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Abstract: 17-4PH Stainless Steel is a mechanically high-performing alloy that is widely used across
chemical and mechanical processing industries. The alloy is conventionally fabricated by cast
methods, but emerging additive manufacturing techniques are presently offering an economic,
efficient, and environmentally friendly alternative. Bound Powder Extrusion (BPE) is a relatively new
additive manufacturing technique that is used to fabricate three-dimensional, free-form components.
Investigation into the mechanical properties and behavior of 17-4PH stainless steel fabricated by
BPE is vital to understanding whether this technique proposes a competitive substitute to the cast
alloy within industry. Published literature has investigated the as-fabricated mechanical properties,
microstructure, porosity, and post-processing heat treatment of the BPE alloy, with limited comparison
evident among the papers. This paper, therefore, aims to review published findings on the mechanical
properties of 17-4PH stainless steel produced by additive manufacturing techniques, with a key
focus on BPE. It is important to highlight that this review study focuses on the MetalXTM 3D printer,
manufactured by Markforged. This printer is among the widely utilized BPE 3D printers available
in the market. The key results, together with the impact of post-heat treatments, were discussed
and compared to provide a more comprehensive picture of the patterns that this alloy presents in
terms of its microstructure and mechanical properties. This enables the manufacture of components
relative to desired material performance, improving overall functionality. A comparison of yield
strength, ultimate tensile strength (UTS), Young’s modulus, ductility, and hardness was made relative
to microstructure, porosity, and density of published literature for the as-fabricated and post-heat-
treated states, identifying areas for further research.

Keywords: additive manufacturing; 17-4PH stainless steel; mechanical properties; post-heat treatment;
Markforged MetalXTM

1. Introduction

Metal additive manufacturing (AM) has revolutionized the manufacturing industry,
achieving process efficiency, complex geometries, and environmental benefits such as re-
duced processing energy and material waste in contrast to conventional manufacturing
practices of forging, casting, and machining [1]. The evolution of technology has propelled
AM application from rapid prototyping to contributing a key role in the fourth industrial
revolution (Industry 4.0), providing an opportunity for the customized design and opti-
mized performance for a variety of materials, including composites, metals, and material
hybrids [2,3]. Metal AM utilizes layer-by-layer methodologies categorized according to
material, deposition technique, or process of material fusion or solidification [4]. Addi-
tive manufacturing of metallic materials comprises seven main groups, all of which have
commercial applications in the metal AM market. Three commonly used AM techniques
for metals are Material Extrusion (ME), Powder Bed Fusion (PBF), and Direct Energy
Deposition (DED) [5]. ME involves the deposition of heated material onto a platform
through chemical layer adhesion or controlled temperature, utilizing a continuous stream

J. Manuf. Mater. Process. 2023, 7, 162. https://doi.org/10.3390/jmmp7050162 https://www.mdpi.com/journal/jmmp

https://doi.org/10.3390/jmmp7050162
https://doi.org/10.3390/jmmp7050162
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jmmp
https://www.mdpi.com
https://orcid.org/0000-0002-5590-8409
https://doi.org/10.3390/jmmp7050162
https://www.mdpi.com/journal/jmmp
https://www.mdpi.com/article/10.3390/jmmp7050162?type=check_update&version=1


J. Manuf. Mater. Process. 2023, 7, 162 2 of 12

and constant pressure. PBF distributes powder material over a platform and successive
layers melted by a laser or electron beam to establish component fusion [6]. The process of
DED comparatively utilizes a laser, electron beam, or arc to melt wire or powder feedstock
and deposit it onto a multi-axial platform that uniquely offers layer fabrication at any angle.
These standardized categories have been established by the American Society for Testing
and Materials (ASTM), yet emerging technologies utilize a hybrid of processes and often
contain attributes of more than one category to optimize their process and result [7].

