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Abstract

Metal additive manufacturing (AM) has progressed from prototyping toward industrial
deployment, yet adoption remains uneven because many initiatives are still driven by
isolated process demonstrations rather than system-level manufacturing strategy. This
framework review proposes a gated decision workflow for integrating metal AM into
industrial systems by coupling process-family selection and route definition, Design for
Additive Manufacturing (DfAM) and sustainability considerations. The paper consolidates
a comparative matrix of six metal AM process families for early down-selection, introduces
a minimal evidence checklist linking each decision gate to required artifacts, and contex-
tualizes the workflow through representative part archetypes. The framework is further
supported by practical guidance on process-specific DEAM constraints, including support
strategy, residual stress, and surface integrity in powder bed fusion; shrinkage-driven de-
sign in sinter-based routes; and machining allowances in repair and hybrid manufacturing.
Rather than positioning metal AM as a universal substitute for conventional manufacturing,
this work defines it as a complementary, strategy-dependent enabler whose sustainability
benefits depend on system-level integration and application context.

Keywords: metal additive manufacturing; design for additive manufacturing; process selection;
decision framework; industrial deployment; sustainable manufacturing; qualification

1. Introduction

Additive Manufacturing (AM) has fundamentally altered how components can be
designed and fabricated, particularly in applications where geometric complexity, func-
tional integration, and material efficiency are critical [1-3]. Among AM technologies,
metal AM has attracted sustained attention due to its ability to produce high-performance
components for the aerospace, automotive, energy, and biomedical sectors [4,5]. Despite
significant advances in process control, material development, and qualification, the in-
dustrial integration of metal AM has remained uneven. Many organizations continue to
treat AM as experimental or auxiliary technology rather than embedding it into established
manufacturing and product development strategies [5-8].

This disconnect has limited the realization of AM’s broader value. Metal AM is
frequently evaluated in isolation, based on build quality, density, or mechanical perfor-
mance, without sufficient consideration of design paradigms, post-processing requirements,
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sustainability impacts, or organizational readiness. As a result, promising technical demon-
strations often fail to translate into robust industrial implementation [9-11].

Metal AM should not be framed as a replacement for subtractive or formative manu-
facturing processes. Instead, it represents a distinct production paradigm characterized
by digital workflows, geometric freedom, and localized material placement [12,13]. When
integrated strategically, metal AM can reduce material waste, enable part consolidation,
shorten supply chains, and support more flexible production models. These benefits, how-
ever, are contingent upon early-stage design decisions, informed technology selection, and
an understanding of lifecycle impacts [14-16]

Design for Additive Manufacturing (DfAM) is a central enabler of this transition.
DfAM extends beyond geometric accommodation to encompass functional integration,
load-path-driven design, and manufacturability constraints specific to each AM process.
Without DfAM, AM parts often replicate legacy geometries, forfeiting potential gains in
performance and sustainability [17-21]. Nevertheless, DEAM adoption remains inconsistent
in industrial practice, frequently constrained by organizational inertia, skill gaps, and
uncertainty about return on investment [22,23].

In parallel, metal AM is increasingly associated with sustainability and circular eco-
nomic objectives. Reduced buy-to-fly ratios, digital inventories, and localized production
are frequently cited advantages [24-26]. At the same time, challenges such as high energy
consumption, powder management, and extensive post-processing complicate sustainabil-
ity assessments. Consequently, the environmental performance of metal AM cannot be
assumed a priori; it depends on how, where, and why the technology is applied [26-28].

This paper addresses the persistent gap between the technical potential of metal AM and
its strategic industrial deployment. Rather than introducing new process variants or material
datasets, the contribution lies in a structured, decision-oriented synthesis that integrates
AM process capabilities, DFAM principles, and sustainability considerations into a coherent
decision framework [5,7,8,29]. The objective is to support engineers, manufacturers, and
policymakers in determining when, why, and how to deploy metal AM to generate durable
industrial and societal value. Prior studies have already proposed AM selection and decision-
support approaches focused on production economics, process-time and cost estimation, and
broader mapping of AM application spaces [30-32]. For example, earlier work examined the
economic viability of layer-manufacturing routes for production use, the production-volume
conditions under which metal AM becomes competitive for end-use parts, approximate
build-time and cost models for early AM process selection, and broader categorizations of
AM products and services [1,33-35]. However, these approaches have generally emphasized
isolated decision dimensions rather than an integrated, gate-based logic that explicitly links
process-family down-selection, DfAM, qualification-aware route definition, and screening-
level sustainability considerations for industrial metal AM deployment. Accordingly, the
contribution of the present work is not merely the proposal of another AM framework, but the
integration of previously fragmented decision dimensions into a single workflow for strategic
metal AM adoption. This article adopts a decision-oriented framework review approach rather
than a systematic literature review or meta-analysis. Its aim is not to exhaustively catalogue
the metal AM literature, but to synthesize decision-relevant knowledge into a structured
workflow that reflects how industrial AM adoption decisions are made in practice. Literature
is therefore intentionally selected, filtered, and organized to support capability mapping,
risk identification, and stage-gated decision-making, rather than bibliometric completeness
or statistical aggregation. The synthesis draws on peer-reviewed, Scopus-indexed sources
covering metal AM process families, DFAM methods, and sustainability considerations,
complemented by comparative process analysis and the authors’ industrial and research
experience. This approach consolidates fragmented knowledge into an integrated framework
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(Section 5) that explicitly links technology selection, design strategy, manufacturing route
definition, and lifecycle screening—dimensions that are frequently treated independently
in existing reviews. Rigor in this contribution is therefore grounded in the transparency
of the review logic, the traceability between decision gates and required evidence, and the
alignment of the proposed workflow with recurring industrial decision processes. Source
selection is guided by relevance to process capability characterization, DFAM constraints,
sustainability trade-offs, and qualification considerations that materially influence industrial
decision-making in metal AM [36,37].

The novelty of this work does not lie in redefining individual metal AM process fami-
lies, which are already extensively reviewed in the literature. Instead, its contribution lies in
synthesizing these established knowledge domains into a decision-oriented framework that
links functional intent, DFAM maturity, process-family capability, manufacturing-route def-
inition, lifecycle screening, and organizational implementation readiness through explicit
gates. Existing AM selection, DfAM, lifecycle, qualification, and implementation studies
typically address these dimensions separately. The proposed framework integrates them
into a common decision logic in which each gate requires defined evidence, exposes domi-
nant risk drivers, and produces traceable gate-exit artifacts. In this sense, the manuscript
contributes a structured adoption framework rather than a new process taxonomy or a
universal scoring algorithm.

2. Metal AM Process Families: Capabilities, Constraints, and
Strategic Positioning

Metal AM encompasses a family of processes that fabricate components layer by layer
using fundamentally different mechanisms. These processes vary widely in resolution,
productivity, achievable material properties, and economic characteristics. As a result,
no single metal AM technology is universally optimal. Strategic integration requires
understanding these differences in relation to part function, production volume, and
lifecycle considerations [38—40].

This work focuses on six metal AM process families that are especially relevant for indus-
trial deployment and strategic decision-making: Powder Bed Fusion (PBF), Directed Energy
Deposition (DED), Material Extrusion (MEX, including FFE, Fused Filament Fabrication, and
FGF, Fused Granular Fabrication routes), Binder Jetting (B]JT), Material Jetting (MJT), and
Cold Spray (CS). These families occupy distinct positions within the design—performance—cost—
sustainability space and enable different forms of value creation, shown in Table 1.

Table 1. Comparative overview of metal AM technology families for strategic selection (compiled
from the accompanying dataset). Adapted from refs. [7,8,37,41-47].

. . Key Strengths Primary Constraints and Risk Best-Fit Applications and
Technology Family Process Mechanism Value Drivers Drivers Strategic Recommendations
Best fit for high-value,
Unmatched precision for geometry-driven,
A laser or electron beam complex geometries and performance-critical
selectively melts metal powder internal features. Strong Slow build rates and high components, including
PBE layer by layer in a controlled mechanical properties for energy consumption. aerospace, medical, and tooling
atmosphere. Relies on a aerospace and medical Extensive post-processing is applications. Strategically
recoater blade for consistent industries. Powder often required. justified when DfAM-enabled
powder distribution. recyclability enhances material performance gains offset low
efficiency. productivity, post-processing,
and qualification burden.
Best fit for repair,
Uses a laser, electron beam, or . remanufacturing, cladding, and
arc to deposit metal wire or Fast 'deposmon' rates for la}*ger ) Rroduce§ rqugh §urface ) large nea.r-net-_shapg preforms.
DED powder onto a substrate. Ideal bul'ldSA Effectlye for on-site fmlshgs. leltec.l fine c!etall Strategl'cally justified When
for large-scale parts and repairs and adding material to precision. Requ}rgs skilled depogltlon rate, partsize, or
repairs worn components. operators for precision control. asset-life extension dominates
' over fine resolution or as-built

surface quality.
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Table 1. Cont.

Technology Family

Process Mechanism

Key Strengths
Value Drivers

Primary Constraints and Risk
Drivers

Best-Fit Applications and
Strategic Recommendations

MEX

Deposits metal-polymer
filament or granulated
feedstock layer by layer,
followed by debinding and
sintering to achieve full metal
density.

