal AM materials.

Several companies have also started to employ robotic solutions for installing printing
substrates, cleaning powder, unloading components, and post-processing. The search for
automated methods has been a significant concern for many industry executives. These
automated operations free up labor that may be employed in more crucial tasks [116].

It is worth noting that introducing online monitoring measures during the production
process is one way to improve end-product quality and reduce material waste. Producers
may take corrective measures instantly by identifying errors and defects online, reducing
the need for reworking or material scrapping. This method has the potential to increase
overall product quality and minimize the occurrence of problems. As a result, the objective
is to eliminate all manual labor to encourage continuous and large-scale manufactur-
ing [117].

Furthermore, machine learning has met with substantial interest in the AM sector,
particularly in detecting process anomalies, sample defects, geometric distortions, and
the formation of melt pool tracks. Machine learning methods can help recognize trends
and abnormalities in data collected from AM operations that would be difficult to detect
using conventional techniques [118]. While there has been significant improvement in this
area, the rate at which innovation occurs is still very modest. However, as the industry
expands and evolves, the number of surface post-processing options for AM is anticipated
to increase.

5. Conclusions

Even though the AM of metal parts is typically presented as a new manufacturing
method, the approach represents a novel and distinctive development in the field of
metallurgy. In other words, with its complex thermal history, AM processes for metal parts
are directly or indirectly dependent on metallurgical developments. Therefore, addressing
the metallurgical aspects of this production method is very crucial to AM experts.

In summary, this text aimed to examine the metallurgical aspects of the AM method
in three categories: the possibility of developing new alloys, creating functional parts, and
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improving the surface properties of printed products. The development of new alloys
using powder of pure elements, of alloys, or of a mixture of these has been introduced
as a pivotal solution to increase the flexibility of the AM method and reduce production
costs. The possibility of developing a desired alloy, based on the material application and
according to the ordered requirements, can be considered an achievable prospect.

Meanwhile, the solidification behavior of the new composition should be investigated
and controlled according to the unique features of the AM method of metal parts, such as a
high cooling speed and high thermal gradient. The creation of a concentration layer in front
of the solidification front and its effect on the formation of a chemical under cooling and, as
a result, the morphology of the resulting microstructure, are the fundamental points during
alloy development. Also, some studies have considered the possibility of unwanted phases
forming in the molten pool and how to eliminate the potentially detrimental precipitates. In
contrast, others have tried turning the situation into an opportunity by using the secondary
phases as potential nucleates.

Also, the AM process can effectively meet industrial needs when it is necessary for the
parts to have dissimilar chemical compositions in various areas, which are referred to as
FGM:s. It is worth noting that the efforts undertaken in producing FGM parts employing
AM methods have resulted in the development of standards such as ISO/ASTM TR 52912.
Although the DED process is frequently preferred to produce FGM parts due to higher flex-
ibility in the composition control, various PBF mechanisms have recently been suggested to
introduce constituent powders. Before adopting a production process, it is essential to have
adequate knowledge of the service requirements, the metallurgical compatibility of the
basic materials, and the potential defects. Each pair has specific metallurgical compatibility
limitations that must be considered when designing the gradient structure. In this regard, it
is well demonstrated that the CALPHAD method can be an effective tool to find the feasible
gradient design between terminal alloys by accurately predicting phase compositions under
the non-equilibrium conditions of the AM process. Therefore, designing FGM structures
based on the CALPHAD method may be the breakthrough path in the future, in addition
to studying the failure mechanisms of AMed FGMs, which have been poorly addressed
so far.

Finally, the desired surface quality expected from an AM part applicable at an indus-
trial level should be improved. The prospects for AM surface post-treatment technology
are promising, and it will facilitate the production of high-quality metal components using
AM for different engineering purposes. Selecting the appropriate surface post-treatment
can be a complex task, and various factors must be considered, such as process parameters,
material properties, geometric concerns and restrictions, scalability, and treatment costs.
Future research in various areas, including new or hybrid surface post-treatment, is encour-
aged to achieve desired properties and open new manufacturing and product development
avenues. Automation tools and software are also suggested, including simulation and
modeling tools or machine learning.
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