17-4PH Stainless Steel, also known as AISI Grade 630, is a precipitation-hardening
martensitic stainless steel that is widely used in various applications such as chemical
processing equipment, fasteners, ball bearings, gears, and pump shafts owing to its great
mechanical properties and corrosion resistance [8]. Conventional manufacturing and post-
processing of this stainless steel achieves properties desirable for industry application, but
at a cost of low machinability and high variance in microstructure [9,10]. As an alternative
to conventional manufacturing, 17-4PH Stainless steel can be also fabricated by various
metal AM techniques of Selective Laser Melting (SLM) by PBF, DED of Laser and Plasma
Metal Deposition (LMD, PMD), and ME of Bound Powder Extrusion (BPE) and Fused
Filament Fabrication (FFF) [11]. As fabricated, the AM material may vary significantly
in microstructure and mechanical properties among techniques, and in comparison to
wrought. Application of post-heat treatment can increase microstructural homogeneity
and adjust mechanical properties, comparable to the industry-acceptable standard for the
wrought alloy [12]. Optimization of the mechanical properties of additively manufactured
17-4PH stainless steel may be achievable through various post-processing treatments
including Hot Isostatic Pressing (HIP), solution treatment, and direct aging, unique to
each technique [13]. The mechanical properties attained by BPE demonstrate a competitive
profile and material characteristics to the wrought material. BPE is a combination of FFF and
Metal Injection Molding (MIM), producing a hybrid technique of Atomic Diffusion Additive
Manufacturing (ADAM) that falls within the AM category of ME [14]. Markforged’s BPE
MetalXTM system comprises a three-step process to produce an end-user product. Material
is first extruded by a combination of fine metallic powder and waxy polymer through a
nozzle layer by layer in a fashion nearly identical to conventional ME printing, fabricating
a “Green Part”. This is followed by the processing of a wash cycle to establish a de-bound
“Brown Part”, and finally processing through a sintering cycle to remove the adhesive
polymer and subsequent porosity, producing the “Final Part” [15]. Previous studies report
the beneficial impact of post-processing treatments on the MetalXTM 17-4PH stainless steel
to achieve comparable yield and tensile strengths to wrought, and superior properties of
ductility, hardness, and porosity [16].

This paper aims to review published findings on the mechanical properties of 17-4PH
Stainless Steel produced by additive manufacturing techniques, with a key focus on Mark-
forged’s MetalXTM. The main results together with the impact of post-heat treatments are
discussed and compared to provide a more comprehensive picture of the patterns that
this alloy presents in terms of its microstructure and mechanical properties leading to a
suitable selection of this AM stainless steel for various applications for better performance
and functionality.

2. As-Fabricated Mechanical Properties of 17-4PH Stainless Steel

The as-fabricated mechanical properties of 17-4PH Stainless Steel are necessary to
outline and discuss to establish the minimal performance expectations of the alloy. This
further enables a comparison of material properties achieved by post-processing treatments,
outlining the potential properties the alloy can achieve and recommendations for areas
of further research. The mechanical properties of cast and AM 17-4PH stainless steel in
their as-fabricated states are compared relative to yield strength, Ultimate Tensile Strength
(UTS), Young’s modulus, ductility, hardness, and density, demonstrating high variance in
UTS, Young’s modulus, and hardness. The as-fabricated state of the cast alloy is established
in its annealed condition, also referred to as “condition A”. This is achieved through
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sintering the cast alloy at 1040 ◦C to 1065 ◦C, attaining a chemical composition of major
elements 15–17.5% Chromium (Cr), 3–5% Nickel (Ni), and 3–5% Copper (Cu) [17]. The
chemical composition standard of this alloy varies slightly per country; however, once
annealed, there is little variance in the mechanical property performance. The mechanical
properties of as-fabricated Grade 630 castings are given in Table 1, demonstrating its high
mechanically performing capability [18,19]. Fabrication of 17-4PH Stainless Steel by the
Markforged MetalXTM system achieves an as-fabricated state post-sintered, comparable to
the wrought annealed condition. The sintering process involves heat treatment to 1300 ◦C,
attaining a chemical composition corresponding to the wrought counterpart of 15–17% Cr,
3–5% Ni, and 3–5% Cu [20]. Markforged published data on the mechanical properties of
the as-fabricated alloy is detailed in Table 1, printed by the MetalXTM system horizontal to
the build plate. In the as-fabricated state, the MetalXTM alloy achieves increased UTS and
hardness in comparison to the wrought.