Cost-effective entry point with
a user-friendly setup. Safer
operation without loose metal
powders. Requires minimal
training and maintenance.

Weaker mechanical properties
than PBF or DED. Parts may
shrink 15-20% during
sintering, requiring precise
design adjustments.

Best fit for prototypes, tooling,
fixtures, and non-critical
functional parts. Strategically
justified when low capital cost,
accessibility, safety, and rapid
iteration outweigh peak
mechanical-property
requirements.

BJT

Uses a liquid binder to
selectively deposit metal
powder to create a “green
part,” followed by sintering for
final density.

High-speed production with
minimal thermal distortion.
Enables batch production with
minimal thermal distortion.
Efficient powder recycling
supports material
sustainability.

Fragile green parts require
careful handling before
sintering. Achieving optimal
density demands precise
sintering control.

Best fit for batch production of
small to medium components
where sintered properties are
acceptable. Strategically justified
when throughput and low
thermal distortion offset the need
for strict sintering and
dimensional-control strategies.

MJT

Uses precision nozzles to make
jet metal droplets or binder
material onto a build platform,
layer by layer. UV curing or
sintering solidifies the part.

Produces exceptional surface
finishes and detailed features.
Ideal for miniaturized parts
and intricate designs.

Limited to small build
volumes. Requires post-curing
or sintering for strength.

Best fit for small, detailed,
high-surface-finish components.
Strategically justified only when

feature resolution and surface
quality are of dominant value
drivers and
build-volume/material
limitations are acceptable.

cs

Uses a high-pressure gas
stream to accelerate metal
powder at supersonic speeds,
bonding particles
mechanically without melting.
Excels in coatings, corrosion
resistance, and repair.

Minimal thermal distortion,
ideal for heat-sensitive
materials. Excellent for
protective coatings and

corrosion resistance.

Unsuitable for complex
geometries or fine details.
Limited adoption for
large-scale part production.

Best fit for repair, surface
restoration, and protective
coatings. Strategically justified as
a lifecycle-extension or
surface-engineering route rather
than as a general
geometry-generation process.

2.1. Powder Bed Fusion

PBF consolidates fine metal powders layer by layer within a controlled atmosphere
using a focused energy source, most commonly a laser in Laser PBF (LPBF) or an electron
beam in Electron Beam Melting (EBM). Among metal AM routes, LPBF offers high geo-
metric resolution and dimensional control, enabling the fabrication of complex external
geometries and intricate internal features such as lattice structures, conformal cooling
channels, and internal flow paths [39,48,49]. When process parameters and post-processing
routes are appropriately controlled, LPBF can achieve near fully dense components with me-
chanical properties approaching those of wrought materials [50,51]. Figure 1 schematically
illustrates the LPBF process, highlighting the powder bed, recoating mechanism, focused
laser energy input, and layer-wise consolidation that underpin the process capabilities and
constraints discussed in this section.

These capabilities make LPBF particularly suitable for performance-critical compo-
nents where functional integration and geometry-driven performance gains are central to
the value proposition [52,53]. However, LPBF is subject to well-established constraints,
including relatively low build rates, limited build volumes, and high capital and oper-
ating costs. In addition, support structures are typically required, and residual stress
management, surface finishing, and post-processing operations (e.g., heat treatment, HIP,
and machining) are often integral parts of the manufacturing route rather than optional
steps [54-56].

From a strategic perspective, LPBF is most defensible when applied to high-value com-
ponents for which performance enhancement, part consolidation, or system-level benefits
outweigh the associated route complexity and cost [31,32]. Conversely, for geometrically
simple or cost-sensitive parts, these constraints often limit their competitiveness relative to
alternative AM or conventional manufacturing routes [57-59].

https:/ /doi.org/10.3390/met16050537


https://doi.org/10.3390/met16050537

Metals 2026, 16, 537

5 of 38

r Working volume

Figure 1. Apparatus of the LPBF system: (1) laser source, (2) beam expander, (3) adjustable mirrors,
(4) Z -axis system, (5) scan head (or galvanometric scanner), (6) laser beam, (7) building part, (8)
metallic powder, (9) build plate, (10) build compartment, (11) powder overflow container, (12)
container of powder to the delivery system, and (13) recoater. Reprinted from ref. [4].

2.2. Directed Energy Deposition

DED builds metallic components by delivering feedstock—either powder or wire—into a
melt pool generated by a high-energy source, most commonly a laser or electric arc [60,61]. As
schematically illustrated in Figure 2, material is deposited coaxially or laterally into the energy
beam and consolidated layer by layer onto a substrate or existing component. Compared
to powder bed-based processes, DED is characterized by high deposition rates and large
effective build volumes, enabling the fabrication of large near-net-shape structures and the
addition of material to pre-existing parts [39,62,63].

Figure 2. DED apparatus: (1) laser source, (2) pyrometer, (3) laser beam, (4) adjustable mirrors,
(5) chamber, (6) deposition head, (7) nozzle, (8) lens, (9) inert gas and metallic powder flow,
(10) focused laser beam, (11) focal plane, (12) building component, and (13) substrate. Reprinted from
ref. [41].

DED is frequently deployed in hybrid manufacturing environments, where additive
deposition is integrated with in situ or subsequent subtractive machining to achieve dimen-
sional accuracy and surface quality [64-66]. This hybrid capability makes DED particularly
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well-suited for repair, refurbishment, feature addition, and geometric modification of
high-value components, as well as for the production of large structural parts where fine
geometric resolution is not the primary requirement [67-69].

However, DED is subject to important constraints. Geometric resolution is limited rela-
tive to PBF, and dimensional accuracy typically depends on downstream machining [64,70].
In addition, thermal management is critical, as high heat input and complex thermal histories
can lead to microstructural heterogeneity, dilution effects, and residual stress accumula-
tion [39,40,71]. From a manufacturing route perspective, process planning must explicitly
account for deposition strategy, tool-path accessibility, machining allowances, and inspection
requirements, which are often decisive for industrial viability [64,65]. From a system-level
standpoint, DED is most defensible when the value proposition is driven by part size, re-
pairability, deposition rate, or lifecycle extension, rather than by fine-feature resolution or
surface finish [72,73]. Consequently, DED adoption is typically motivated by reductions in lead
time, material waste, or asset downtime, rather than by geometric complexity alone [74,75].

2.3. Material Extrusion (MEX): Metal FFF and FGF Routes

MEX for metals comprises a class of sinter-based AM routes in which a metal-binder
feedstock is deposited layer by layer to form a green body that is subsequently debinded
and sintered to achieve metallurgical bonding and densification [76-78]. Unlike fusion-
based processes, MEX decouples geometric shape generation from densification, transfer-
ring a substantial fraction of dimensional control and property development to downstream
thermal processing stages [8,79,80].

As a consequence, debinding and sintering constitute central process stages rather
than auxiliary post-processing steps, governing final density, dimensional accuracy, mi-
crostructural evolution, and mechanical performance. Figure 3 summarizes the complete
metal MEX process chain, encompassing feedstock preparation, extrusion-based shaping
using either metallic filament (FFF) or metal-based pellets (FGF), followed by debinding
and sintering to produce the final metallic component.

Figure 3. Schematic of feedstock Production, MEX process: (A) Feedstock preparation: (A1) metallic
powder, (A2) binder system, (A3) mixture equipment for feedstock production, (A4) metal-polymer
feedstock, (A5) feedstock granulator, (A6) granulated feedstock, and (A7) filament production and
cooling. (B) Component production chamber: (Bla) metallic filament spool, (B1b) metal-based pellets,
(B2) extrusion head, and (B3) green component. (C) Debinding and sintering. (D) Brown component.
(E) Sintered component reprinted from Refs. [41,77].

From a system perspective, MEX routes are characterized by low equipment complex-
ity during shape generation, combined with a strong dependence on feedstock formulation,
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binder chemistry, and thermal processing control [81-83]. Variations in binder removal
behavior and sintering conditions directly influence shrinkage, residual porosity, distor-
tion, and part-to-part repeatability, making robust route definition and process integration
essential for industrial deployment [76,84-89]

Debinding and sintering are central process stages in MEX, governing densification,
dimensional accuracy, and mechanical performance. Debinding is typically conducted
via chemical, thermal, or combined routes, and insufficient control may lead to cracking,
distortion, or incomplete binder removal, directly degrading sintering outcomes [90,91].
Sintering enables metallurgical bonding via solid-state diffusion, with thermal cycle pa-
rameters controlling the trade-off between densification, grain growth, and dimensional
stability [89-93]. Sintering-induced shrinkage, typically 15-20%, must be anticipated at the
design stage, as post-sintering dimensional correction is limited [39,92].

Two MEX variants are of particular industrial relevance: Metal FFF, which employs
pre-compounded metal-polymer filaments, and Metal FGF, which processes granulated
metal-binder feedstock directly [43,85,93]. Both routes offer a lower-cost, more accessible
entry point into metal AM than powder-bed or directed-energy deposition processes, while
avoiding the handling of loose metal powders during manufacturing. [79,80,85].