Table 1. Mechanical properties of Grade 630 (17-4PH Stainless Steel) Cast, MetalXTM BPE, Laser PBF,
MIM, and FFF.

Mechanical
Properties

Grade 630
Casting [18,19]

MetalXTM BPE—
Horizontal [20,21]

MetalXTM

BPE—Vertical [22]
Laser

PBF [23,24] MIM [25] FFF [26,27]

Yield Strength 760 MPa 710 MPa 476 MPa 460 MPa 689 MPa 900 MPa

UTS 1030 MPa 1180 MPa 554 MPa 1150 MPa 1000 MPa 800–1160 MPa

Young’s modulus 196 GPa 152 GPa 107 GPa 137 GPa 190 GPa 160 GPa

Ductility 8% 7% 0.5% 8% 8.5% 6%

Hardness 33 HRC 36 HRC 36 HRC 36 HRC 33 HRC 22 HRC

Relative Density - 96.4% 96.4% 99% 98.2% 98%

Literature findings indicate deviance of up to 10% lower in UTS, ductility, and hard-
ness, owing to the high porosity observed in the as-fabricated states. Material fracture has
been observed to occur, primarily at the interface between filaments, indicating weakness in
layer fusion of the MetalXTM system [21,22,28,29]. Literature investigating the anisotropic
nature of the BPE technique has identified a high variance in as-fabricated mechanical prop-
erties relative to build orientation. Horizontally oriented specimens aligned to the build
direction achieve optimal mechanical properties, corresponding to the results published
by Markforged [21,28]. Vertically fabricated specimens demonstrate significant variance
in yield strength, UTS, and ductility, owing to the high porosity and weakened material
layer fusion in the plane of the specimen cross-sectional area [22]. The stress-strain curve
relative to the build orientation from horizontal to vertical specimens, aligning to build
direction is displayed in Figure 1a, capturing a property trend of the 60◦ oriented specimen
lowest in UTS and ductility [22,30]. Figure 1b displays the specimen print orientations
corresponding to the stress-strain curve findings in Figure 1a. The tensile strength relation-
ship to build orientation in this plane is largely dependent on the filament interface and
fusion; the tensile strength of the 60◦ to 90◦ oriented specimen demonstrates significant
porosity defects, reducing the cross-sectional area and decreasing the tensile strength [22].
The geometry of these pores is discussed later, owing to the variance in tensile performance
from 60◦ to 90◦. In addition to tensile strength, the layer-by-layer methodology of the
BPE technique typically results in residual stresses that adversely impact the component’s
structural integrity [30]. Kauffman et al. [15] investigated the geometric deviation of the
input CAD file to the as-fabricated MetalXTM component. Three-dimensional scanning
of the as-fabricated component identified the dimensions were typically within 0.81 mm
of the as-designed component but detected up to 1.25 mm deviance horizontally [15].
Surface treatment of the as-fabricated components achieves a reduction in residual stresses;
vertical as-fabricated specimens can achieve improved UTS measuring up to 1000 MPa and
suggesting proportionate impact of surface roughness on tensile strength [23,28,30,31].
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Figure 1. (a) As-fabricated mechanical properties of AM 17-4PH stainless steel relative to build angle,
and (b) Specimen build orientations [22].

Life cycle impact assessment results based on Global Warming Potential (GWP) and
Cumulative Energy Demand (CED) found significant benefits to the recyclability of the
BPE alloy. The printing and sintering phases attributed 80% of the total environmental
impact due to the high electricity consumption. The GWP and CED survey results are
given in Table 2, outlining the minimal effect of post-processing on the overall processes’
environmental impact [32].

Table 2. Environmental Impact Assessment Survey Results for BPE 17-4PH Stainless Steel Alloy [32].

Global Warming Potential (kg Co2 eq) Cumulative Energy Demand (MJ)

As Fabricated Aged As Fabricated Aged

Total 5.45 5.70 98.94 103.29
3D Printing 2.34 2.34 40.46 40.46
Debinding 0.28 0.28 6.15 6.15
Input Materials 0.68 0.68 9.95 9.95
Sintering 2.41 2.41 44.58 44.58
EoL −0.17 −0.17 −2.06 −2.06
Heat Treatment - 0.25 - 4.35
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The as-fabricated mechanical properties of 17-4PH stainless steel fabricated by alter-
nate AM techniques vary in comparison to MetalXTM, relative to the deposition method. Lit-
erature findings of Laser PBF demonstrate equivalent improved hardness to the MetalXTM,
but lower UTS [24,33]. The mechanical properties are optimized through the use of water-
atomized power, in comparison to gas-atomized powder, which achieves up to 10% and
27% less, respectively [34]. Further research has demonstrated a proportionate relationship
between UTS, hardness, and density, with higher material density improving the me-
chanical performance of the components [26,27]. Published literature on FFF details high
variance in mechanical properties attained, particularly in UTS. The findings exhibit higher
performing yield strengths, but lower hardness and ductility [25,27]. The different sintering
process parameters and the two debinding methods of catalytic or solvent based on the
FFF technique affect the properties of the part such as porosity, microstructure, grain size,
and amount of δ-ferrite. These proprieties are responsible for the dissimilar tensile strength
and hardness values observed respective to known relationships for the stainless steel
alloy [35,36]. Investigation into the effect of build angle demonstrated vertically oriented
specimens relative to the build platform achieve lower tensile strength due to weakness in
layer fusion, corresponding to the MetalXTM findings; however, demonstrating improved
fusion capability through achieving a UTS of 650 MPa [6,25]. Subsequently, published
data on the as-fabricated mechanical properties achieved by MIM displays lower tensile
strength, but the highest achieved ductility across the cast and metal AM data [37]. In
contrast to Laser PBF, MIM attained optimized mechanical properties with a gas-atomized
powder in comparison to water-atomized powder which achieved slightly lower mechani-
cal properties [37,38]. This suggests the mechanical properties achieved by the MetalXTM

process could further be optimized by considering alternate types of input metallic powder.
The as-fabricated mechanical properties of the MetalXTM 17-4PH stainless steel demon-

strate competitive mechanical performance in comparison to other AM technologies and
improved UTS and hardness to the wrought counterpart. Significant variation is found in
yield strength and Young’s modulus for the as-fabricated states, with corresponding results
for ductility. The alternate AM technologies highlighted produced comparable mechanical
performance to the MetalXTM system in UTS, hardness, and ductility. In particular, FFF
demonstrated higher yield strength and Young’s Modulus to the MetalXTM and MIM of
higher ductility.

3. As-Fabricated Microstructure and Porosity of 17-4PH Stainless Steel

The mechanical behavior of cast and AM 17-4PH stainless steel can be examined
through analysis of material characteristics and porosity. The cast alloy achieves its me-
chanically high-performing properties due to its martensitic microstructure formed by
continuous annealing within the austenite region and rapid cooling [39,40]. Figure 2 dis-
plays Transmission Electron Microscopy (TEM) imaging [13], capturing the lath martensitic
microstructure of the cast material. Literature findings have identified evident porosity as a
result of the inadequate backfilling of liquid metal and solidification shrinkage throughout
the casting process, causing significant variance in mechanical performance [41]. UTS
and yield strength proportionately decrease relative to the reduction in load-bearing cross-
section, and ductility decreases up to 80% with a 10% increase in porosity [41]. Compara-
tively, the microstructural assessment of the MetalXTM 17-4PH stainless steel demonstrated
a predominately martensitic microstructure, with some reverted inter-lath austenite formed
in the heat-affected areas throughout printing [23,36]. The reverted austenite induces the
transformation-induced-plasticity (TRIP) effect, where austenite transforms to martensite
throughout plastic deformation, resulting in reduced yield strength and increased ductility
commonly among steels [42]. The non-lath austenitic regions are most evident in Scan-
ning Electron Microscopy (SEM) imaging as displayed in Figure 3, contrasting the cast
martensite microstructure in Figure 2 [23].
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Figure 3. MetalXTM SEM imaging of the reverted non-lath austenitic regions [23].