Across both variants, MEX parts generally exhibit lower achievable density, reduced
mechanical performance, and limited dimensional accuracy compared with fusion-based
routes such as LPBF or DED, primarily due to sintering-induced porosity, diffusion-limited
densification, and geometry-dependent distortion mechanisms [94, 95]. Consequently, MEX
is best positioned for non-critical components, tooling, fixtures, and low-volume functional
parts, where performance requirements are moderate, and accessibility, cost efficiency, and
design flexibility dominate the value proposition [77,94-96].

2.3.1. Metal Fused Filament Fabrication

Metal FFF is a MEX implementation in which a pre-compounded metal-polymer
filament is deposited layer by layer to form a green component [97,98]. The defining
characteristics of Metal FFF arise from filament feedstock quality, extrusion stability, and
geometric resolution during deposition [79,99], while final part properties are governed
by the debinding and sintering stages described in Section 2.3. By avoiding the direct
handling of loose metal powders, Metal FFF offers reduced equipment complexity, lower
safety barriers, and straightforward integration into conventional workshop environments
compared with powder-bed-based processes [100,101].

From a process capability standpoint, the defining characteristics of Metal FFF arise
from filament feedstock quality, extrusion stability, and achievable geometric resolution
during deposition [102,103]. The use of pre-compounded filament imposes constraints
on powder loading, filament flexibility, and rheological behavior, which in turn influence
extrusion consistency and dimensional fidelity in the green state. Figure 4 illustrates the
typical Metal FFF apparatus, highlighting the filament feed system, heated extrusion head,
and nozzle-based layer-wise deposition of the green component.

Metal FFF provides moderate geometric resolution and is particularly sensitive to
geometry-dependent sintering shrinkage, typically 15-20%, depending on feedstock com-
position, part geometry, and thermal cycle parameters [41,104]. As a result, design-for-
sintering considerations, including shrinkage compensation, uniform wall thickness, and
avoidance of constrained geometries, constitute primary design drivers rather than sec-
ondary manufacturability constraints [8,79,105].

Due to residual porosity and sintering-related microstructural features, the mechan-
ical performance of Metal FFF parts generally remains below that of fusion-based AM
routes [106,107]. Nevertheless, the resulting properties are sufficient for a wide range
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of non-critical functional applications, including tooling, fixtures, jigs, spare parts, and
customized low-volume components [81,108]. Accordingly, the strategic value of Metal
FFF lies in accessibility, reduced capital investment, and rapid design iteration, rather than
in maximizing structural performance [109,110].

[7]

Figure 4. Apparatus of the FFF system: (1) filament coil, (2) filament (metal-based), (3) rollers,

(4) extrusion head, (5) nozzle, (6) metal AM component, and (7) build plate. Reprinted from refs. [41,77].

2.3.2. Metal Fused Granular Fabrication

Metal FGF represents an alternative MEX implementation in which granulated
metal-binder feedstock is processed directly, rather than being pre-compounded into
filament [85,93]. By decoupling feedstock formulation from filament extrusion, FGF en-
ables higher deposition rates, increased material throughput, and greater flexibility in
powder-binder system design, particularly for medium- to large-sized components and
tooling applications [43,93].

Figure 5 illustrates a representative Metal FGF extrusion concept, in which metal-
based pellets are fed through a hopper into a heated extrusion system, plasticized, and
deposited layer by layer to form the green component. Compared with filament-based
FFF, this pellet-fed configuration relaxes constraints on feedstock geometry and supports
higher build rates, albeit at the cost of increased sensitivity to feedstock homogeneity, flow
stability, and extrusion consistency.

)
& U

Figure 5. Apparatus of the FGF system: (1) pellets (metal-based), (2) hopper, (3) heated chamber,
(4) extrusion screw, (5) nozzle, (6) metal AM component, and (7) build plate.
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From a process capability perspective, FGF systems can accommodate coarser or
tailored powder-binder mixtures, potentially reducing feedstock cost and enabling scalable
deposition [43,111]. However, this flexibility introduces challenges related to powder—
binder dispersion, segregation, and rheological control, making feedstock formulation and
process stability central determinants of achievable quality [112,113]. As with all MEX
routes, final density, dimensional accuracy, and mechanical performance remain dominated
by the debinding and sintering stages defined at the process-chain level in Section 2.3.

Strategically, metal FGF occupies a niche between filament-based MEX and higher-
cost fusion processes [85,93,99]. It is well-suited for larger non-critical parts, tooling, and
functional prototypes, where build rate and material cost outweigh the need for fine
geometric resolution [114,115]. When combined with subtractive post-processing, FGF can
support hybrid manufacturing routes that balance near-net-shape deposition with final
dimensional control, extending its applicability within industrial tooling and low-volume
production contexts [41,93,116,117].

2.4. Binder Jetting

BJT is a powder-based, indirect metal AM process in which a liquid binder is selectively
deposited onto a powder bed to form a green component, followed by curing and thermal
consolidation through debinding and sintering [118,119]. Because no melting occurs during
shape generation, BJT decouples geometry formation from densification, resulting in high
build rates, minimal thermal distortion, and support-free fabrication, even for complex
geometries with internal features [120,121]. These characteristics make BJT particularly
attractive for batch production of small- to medium-sized components [118,121].

Figure 6 illustrates the BJT process architecture, including powder spreading, selective
binder deposition via an inkjet printhead, and layer-wise component formation within an
unbound powder bed that inherently provides geometric support. Compared with fusion-
based routes such as LPBF or DED, BJT avoids high-energy heat sources during manufacturing,
thereby eliminating residual stress and significantly reducing thermal warping [9,122,123]. As a
result, BJT enables high geometric fidelity and scalability, particularly in applications prioritizing
throughput and design freedom over maximum material performance [120,124].

Figure 6. BJT schematics. (1) liquid binder, (2) inkjet printhead, (3) building component, (4) powder
roller, (5) metallic powder, (6) build plate, (7) container of powder to be delivered, and (8) build
compartment. Reprinted from ref. [41].
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From a system perspective, BJT shares key characteristics with other solid-state AM routes,
such as MEX, in that final part properties are established during debinding and sintering rather
than during deposition [98,107,118]. However, unlike MEX, BJT relies on a powder bed and
binder saturation to define geometry, which enables finer feature resolution but results in lower
green strength and higher sensitivity to post-processing conditions [111,125,126]. Consequently,
sintering shrinkage, residual porosity, and dimensional variability represent primary technical
challenges that must be addressed through careful route definition and qualification [94,127,128].

Mechanical properties of BJT components typically remain below those of LPBF parts
but can be comparable to those of metal injection molding components, particularly when
advanced sintering strategies or post-process densification steps, such as hot isostatic
pressing (HIP) or infiltration, are applied [39,118,129,130]. Achieving uniform density,
especially in larger components, remains challenging and imposes stringent requirements
on powder characteristics, binder distribution, and control of sintering parameters [121,122].
In large-component densification problems, not only geometric and thermal gradients
during sintering but also furnace atmosphere uniformity and part orientation can be
equally critical [87,126,131].

Strategically, BJT is best positioned for applications where throughput, cost efficiency,
geometric complexity, and scalability dominate the value proposition, rather than peak
mechanical performance [121,128,132]. Typical application domains include aerospace com-
ponents with complex internal geometries, such as fuel system parts, as well as customized
medical implants and prosthetics, where design freedom and batch production capability
are critical [118,133,134]. Ongoing research efforts focus on in situ monitoring of binder
deposition and powder bed quality, as well as on improved binder systems and sintering
strategies, to enhance process robustness and part consistency [119,126,135].

2.5. Material Jetting (M]JT)

MJT for metals is a droplet-based additive process in which printheads deposit mate-
rial in a spatially controlled manner to form geometry at a fine scale. In the most relevant
metal implementations, droplets consist of metal-containing inks (often nanoparticle sus-
pensions) and/or support/binder-like fluids, generating a near-net-shape green body that
is subsequently cured/dried [108,136]. Unlike LPBF or DED, where consolidation occurs
in situ through melting and solidification, MJT is primarily an indirect route, and typi-
cally requires debinding and sintering (and, where needed, secondary densification and
finishing) to reach functional density and metallic properties [137]. Figure 7 schematically
illustrates a representative MJT system architecture, including build /support reservoirs,
jetting printheads, a wiper blade for layer leveling, and a Z-stage platform that enables
layer-wise fabrication. MJT denotes droplet deposition of metal-containing inks, whereas
BJT refers to binder deposition onto a powder bed.

From a system perspective, MJT aligns with other sinter-based metal AM routes (notably
MEX and BJT) in that final dimensions and properties are predominantly set during thermal
post-processing, making shrinkage control, distortion avoidance, and uniform densification
central determinants of part quality [138,139]. Its primary differentiator is the native feature
resolution and surface quality enabled by droplet-scale deposition, which can support thin
walls, sharp edges, micro-textures, and high-definition external detail, provided these features
are robust to the debinding/sintering cycle [119,138]. At the same time, MJT introduces process-
specific constraints linked to ink rheology and solids loading, drying/curing-induced defects,
printhead stability (e.g., nozzle clogging), and limited build envelopes, all of which influence
repeatability and qualification effort at an industrial scale [136,140].

Strategically, MJT is most defensible when the value proposition is driven by fine
detail, surface finish, and customization, rather than high structural loading, large-section
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components, or maximum throughput [138]. It is best suited for small, intricate parts
where machining access is limited or post-machining must be minimized, and where the
design explicitly anticipates thermal post-processing sensitivity, avoiding large, contin-
uous cross-sections, abrupt section transitions, and slender unsupported features that
are prone to distortion or collapse during densification [8]. As with other sinter-based
routes, sintering-related variability (residual porosity, density gradients, and part-to-part
scatter) and material portfolio constraints typically limit MJT adoption for heavy industrial,
performance-critical components [39,78].

Consequently, representative application domains include dental and orthodontic
components, jewelry and decorative hardware, and miniature housing/connectors for
electronics, where the combination of resolution and fit/aesthetic precision justifies the
post-processing burden and aligns MJT with high-value, low-volume production strategies.

1
2
3 % 4
o p—
5 | 6

10

Figure 7. MJT apparatus for metals (schematic, this work). (1) Build material reservoir (metal-
containing ink), (2) Support material reservoir, (3) In situ curing/drying unit (UV/IR/thermal
depending on ink system), (4) Jetting printheads (build + support), (5) Wiper blade (for leveling),
(6) Support material (sacrificial), (7) Fabricated green component, (8) Build plate/substrate, (9) Build
platform, and (10) Z-stage platform elevator.

2.6. Cold Spray (CS)

CS is a solid-state AM and repair process in which metal powder particles are accel-
erated to supersonic velocities in a high-pressure gas stream and bonded to a substrate
primarily through severe plastic deformation and interfacial shear instabilities, rather than
bulk melting [141-143]. Depositions occur without a melt pool, CS minimizes heat-affected
microstructural changes and thermal distortion, which can be advantageous for heat-
sensitive substrates, distortion-critical components, and applications where retention of the
feedstock or substrate microstructural state is desirable [142,144,145]. Figure 8 illustrates
a representative CS system architecture, including the high-pressure gas supply, powder
feeder, mixing chamber, De Laval nozzle, and substrate/workpiece deposition.

As deployed in industrial settings, CS is positioned less as a primary geometry-
generation route and more as a system-level enabler for surface restoration, dimensional
build-up, corrosion protection, and repair [146,147]. Its capability is strongest for near-
surface or externally accessible features where material can be deposited efficiently and
subsequently brought to tolerance [148]. Thus, CS is frequently deployed in hybrid manu-
facturing routes (e.g., CS + machining), where additive build-up provides material restora-
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tion or functional coatings and machining delivers final dimensional accuracy and surface
finish [143,148,149].

Figure 8. CS apparatus for metals (schematic, this work). (1) High-pressure gas supply, (2) gas
pre-heater, (3) powder feeder, (4) CS gun mixing chamber, (5) accelerated powder particles in gas jet,
(6) De Laval nozzle (converging—diverging), (7) deposit/build-up, and (8) substrate/workpiece.

From a system perspective, CS adoption is constrained by specialized equipment
and tight process control requirements, including gas selection and pressure/temperature
control, nozzle design and standoff distance, and substrate preparation (e.g., roughen-
ing/cleaning) to achieve stable deposition efficiency and bond quality [150,151]. In ad-
dition, geometric capability is limited by line-of-sight access and feature occlusion, and
mechanical performance may be sensitive to residual porosity, inter-particle bonding qual-
ity, and post-deposition treatments where required [152]. CS is most defensible when
value is driven by lifecycle extension, reduced downtime, and avoidance of distortion
or metallurgical risks associated with fusion-based repair, rather than by fabrication of
complex freeform geometries [149,153,154].

The representative application domains include repair of high-value aerospace and
industrial components, dimensional restoration of worn surfaces, corrosion-resistant and
wear-resistant coatings, and additive build-up for re-machining, where the solid-state nature
of the process supports robust refurbishment and protection-focused manufacturing strategies.

2.7. Comparison Between Processes

Table 2 summarizes the main metal AM process families considered in this work, com-
paring their underlying process logic, primary strengths, principal constraints, and most
defensible industrial use cases. The purpose is not to rank these technologies universally, but
to clarify where each route is most credible within a decision-oriented industrial context.
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Table 2. Comparative overview of major metal AM process families.

. Core Capability Primary Value Indicative Feature Relative Route Cost Route Energy.and Domlnant'Techmcal Most Defensible Typical . Typical Rejection
Technology Family . Scale and Post-Processing Constraints and . Down-Selection .
Envelope Drivers . Level . . . Industrial Role . Trigger
Resolution Class Intensity Risk Drivers Trigger
Fine: typicall Limited productivity
. . s typieaty, High; dominated by and build size; Rejected when part
High-resolution Performance sub-mm feature ; . . L
. o : laser/electron-beam residual stress and High-value, Retained when value geometry is simple,
powder-bed fusion enhancement, part capability, with S . L . o e
S . - processing, inert distortion; rough geometrically is driven by cost sensitivity is
route for complex, consolidation, practical minimum . X ?
PBF . . atmosphere, heat as-built surfaces; complex parts where ~ geometry-dependent high, production
- e dense, internal channels, features often High . S . .
[39,54,71,155,156] L. . treatment, HIP, support burden; high performance justifies performance, internal volume is too large,
performance-critical ~lattice structures,and ~ governed by powder . - ! e
. . . . ; support removal, post-processing and route complexity and complexity, or or the qualification
components with high functional size, layer thickness, . e . 7
X < . machining, and qualification cost; cost. structural efficiency. burden cannot be
internal features. integration. support access, and . O . . e
. surface finishing. strict powder quality justified.
post-processing. control
Lower resolution and
Large-part, Repairability, Medium to coarse; Medium-high; surf.ace quahty‘ than Repair, . .
. T i . ; . PBF; thermal history . Rejected when fine
high-deposition-rate deposition rate, typically, mm-scale dominated by high e g remanufacture, Retained when part o .
. . . L . 7 E sensitivity; dilution . . R A detail, tight as-built
route for repair, lifecycle extension, bead/deposition heat input, shielding ; cladding, and large size, repair function, - :
DED . . o . . . effects; residual L. dimensional
cladding, large-scale build-up, features, with final Medium-high gas, deposition . near-net-shape or deposition rate .
[39,68,157] . ! . stress; strong x, R tolerances, or a high
remanufacture, and and hybrid accuracy commonly strategy, inspection, preforms requiring dominates the value !
- . : dependence on . surface finish are
near-net-shape additive—subtractive dependent on and subtractive subsequent proposition.
. . L S toolpath strategy and A central.
preforms. integration. machining. finishing. machining.
downstream
machining.
Sintering shrinkage
and distortion;
Sinter-based shaping Low capital cost, 'N'ozzle/ beaFl . debinding C'lefects, . .
S limited; practical Medium: the lower density and : Rejected when high
route using filament safer shop-floor . b . ; . Retained when cost,
R . . . resolution governed printing stage is mechanical Functional g structural
or pellet feedstock; integration, design . . . accessibility, safety, .
. . < = by nozzle diameter, relatively low energy, performance than prototypes, jigs, performance, tight
MEX accessible, lower-cost iteration, accessibility, . . L . i X X X and moderate 1 .
3 green-part stability, Low-medium but debinding and fusion routes; fixtures, tooling aids, dimensional control,
[98] workflow for prototyping, and L o A . . - 9 performance
o and sintering sintering dominate dimensional and non-critical . or
low-volume and cost-sensitive . , . . requirements e -
. shrinkage, commonly the route’s energy compensation metallic components. X certification-critical
non-critical low-volume A . . . - dominate. ; :
. requiring shrinkage intensity. requirements; use is required.
components. production. . i
compensation. furnace dependence;
route-to-route
variability.
Fragile green parts;
. . . T sintering shrinkage .
Powder-bed binder Through}?ut, batch Fine to medlum, Medium: Prlntmg 15 and distortion; Batch production of Retained when batch Rejected when
i production, low green-part resolution comparatively low . L complex small- to . A . .
deposition followed . . . ) . : density gradients; . . productivity, density uniformity,
. . thermal distortion can be high, but final thermal intensity, but X . medium-sized metal o .
by sintering: a . . . . o dimensional scalability, and maximum structural
BT . during shaping, accuracy is strongly : curing, debinding, RN parts where ; .
. high-throughput, . Medium o . variability; final . design freedom are performance, or tight
[118,158,159] X geometric affected by sintering, . throughput is more 4 R
support-free shaping . Lo O o . properties strongly . more important than post-sinter
complexity, and debinding/sintering HIP /infiltration, and important than peak . . X
route for batch . L dependent on . wrought-like dimensional control
; cost-per-part shrinkage and post-machining may T o mechanical . i
production. . . A . densification route properties. are critical.
reduction at scale. distortion. dominate. . performance.
and post-processing
quality.
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The quantitative and semi-quantitative indicators in Table 2 are intended for early
screening rather than qualification. Feature scale, route cost, and energy/post-processing
intensity depend strongly on alloy, machine platform, feedstock condition, part geometry,
build volume, production volume, process parameters, and post-processing route. There-
fore, the values are reported as indicative decision bands and should be refined using
application-specific data during Gate 3 and Gate 4.