Energy Dispersive Spectroscopy (EDS) analysis identifies the formation of Niobium
Carbide (NbC) precipitates up to 10 µm in size, responsible for high-stress sites and sub-
sequent cracks. The NbC pores are commonly removed throughout homogenization;
however, the sintering of the AM alloy has not achieved this [24]. Porosity analysis by SEM
identified major defects including elongated pits and voids adjacent to deposited filaments,
concluding poor infusion of the filaments throughout MetalXTM printing [21,23,43,44].
Formation of the high porosity and large precipitates directly impact the strength and
ductility of the MetalXTM alloy, reducing the cross-sectional area for load bearing and
inducing fracture. Furthermore, studies on the MetalXTM alloy using different sinter cycles
of corresponding parameters have observed variations in hardness, suggesting limitations
to the printing process in achieving repeatability [26,33]. The surface roughness aligns with
the print build layers at approximately 100 µm in height, owing to the ‘stair stepping’ effect
fabricated naturally by the AM process. As surface roughness was identified to directly
impact tensile strength, reduction of this phenomenon would be necessary to optimize
mechanical performance [45,46]. It is further established the impact of process parame-
ters on the mechanical strength produced by the MetalXTM printer, identifying extrusion
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temperature, infill rate, material flow, cooling rate post-printing, and build orientation
to all contribute to the resultant microstructural characteristics, size, and placement of
material defects [22,47]. Gonzalez-Gutierrez et al. [48] observed an optimized extrusion
temperature of 260 ◦C, flow rate multiplier of 200%, and printing rate multiplier of 100%
for 17-4PH Stainless Steel. The tensile strength findings included an average Young’s
modulus of 196 GPa, maximum stress of 696 MPa, and strain at break of 4%. Jagtap BM
et al. investigated tensile strength relative to infill density of the ADAM 17-4PH Stainless
Steel, finding that a weight reduction of 20% due to infill density translates to a reduction of
10–15% in tensile strength [47]. Analysis of defects relative to the build orientation demon-
strates a correlation to defect geometry; print height angles of 0 to 10 degrees displayed
triangular-shaped pores of small areas, 20 to 50 degrees displayed slightly larger diamond
shaped pores, and 60 to 90 degree specimen displayed large rectangular pores as observed
in Figure 4 [22,43].
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(c) 20◦, (d) 30◦, (e) 40◦, (f) 50◦, (g) 60◦, (h) 70◦, (i) 80◦, and (j) 90◦ [22].

The findings of the aforementioned paper suggest a defect geometry correlation to
print angle, where the formation of air gaps is attributed to underfill between deposited tool-
path lines of the walls [23]. The increased defect area is attributed to the lower mechanical
performance in the 60◦ to 90◦ oriented MetalXTM specimen, although no relationship be-
tween defect geometry and mechanical property performance has been investigated to date.
The defect geometry shape is a function of specimen orientation relative to the build plate
due to the underlying limitations of the technique’s layer-by-layer fusion methodology. As
the specimen orientation approaches a 60◦ angle, the defect geometry reaches a maximum
volume, thus a minimal cross-sectional area is achieved, and the lowest tensile strengths
are observed [22]. This holds for the specimen oriented until 90◦, comprising similar defect
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volumes of varying geometries. Research suggests increasing the flow rate multiplier or
decreasing the layer thickness could reduce the presence of air gaps [23,49,50]; however,
this has not been confirmed with the MetalXTM printer. Investigation into the material
characteristics produced by alternate AM technologies demonstrates comparable material
phases and high porosity to the MetalXTM system. 17-4PH Stainless Steel fabricated by
Laser PBF identified a correlation in material phase to the type of powder; water-atomized
powder consisted of martensite and austenite phases, whereas gas-atomized powder con-
sisted only of martensite [19,26,33,34]. A reduction in porosity is seen in the alloy fabricated
by MIM, achieving a δ-ferrite [26] chemical composition within the pore surface, resulting
in high densification after sintering [37,38,43,47].