3. Design for Additive Manufacturing as a Strategic Lever

DfAM is often reduced to a set of geometry-based manufacturability rules. However,
the literature shows that its role extends beyond geometric compliance toward integrated
product, process, and lifecycle decision making, particularly when used early in design and
coupled with computational optimization and architecture-level redesign [5,162]. In this
broader role, DfAM can support part consolidation, load-path-driven material placement,
and multifunctional integration, although these outcomes are better described as difficult
or economically impractical, rather than universally impossible, to realize as integrated
solutions using conventional manufacturing and assembly routes [163,164].

Conversely, when DfAM is not adopted, AM is often reduced to the additive repro-
duction of legacy designs, with redesign lagging behind process development and existing
products being transferred to AM without fully exploiting architecture-level redesign op-
portunities [164,165]. Such approaches frequently struggle to justify AM adoption once
the full manufacturing route is considered, including process planning, post-processing,
cost, and qualification or certification burdens, which are especially significant in metal
AM and in regulated sectors [166,167]. Strategic DFAM adoption, therefore, requires more
than geometric redesign; it also depends on organizational commitment to new workflows,
knowledge integration across design, materials, and manufacturing functions, and the
early incorporation of validation and metrology tools capable of linking digital intent to
physical part realization [168,169].

3.1. DfAM Maturity Levels and Strategic Outcomes

From an industrial perspective, DFAM can be interpreted as a progressive maturity
continuum with distinct strategic implications, moving from printability-oriented redesign
toward performance- and lifecycle-driven system redesign [5,162]. At the most basic
level, designs are geometry-enabled: they are printable by AM, but still largely reproduce
conventional design intent and product architecture. This level is valuable for feasibility
demonstrations and early process transfer, but it rarely delivers measurable system-level
benefits [163,170,171].

At an intermediate level, process-aware design explicitly incorporates AM constraints
and downstream route requirements, including support strategy, deformation control,
shrinkage compensation, machining allowances, post-processing, and inspection planning.
This improves repeatability and reduces downstream risk, but its strategic contribution
remains limited if the overall product concept is unchanged [36,163,172,173].

The highest maturity corresponds to performance- and system-driven design, in
which functional requirements govern material placement, internal architecture, and part
integration. In this regime, DFAM enables topology-optimized load paths, conformal
internal features, and part consolidation, with measurable outcomes such as reduced
assembly counts, improved structural efficiency, and enhanced thermal performance [163,
172]. Evidence from tooling and structural applications indicates that AM becomes most
strategically defensible at this level, where the justification shifts from printability alone to
quantifiable performance and lifecycle benefit [162,163,173].
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3.2. Computational DfAM: Topology Optimization and Generative Design

Topology Optimization (TO) represents a central computational pillar of advanced
DfAM, enabling the systematic redistribution of material within a prescribed design do-
main subject to structural, thermal, or coupled multiphysics objectives and constraints. In
combination with AM, TO enables lightweight and mechanically efficient structures that ex-
ploit geometric freedom more effectively than conventional design workflows, particularly
in high-value structural applications and thermally managed tooling [172,174-176].

Recent work has increasingly integrated TO with manufacturability-aware and multi-
physics simulation environments, combining structural objectives with constraints related
to overhang control, distortion, enclosed-void accessibility, and thermal or fluid perfor-
mance. This is important because optimization results that ignore AM process constraints
often require late-stage redesign, support-intensive workarounds, or route changes that
erode the original performance benefit [177-179].

From a DfAM perspective, the strategic value of computational design lies not only in
generating lighter shapes but in embedding process logic directly into the design stage. In
metal AM, this may include overhang limits in LPBF, accessibility for powder removal in en-
closed regions, distortion sensitivity, build-orientation effects, and post-processing allowances.
When such constraints are treated only after optimization, the resulting geometry is often no
longer optimal in either performance or manufacturability terms [172,179,180].

Generative Design (GD) extends this computational paradigm by enabling automated
exploration of large design spaces under competing objectives, such as stiffness, mass,
thermal response, and manufacturability. In this broader sense, it can support early-stage
decision-making by generating and comparing multiple feasible design candidates rather
than optimizing a single topology. Its industrial relevance is strongest when coupled with
explicit evaluation logic, allowing performance deltas relative to baseline concepts to be
quantified and compared in a form suitable for engineering decision making and AM
justification [181,182].

Accordingly, computational DfAM should be understood not as a geometric styling
exercise, but as a design-decision infrastructure that links functional targets, process-aware
constraints, and measurable value creation. This role is especially important in industrial
settings, where AM adoption must be justified by objective improvements in structural
efficiency, thermal management, manufacturability, or lifecycle performance rather than by
geometric novelty alone [174,183].

3.3. Process-Specific Design Constraints and DfAM Coupling

Effective DFAM must be grounded in process-specific physics, because each metal AM
route imposes distinct design constraints that directly influence achievable performance,
route robustness, and downstream risk [184].

In LPBF, support requirements, scan-strategy effects, residual-stress accumulation,
distortion sensitivity, and minimum-feature limitations strongly influence both design
decisions and the post-processing burden [39,156,185]. In sinter-based routes such as
BJT and metal extrusion, the dominant design drivers shift toward debinding behavior,
sintering shrinkage, anisotropic dimensional change, porosity evolution, and distortion
compensation, often making the full densification route more decisive than the printed
geometry alone [76,87,158,184].

DED introduces a different constraint structure, in which toolpath accessibility, heat
accumulation, dilution control, repair geometry, and machining allowances must be inte-
grated into the design intent from the outset, particularly in hybrid additive-subtractive
workflows [69,74,186]. In CS, by contrast, dimensional accuracy is commonly achieved
through subsequent machining rather than through the as-deposited geometry itself, which
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shifts DEAM attention toward substrate condition, deposition strategy, buildup allowance,
and restoration function rather than fine geometric definition [141,143,145,161].

These differences imply that technology selection and DfAM are inherently coupled
with decisions rather than sequential steps. Designs optimized without explicit reference
to processes, physics frequently fail during route definition, post-processing integration,
or qualification planning, which reinforces the need to treat DfAM as a strategic enabler
embedded early in industrial decision making rather than as a downstream geometric
adjustment [162,172].

3.4. DfAM Workflows and Validation from Prior Case Studies

Recent studies have shown that DfAM in industrial metal AM is most effective when
implemented as a structured workflow rather than as an isolated geometric optimization
step [187,188]. In this context, prior work on additively manufactured milling tools provides
relevant evidence of how functional requirements, process constraints, computational
design, simulation, and manufacturability assessment can be integrated into practical
AM development workflows [13,17]. These studies indicate that the practical unit of
DfAM adoption is an end-to-end development sequence linking requirement definition,
boundary condition formulation, computational redesign, manufacturability assessment,
and production-oriented refinement.

One example is the redesign of an industrial eight-insert milling cutter head for LPBF
using 17-4 PH stainless steel. The study combined topology optimization, conformal
coolant-channel design, FEA, and CFD within a DfAM-oriented workflow. The redesigned
tool achieved approximately 10% mass reduction, reduced maximum simulated deforma-
tion from 160 pm to 151 pm, and improved coolant delivery to the inserts. The study also
reported approximately 12% reduction in coolant pressure drop after channel redesign.
This example illustrates how AM adoption decisions can be supported by measurable evi-
dence linking functional intent, structural response, fluid-flow behavior, and LPBF-specific
manufacturability constraints [13].

A second example concerns the development of a reproducible workflow for fabri-
cating Metal FFF milling cutter bodies with integrated internal coolant channels. In that
study, topology optimization, FEA, CFD, support-free channel design, slicing-based manu-
facturability verification, and machining allowance definition were combined for 17-4 PH
stainless steel tooling. The workflow was developed for an 8-insert milling cutter body and
subsequently applied to 7- and 6-insert variants, supporting its repeatability across related
tool geometries. The study reported a 20% mass reduction relative to the baseline design
while maintaining comparable simulated displacement behavior and directing coolant flow
toward the cutting edges [17].

These studies are not presented as a full empirical validation of the strategic gated
framework proposed in this review. Rather, they demonstrate the type of evidence that
should populate the framework gates: quantified value hypotheses, process-specific DFAM
constraints, route definition, manufacturability assessment, structural simulation, fluid-flow
verification, post-processing planning, and scalability assessment across related compo-
nents [13,17]. Their relevance lies less in the specific milling-tool geometry than in the
workflow logic they exemplify, in which AM adoption is evaluated using measurable
technical evidence rather than geometric feasibility alone.

For framework implementation, DfAM maturity should be linked to measurable
indicators rather than assessed only qualitatively. Examples include mass ratio relative
to the baseline design, maximum-displacement ratio under equivalent loading, pressure-
drop variation in internal channels, minimum wall thickness, unsupported overhang
fraction, support-removal accessibility, machining allowance, number of eliminated parts
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or assembly interfaces, and inspection access for critical features. These indicators allow
DfAM to be treated as gate evidence rather than as a descriptive design philosophy.

4. Sustainability Considerations in Metal AM Integration

Metal AM is frequently associated with sustainability benefits, including reduced
material waste, localized production, and digital inventory models [6,189-191]. These
advantages can be real, but they are conditional and depend on how AM is integrated
within the broader manufacturing system. Energy intensity, feedstock losses, powder reuse
limits, and post-processing requirements can offset material-efficiency gains if they are not
explicitly considered during technology selection and route definition [167,192,193].

A meaningful sustainability assessment of metal AM therefore requires moving be-
yond isolated process metrics toward system-level evaluation, in which system boundaries,
functional equivalence, and production context are clearly defined [191]. In many industrial
applications, the primary sustainability contribution of AM is indirect, arising from part
consolidation, improved use-phase performance, or supply-chain restructuring, rather than
from reductions in manufacturing energy alone [189,194,195]. Without explicit integration
of these factors into decision-making, sustainability claims remain descriptive rather than
operational [194,196,197].

From a decision perspective, AM sustainability performance varies strongly across part
classes. High-value, performance-critical components may benefit from weight reduction
or functional integration that dominates lifecycle impact [194], while geometrically simple
substitution parts often do not alter downstream performance and may not justify higher
manufacturing energy or post-processing burden [167,191,193]. This distinction is central
to credible sustainability positioning.

4.1. Lifecycle Hotspots and System Boundaries

Sustainability outcomes in metal AM are highly sensitive to the selected system
boundary [197]. Comparisons limited to the manufacturing stage can be misleading, as
AM often shifts the value proposition toward use-phase and system-level effects, including
weight reduction, functional integration, reduced assembly operations, and simplified
logistics [6,191,194].

Accordingly, sustainability conclusions depend on whether the comparison is framed
at the gate-to-gate, cradle-to-gate, or cradle-to-grave level, and on whether functional
performance equivalence has been established. For components where AM enables per-
formance improvements, such as reduced mass in transportation systems or enhanced
thermal efficiency in tooling, use-phase effects may dominate lifecycle impact [6,58,189].
Conversely, for parts that primarily substitute conventional manufacturing without altering
functional performance or logistics, manufacturing-stage impacts remain decisive [196].

Energy-intensive stages, including laser processing, sintering, HIP, and machining, often
represent dominant environmental hotspots, particularly in low-volume or low-complexity
components [58,167,192]. As a result, sustainability assessments must explicitly distinguish
between applications in which AM enables system-level benefits and those in which it primarily
replaces an existing process without altering lifecycle performance [58,189,191].

4.2. Feedstock Management and Circularity Levers

Feedstock strategy is a practical and often underutilized lever for improving sustain-
ability in metal AM. Powder reuse protocols, controlled blending strategies, and contamina-
tion management can reduce material waste and resource consumption [198,199]. However,
these practices introduce quality and repeatability risks if powder history, degradation, and
contamination are not systematically monitored and controlled [198,200].
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A commonly proposed circular-economy pathway is cross-route feedstock repurpos-
ing, for example, evaluating whether powders initially used in LPBF can be reconditioned
or redirected to sinter-based processes. In practice, such strategies are constrained by
process-specific feedstock requirements [198,200,201]. Compared with LPBF, sinter-based
routes often rely on finer, more tightly controlled powder-size distributions, along with
binder-compatibility requirements that affect rheology, debinding, and sintering behavior.
These differences limit direct reuse and indicate that circularity strategies must align with
physics processes rather than procurement convenience [76,98,118].

Effective circularity in metal AM, therefore, depends less on universal reuse strategies
and more on controlled, route-specific feedstock management supported by traceability,
qualification protocols, and acceptance criteria linked to part performance [28,36,199].

4.3. Energy Intensity and Post-Processing Reality

Energy consumption in metal AM must be evaluated across the complete manufac-
turing route rather than at the building stage alone [189,193,197]. For LPBF and DED, the
deposition process is inherently energy-intensive but may be justified in applications with
high buy-to-fly ratios or where significant performance gains are achieved [202]. In contrast,
for BJT and MEX routes, the printing stage is comparatively low energy, while thermal
post-processing, particularly sintering, becomes the dominant energy contributor [76].

Post-processing steps, including support removal, heat treatment, HIP, machining,
and surface finishing, are often integral to the AM route and can significantly influence
total energy consumption and environmental impact [189,202]. Neglecting these stages in
sustainability assessments frequently leads to overestimation of AM benefits [189,197].

For decision-making purposes, energy intensity should be assessed over the full
manufacturing route and normalized per qualified final part, rather than per build time, de-
posited mass, or individual unit operation [197]. This normalization captures the combined
effects of yield, rework, scrap, and post-processing burden, which are critical in industrial
deployment [193].

4.4. Operational Metrics for Decision-Making

To transition from aspirational to operational sustainability, organizations must define
a limited set of decision-relevant metrics aligned with design maturity and the industrial-
ization stage [6,196].

At early screening stages, relevant indicators include buy-to-fly ratio, expected mate-
rial yield, logistics intensity, and estimated use-phase performance improvement relative
to a baseline solution [191,195]. These metrics support rapid identification of applications
where AM has potential system-level advantages.

During process development and industrialization, metrics should shift toward qualified
yield, scrap rate, powder reuse ratio, post-processing burden, and energy consumption per
accepted part [36,200]. These indicators capture route robustness and operational efficiency.

At the scaling and deployment stages, additional factors such as requalification fre-
quency, inspection intensity, process stability, and supply-chain integration become relevant,
as they influence both environmental performance and economic viability [36].

Even simplified, screening-level lifecycle assessments can be highly informative,
provided that assumptions, functional units, and system boundaries are explicitly de-
fined [196,197]. Within this framework, sustainability assessment is positioned as a decision-
support tool that enables early identification of dominant trade-offs and prevents late-stage
adoption of AM routes that are environmentally or economically misaligned [6,189].

For screening-level decision-making, sustainability indicators should be normalized to
a functional unit, such as a single component, an operating hour, or a service-life-equivalent
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part. Useful early indicators include material-yield ratio, buy-to-fly ratio, post-processing
intensity, route-cost ratio, energy consumption per qualified part, expected scrap or rework
rate, logistics-distance reduction, and use-phase performance benefit. These metrics do
not replace full lifecycle assessment, but they provide quantitative evidence to determine
whether a candidate AM route should proceed to a detailed assessment.

4.5. Qualification, Certification, and Sustainability Trade-Offs

In industrial contexts, sustainability outcomes in metal AM are strongly influenced
by qualification and certification requirements [36,71]. These requirements often introduce
additional material consumption, energy use, and process redundancy through extensive
testing, conservative parameter windows, increased inspection frequency, and restricted
feedstock reuse, particularly in safety-critical applications [203].

Such constraints can partially offset anticipated sustainability gains derived from material
efficiency or design optimization. For example, reductions in buy-to-fly ratio may be counter-
balanced by increased scrap during qualification builds, limited powder reuse, or conservative
post-processing cycles required to ensure repeatability and compliance [39,199,204].

From a framework perspective, this trade-off becomes critical during implementation
and scaling, where organizational readiness, certification pathways, and quality manage-
ment systems determine whether a technically viable AM route can be deployed in a
resource-efficient manner [37,71]. Early consideration of qualification strategies, including
the use of non-critical applications, modular certification approaches, or progressive quali-
fication pathways, can therefore act as indirect but significant sustainability levers [205].

By explicitly incorporating qualification and certification into the sustainability dis-
cussion, this framework recognizes that environmental performance is shaped not only by
process efficiency but also by regulatory constraints, risk management strategies, and orga-
nizational capability [6,36,197]. This perspective is necessary to ensure that sustainability
claims remain credible under real industrial deployment conditions.

5. A Framework for Strategic Integration

The central contribution of this work is a structured framework that links AM process
selection, DfAM principles, and sustainability objectives. The framework emphasizes three
decision layers:

1. Functional intent: What performance or system-level improvement is required?

2. Process capability: Which AM process can realistically deliver this improvement?

3. Lifecycle impact: How does the chosen solution affect material use, energy consumption,
and value chain configuration?

Before presenting the gated workflow, it is necessary to clarify how the proposed frame-
work differs from existing AM decision-support approaches. The objective is not to replace
established process-selection methods, DFAM workflows, lifecycle assessment tools, qualifi-
cation protocols, or implementation-readiness models. Rather, this work’s contribution is to
integrate these normally separate decision domains into a single, staged logic for industrial
AM adoption. Existing approaches often provide strong support for one part of the decision
problem, such as process capability, design optimization, sustainability assessment, or orga-
nizational readiness, but they less frequently connect these dimensions through explicit gate
questions, minimum evidence requirements, and traceable decision outputs. Table 3, therefore,
positions the proposed framework relative to major streams of AM decision-support literature
and clarifies the specific contribution of the present synthesis.
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Table 3. Positioning of the proposed framework relative to existing AM decision-support literature.