Microstructural analysis of the cast and MetalXTM 17-4PH stainless steel identified
variance in microstructure phase and defect size. The MetalXTM alloy formed lath austen-
ite in heat-affected areas, in comparison to, the cast alloy of the complete martensitic
phase. With increasing porosity size and shape relative to print height, the MetalXTM alloy
demonstrates anisotropic behavior in contrast to the wrought. Comparison to other AM
technologies identifies the austenite formation relative to the AM process, requiring process
parameter optimization relative to technique to reduce material defects, and subsequently
improve mechanical performance.

4. Mechanical Property Performance Post-Heat Treatment

The mechanical properties of cast and AM 17-4PH stainless steel can be improved
through the application of post-processing heat treatment, with a significant effect on most
properties. The cast alloy has optimized mechanical performance through the application of
the H900 heat treatment [18], involving exposure to a temperature of 482 ◦C for a duration
of one hour. The resultant mechanical properties per the ASTM standard as given in
Table 3; the particular increase is found in UTS, yield strength, and hardness, at 1310 MPa,
1170 MPa, and 40 HRC, respectively [19,20].

Table 3. Comparison of MetalXTM, MIM, and wrought post-heat-treatment mechanical properties.

Mechanical
Properties Markforged H900 [20,21] MIM H900 [18] ASTM A564 H900 [20]

UTS 1230 MPa 1190 MPa 1310 MPa

0.2% Yield Strength 1050 MPa 1090 MPa 1170 MPa

Elongation at Break 13% 6% 10%

Tensile Modulus 170 GPa 190 GPa 190 GPa

Hardness 38 HRC 33 HRC 40 HRC

Relative Density 96.4% 95.5% 100%

Application of the H900 heat treatment to the MetalXTM 17-4PH stainless steel demon-
strates a significant increase in corresponding properties, achieving strength and hardness
close to the wrought, and a higher ductility by 3% as achieved by Markforged [20]. Table 3
also demonstrates the mechanical properties obtained by H900 application to MIM, achiev-
ing slightly improved properties in yield strength and Young’s Modulus to the MetalXTM

system, but performs lower in all other mechanical properties and density [20,41]. Akessa
et al. [23] investigated the effect on the microstructure of the MetalXTM 17-4PH stainless
steel by various heat treatments. Figure 5 displays the application of post-processing
solution treatment and various direct aging heat treatments. All figures demonstrate the
transformation of reverted austenite observed in the as-fabricated specimen to fully formed
martensite attributing the higher performing mechanical properties [23].
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(d) Direct Aged [23].

Literature analysis of the MetalXTM alloy’s mechanical properties supports the Mark-
forged values but records a high variance in results at much lower performances [24,33].
Investigation into optimizing the mechanical properties fabricated by MetalXTM has iden-
tified the combination of HIP followed by direct aging to produce a maximal mechani-
cal performance [21]. A relative density of up to 98.5% was recorded, yield strength of
1000 MPa, UTS of 1160 MPa, Young’s modulus of 187 GPa, hardness of 44.7 HRC, and
ductility of 7.5% elongation at fracture. Alternate studies have proven further improvement
to mechanical properties with the application of the H900 heat treatment and refinement
of printing parameters, producing a yield strength of 1113 MPa, UTS of 1346 MPa, and
ductility of 7.8% elongation at fracture [45]. This study identified the formation of NbC and
Copper-rich particle (CRP) precipitates due to the H900 precipitation environment of BCC
crystal structure. Development of the NbC precipitates was found to reduce material poros-
ity throughout sintering among other AM techniques, thus refining this material structure
for the MetalXTM system could lead to optimal porosity reduction [23,24,49]. The high
variance in mechanical property performance observed from reviewing published literature
highlights deficiencies in the MetalXTM process. Therefore, no heat-treatment application
guarantees reproducibility in property performance, and no conclusions can be drawn to
identify the heat-treatment application that results in optimal mechanical properties.