Existing Literature Stream

Main Contribution

Typical Limitations for
Industrial AM Adoption

Added the Contribution of This
Work

AM process-selection
frameworks

Compare process capabilities,
materials, resolution, cost, or
productivity

Often stop at technology selection
and do not fully include
post-processing, qualification, or
implementation readiness

Extends selection into route
definition, qualification burden,
lifecycle screening, and
implementation gates

DfAM frameworks

Support redesign, topology
optimization, part consolidation,
and manufacturability

Often focus on design generation
or manufacturability rather than
adoption-level go/no-go
decisions

Embeds DfAM into
value-hypothesis formation,
process screening, and lifecycle
assessment

Lifecycle and sustainability
studies

Quantify energy, material use,
emissions, or circularity impacts

Often case-specific and not always
linked to early technical feasibility
or design decisions

Places sustainability screening
after technical feasibility and links
it to a defined functional unit

Qualification and certification
studies

Address repeatability, inspection,
process control, and material
qualification

Often entered late in the adoption
process after design and route
choices are already made

Introduces qualification burden as
an early gate risk and gate-exit
requirement

AM implementation frameworks

Address organizational readiness,
supply chains, and business
adoption

May remain high-level and
insufficiently connected to
process-specific technical
constraints

Connects organizational
implementation to earlier design,
process, route, and lifecycle
decisions

© Part
@ Classification

« Value

< Functional
Intent

£

@ Hypothesis

This positioning also defines the intended level of generality of the framework. The
framework is not proposed as a universal scoring algorithm or as a substitute for detailed
process qualification, cost modelling, or lifecycle assessment. Instead, it provides a decision
architecture that determines when such evidence is required, how it should be organized,
and how it should inform progression, rejection, or iteration at each adoption gate.

By addressing these layers in an integrated manner, organizations can avoid
technology-driven adoption and instead deploy metal AM only where it provides clear,
defensible, and context-specific value.

As illustrated in Figure 9, these three layers are operationalized through a stage-gated
workflow (Gates 0-5). The upper row of the figure represents the sequential decision logic,
while the lower row explicitly maps each gate to the dominant analytical layer. Early gates
primarily address functional intent (Layer A), mid-stage gates establish process capability
(Layer B), and lifecycle and economic considerations are intentionally deferred to Layer C
once technical feasibility has been demonstrated.
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3 and Controls

©
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Figure 9. Gated workflow for strategic metal AM adoption and its link to the three decision layers
(functional intent, process capability, and lifecycle impact).
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5.1. Stepwise Decision Workflow (Gated)

Building on the framework shown in Figure 9, a stepwise, gated workflow is pro-
posed to operationalize the approach. Each gate produces either a go/no-go decision or
a narrowed set of candidate routes, together with explicit assumptions and unresolved
risks. This structure forces early articulation of value creation and prevents premature
“technology-push” adoption.

Gate 0—Part classification: Functional requirements, operating environment, certifica-
tion constraints, target production volume, allowable lead time, and acceptable risk are
defined. Parts are classified (e.g., performance-critical vs. non-critical), and a minimum
qualification evidence package is established at the outset.

Gate 1—Value-creation hypothesis: The mechanism by which AM is expected to create
value is explicitly stated (e.g., part consolidation, mass reduction, enhanced heat transfer,
supply-chain compression, repair or restoration). Wherever possible, the expected benefit
is quantified (e.g., mass reduction, assembly count, lead time, buy-to-fly ratio, or use-phase
energy savings). Gates 0 and 1 collectively populate Layer A (functional intent) in Figure 9.

Gate 2—Process family down-selection: Candidate AM process families are screened
using capability envelopes (Table 1), considering achievable resolution, build size, material
availability, mechanical property requirements, and post-processing burden. One to three
families are retained. Dominant process-specific failure modes (e.g., distortion, porosity,
surface integrity limitations, sintering shrinkage) driving selection or rejection are explicitly
documented. This gate initiates Layer B (process capability).

Gate 3—Route definition and controls: For each retained process family, the full manufacturing
route is defined, including feedstock specification, build strategy, heat treatment or sintering,
HIP (if required), machining and surface finishing, inspection and qualification steps, and
feedstock reuse rules. As shown in Figure 9, this gate remains fully within Layer B, as it
establishes whether the route can reliably and repeatably deliver the required performance.

Gate 4—Screening sustainability and economic assessment: Only after technical feasibility
has been demonstrated is a screening-level sustainability and economic assessment per-
formed. Using a consistent functional unit (e.g., per qualified part over its service life),
the analysis identifies dominant lifecycle and cost hotspots, including energy intensity,
post-processing effort, scrap rates, and feedstock losses. At this stage, the objective is to
assess whether use-phase benefits or supply-chain effects plausibly offset manufacturing
burdens, thereby populating Layer C (lifecycle impact) with decision-relevant evidence.
The economic assessment at Gate 4 is intentionally limited to order-of-magnitude screen-
ing rather than detailed cost modeling. Its purpose is to identify dominant cost drivers,
feasibility ranges, and potential misalignment between the value-creation hypothesis and
the expected cost structure of the proposed AM route. Introducing detailed cost models
before demonstrating technical feasibility would create false precision and may obscure
the primary economic risks that govern go/no-go decisions at this stage. Accordingly,
cost estimates are used to rank competing AM routes, identify dominant cost contributors,
and eliminate clearly non-viable options, rather than to determine final production cost or
pricing. Sensitivity to key assumptions, particularly production volume, expected scrap
rate, and post-processing intensity, was evaluated qualitatively or through simple scenario
variation. The objective is to determine whether route ranking is robust to reasonable
parameter changes, rather than to converge on a single cost value. Routes whose apparent
viability depends on narrow or unrealistic assumptions are screened out at this stage.

Gate 5—Implementation and scaling: For routes that pass screening, an implementation
plan is defined, including organizational readiness, required competencies, availability of
DfAM tools (e.g., TO or GD), process monitoring and data management (digital thread),
and supplier or partner strategy for scaling and qualification.
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5.2. Evidence Checklist and Typical Failure Modes

A frequent cause of unsuccessful industrial AM adoption is the late discovery of
critical technical or organizational risks, such as distortion sensitivity, sintering variability,
surface integrity limitations, or excessive qualification burden. Accordingly, the proposed
framework should be paired with an evidence checklist that links each gate to a minimum
dataset encompassing design, process, and lifecycle evidence.

A frequent cause of unsuccessful industrial AM adoption is the late discovery of
critical technical or organizational risks, such as distortion sensitivity, sintering variability,
surface-integrity limitations, or excessive qualification burden. Accordingly, the proposed
framework should be paired with an evidence checklist that links each gate to a minimum
dataset encompassing design, process, lifecycle, and implementation evidence. Table 4
converts the gate descriptions introduced in Section 5.1 into an operational checklist. The
“minimum evidence” column defines the minimum dataset required before a gate decision
is made, whereas the “minimum gate-exit artifacts” column identifies tangible decision
records that should be produced before progression, including comparison matrices, route
sheets, risk registers, screening memos, and implementation roadmaps. The table is not
intended to function as a complete qualification protocol. Rather, it provides a traceable
decision-support structure that makes the framework auditable, repeatable, and easier to
apply across different AM process families and industrial contexts.

Table 4. Operational evidence checklist for the gated AM adoption framework: gate questions,
minimum evidence requirements, and required gate-exit artifacts for decision traceability.

Minimum Evidence Required Before

Minimum Gate-Exit Artifacts for

Gate Key Question Decision Criterion Gate Decision Decision Traceability
. R PR Part selection sheet; baseline requirement
Requirements specification; certification matrix; criticality and certification map:
Is the part suitable for AM Part class defined; constraints and criticality class; production volume; A yan . on map;
0 . - . N . initial no-go constraints list; preliminary
evaluation? explicit lead-time targets; operating environment; i
N qualification category; named gate owner
acceptance constraints .
and decision record
Baseline part and AM concept; expected Value hypothesis statement;
. . k . baseline-versus-AM comparison sheet;
What is the value-creation . . deltas in mass, part count, lead time, . R
1 . Quantified value hypothesis . . prioritized KPI set with target ranges;
mechanism? buy-to-fly ratio, thermal or fluidic -
g ) concept sketch or CAD concept; explicit
performance, service life, or downtime X .
assumptions and unknowns register
- . . Down-selection matrix; ranked shortlist of
Capability mapping against Table 1; . o L
. . 2. N candidate process families; rejection
. e One to three candidate material compatibility; geometric . Py
Which process families can s RS . . rationale for excluded routes; preliminary
2 . families remain; rejection logic  envelope; property needs; post-processing . . .
meet the requirements? . e design-rule compliance check; top risks
documented burden; dominant process-specific risks e
N e and mitigation hypotheses for each
identified . :
retained family
Process plan; feedstock specification; build End-to enc} rout'e.sheet or travel(?r, control
S PR plan with critical process variables;
. strategy; debinding and sintering or . . L
. . Route defined end-to-end; : .9, inspection and test plan; preliminary
What is the full route and its . o e heat-treatment chain; HIP, machining, .
3 major control points identified; N . qualification strategy; process FMEA or
controls? e e . surface finishing, inspection, and 2 . .
qualification path plausible e L risk register; acceptance criteria by step;
qualification steps; powder or feedstock . R
manufacturing BOM and post-processing
reuse rules
sequence
Screening decision memo; route-level cost
Does the route improve Screening LCA boundary and functional and sustainability hotspot map; scenario
. o . . . . . comparison versus baseline; break-even or
sustainability and /or Screening pass; ranking robust unit; cost assumptions; hotspot analysis; R . .
4 ) o . . . P feasibility range estimate; list of
economics within the chosen to assumptions scrap and yield assumptions; sensitivity . . e .
assumptions with sensitivity ranking;
boundary? checks L
justification for routes advanced or
stopped
Toolchain plan; DEAM, TO, or GD [mplementation roadmap; RACT or
e . . ownership matrix; capability-gap and
- . capability; skills and training needs; . -
Can the organization execute Readiness pass; ! . training plan; make-buy-partner decision;
5 supplier strategy; quality and

and scale?