5. Summary and Suggestions for Future Research

This review paper analyzed the as-fabricated properties of cast and MetalXTM 17-4PH
stainless steel in comparison to other AM techniques, the material microstructure, poros-
ity, and mechanical property improvement through the application of post-processing
heat treatment. The as-fabricated mechanical properties achieved by the MetalXTM sys-
tem had improved UTS and hardness to the wrought material but showed significant
variance in Young’s modulus, ductility, and porosity. In the as-fabricated state, AM demon-
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strated competitive tensile strength, ductility, and hardness to the wrought counterpart.
Analysis of the material characteristic indicated a fully martensitic microstructure devel-
oped in the cast alloy, whereas the MetalXTM specimen showed a slight formation of an
austenitic microstructure and significant porosity increasingly proportionate to the print
angle. Anisotropic performance was established relative to print angle in contrast to the
cast material; however, mechanical properties relative to build orientation are yet to be
investigated. Thus, the anisotropic nature of the MetalXTM alloy cannot be concluded.
Slight development of the austenitic microstructure was commonly found in AM 17-4PH
stainless steel, with porosity directly impacting the mechanical property performance.
Development of the austenitic regions was attributed to heat-affected areas throughout the
print process, yet there is no explanation to support this statement [23,24]. The AM alloy’s
properties can be improved through the application of post-processing heat treatment,
achieving comparable mechanical performance to the wrought counterpart, and improved
ductility. Refinement of process parameters in addition to heat treatment has shown AM to
surpass wrought properties in UTS [51]. AM findings have demonstrated that adjusting
parameters of flow rate multiplier or layer thickness can minimize porosity [23,35]; how-
ever, this has not been explored with the MetalXTM printer. If the BPE process can achieve
porosity reduction, optimization of these parameters could increase mechanical property
performance greater than the cast counterpart.

The findings of this literature review have identified areas of further investigation into
the reproducibility of the MetalXTM system, refinement of process parameters, and applica-
tion of post-processing heat treatment. In particular, an investigation into a reduction of
porosity through adjustment of infill rate and layer thickness presents an opportunity to
increase the mechanical property performance relative to all print angles, thus reducing
the current anisotropic nature. Furthermore, refinement of the microstructure through
adjustment of extrusion temperature may form fully developed martensite, corresponding
to the cast microstructure. Achievement of this microstructure and reduction of porosity
may reduce the high property variance observed in the literature. Furthermore, the in-
vestigation into post-processing heat treatment to support a fully developed martensite
microstructure or complete reduction in porosity is necessary to optimize the mechanical
properties. The high variance in as-fabricated properties limits current findings to the
heat-treatment application; however, an increased sample size may develop over-arching
trends relative to treatment temperature and exposure time, irrelative to the variance in
as-fabricated properties.

The MetalXTM system demonstrates the capability to be a competitive contender to
the mechanical performance produced by casting. Refinement of the processing parameters
is required for optimization of the material properties, reducing defect quantity and size.
Furthermore, the application of heat treatment shows a significant increase in mechanical
property performance and material homogenization. This presents a significant opportunity
for further investigation into the impact of individual process parameters on the material
characteristics and porosity to optimize the fusion of print layers. Additionally, further
investigation into a wider variance in heat-treatment application will identify the optimal
post-processing conditions to achieve results closer to, or surpassing the wrought material.
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