implementation route defined

data-management plan; digital thread
considerations

pilot-to-scale qualification plan; equipment
and supplier readiness checklist;
milestone-based deployment plan

5.3. Process Family Interaction with the Gated Decision Framework

Building on the gated workflow introduced in Sections 5.1 and 5.2, this subsection

synthesizes how the metal AM process families considered in this work behave within the
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proposed decision framework. While Section 2 describes their technological principles and
capability envelopes, the present discussion focuses on how different process families interact
with Gate 2 (process family down-selection) and Gate 3 (route definition and controls), where
most industrial AM initiatives either converge toward implementation or fail.

Across all metal AM routes, Gate 2 primarily functions as a technological plausibility
filter. At this stage, process families are screened against functional requirements and
value-creation hypotheses defined earlier in the workflow. LPBF and DED frequently
survive Gate 2 when performance, geometric complexity, or part size dominates the value
proposition. In contrast, sinter-based routes such as MEX (FFF and FGF) and BJT are
more often retained when cost, accessibility, safety, or batch productivity are prioritized
over peak mechanical performance. MJT and CS typically pass Gate 2 only for narrowly
defined applications aligned with their specific capability envelopes, such as fine-feature
components or repair and surface restoration, respectively.

In contrast, Gate 3 represents the dominant point of risk concentration across nearly all
metal AM process families. At this stage, the full manufacturing route is defined, including
feedstock specification, process parameters, post-processing, inspection, and qualification.
For fusion-based processes (LPBF and DED), late-stage failure is most commonly driven by
route complexity, residual stress management, surface integrity requirements, and qualifi-
cation burden. For sinter-based processes (MEX and BJT), unsuccessful implementation is
more frequently associated with insufficient control of feedstock quality, debinding kinetics,
sintering shrinkage, and dimensional variability. Across both categories, a recurring failure
mode is treating post-processing and quality assurance as secondary or corrective steps
rather than as integral elements of the manufacturing route.

Recent process—surface—performance studies further reinforce the need to treat post-
processing and surface integrity as gate-level evidence. For example, Davoodi et al. investi-
gated PBF-EB/M Ti-6Al-25n—4Zr—2Mo surfaces retaining support-fingerprint morphology
and showed that grinding and combined grinding—tumble finishing altered hardness-
related indicators and high-temperature tribological response [206]. Their results demon-
strate that surface topography inherited from AM support conditions and subsequent
surface treatments can directly affect wear and friction behavior. This type of evidence
is particularly relevant to Gates 3 and 4 because it links the process route, surface state,
post-processing, and functional performance rather than treating surface finishing as an
independent downstream operation.

This distinction reveals a generalizable pattern: Gate 2 determines technological
plausibility, whereas Gate 3 determines industrial viability. Processes that appear promising
based on manufacturing capability alone may be rejected once route definition and control
requirements are imposed. LPBF may be technically attractive for complex, performance-
critical components, but its adoption depends on whether support strategy, residual-stress
mitigation, powder management, heat treatment, HIP, machining, surface integrity, and
qualification can be justified by the value hypothesis. DED may be attractive for repair,
remanufacturing, or large near-net-shape preforms, but requires explicit control of thermal
history, dilution, machining allowances, and inspection strategy. MEX and BJT may offer
accessibility or batch productivity, but their viability depends strongly on debinding,
sintering, shrinkage compensation, dimensional control, and acceptable property envelopes.
MJT is defensible when fine detail, surface quality, or miniaturization dominate, whereas
CS is more appropriately positioned as a repair, restoration, or coating route than as a
general geometry-generation process.

A critical implication of the framework is that AM process selection is often less deci-
sive than route viability. Literature frequently emphasizes the enabling capabilities of AM,
including geometric freedom, part consolidation, material efficiency, and supply-chain flex-
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ibility. However, these advantages are conditional rather than intrinsic. Geometric freedom
may increase support-removal difficulty, inspection burden, and qualification complexity.
Material efficiency during near-net-shape fabrication may be offset by high powder cost,
inert-gas consumption, failed builds, or post-processing intensity. Localized production
may reduce logistics burden but introduce new requirements for digital traceability, param-
eter control, and distributed quality assurance. Similarly, sustainability benefits depend
strongly on the functional unit, production volume, energy source, post-processing route,
and use-phase performance. These trade-offs justify the gated structure: early gates test
whether AM has a defensible value hypothesis, while later gates test whether the complete
route can deliver that value reproducibly and sustainably.

Overall, the proposed framework does not position any single metal AM process
family as universally superior. Instead, it provides structured logic for aligning functional
intent, process capability, route definition, and lifecycle considerations. This supports
informed selection of AM routes that are not only technically feasible, but also economically
defensible, reproducible, and organizationally sustainable.

5.4. Role of DfAM Within the Gated Decision Framework

Within the proposed framework, DfAM is not positioned as a downstream design
activity, but as a gate-dependent enabling mechanism that informs and constrains decision-
making across the gated workflow introduced in Sections 5.1 and 5.2. Rather than being
applied after technology selection, DfAM influences how value hypotheses are formulated,
how process families are screened, and how manufacturing routes are defined and validated.
Its role evolves across the workflow: generative at early stages, constraining during route
definition, and supportive during sustainability screening and implementation.

At Gate 1 (value-creation hypothesis), DEAM enables translating functional intent into
quantifiable design opportunities. Concepts such as part consolidation, load-path-driven
material placement, internal functional integration, and thermal or fluidic optimization
are explored using computational DfAM tools, including TO and GD. At this stage, DFAM
enables value hypotheses to be expressed in terms of measurable performance deltas rather
than qualitative expectations of geometric freedom.

At Gate 2 (process family down-selection), DfAM primarily acts as a constraining mecha-
nism. Designs that are optimized without explicit consideration of process physics—such as
support strategy in LPBE shrinkage behavior in sinter-based routes, or tool-path accessibility
in DED—may appear viable at the conceptual level but are frequently eliminated once realistic
constraints are imposed. In contrast, DFAM-informed concepts allow competing process fami-
lies to be compared on the basis of achievable performance and manufacturability, reducing
the risk of premature or misaligned technology selection.

The influence of DfAM becomes most critical at Gate 3 (route definition and con-
trols). At this stage, the feasibility of an optimized design is assessed against the complete
manufacturing route, including feedstock specifications, post-processing, inspection, and
qualification requirements. DfAM workflows that integrate manufacturability checks,
multi-physics simulation, and process-aware constraints significantly reduce late-stage
redesign and qualification risk. Conversely, designs that rely on post hoc correction of
manufacturability issues often negate the performance benefits obtained during earlier
optimization stages.

At Gate 4 (screening sustainability and economic assessment), DfAM no longer drives
design generation but provides essential input data for screening-level evaluation. Material
efficiency, mass reduction, internal feature integration, and post-processing requirements—
outcomes directly shaped by earlier DFAM decisions—strongly influence energy use, scrap

https://doi.org/10.3390 /met16050537


https://doi.org/10.3390/met16050537

Metals 2026, 16, 537

26 of 38

rates, and cost structure. At this gate, DEAM contributes indirectly by defining the manu-
facturing and lifecycle profile to be assessed, rather than introducing new design freedom.

Finally, at Gate 5 (implementation and scaling), the role of DfAM is primarily enabling
rather than directive. Design maturity achieved through DfAM affects organizational readi-
ness, data requirements, and qualification pathways, but strategic decisions are dominated
by production planning, quality management, supply-chain integration, and certification.
Here, the value of DfAM lies in reducing uncertainty and variability rather than in further
design optimization.

By embedding DfAM explicitly within the gated decision process, the framework
shifts its role from a specialist design activity to a strategic risk-reduction capability. This
integration ensures that design freedom is exploited early, constrained realistically, and
evaluated rigorously, supporting consistent alignment between functional intent, process
capability, lifecycle performance, and downstream industrial implementation. In this sense,
DfAM becomes a core component of strategic metal AM adoption rather than an optional
enhancement applied after key decisions have already been made.

5.5. Preliminary Operationalization for Practical Decision Support

To improve its practical applicability, the proposed framework can be operationalized
as a semi-quantitative gate-exit matrix rather than as a universal prescriptive scoring model.
For each candidate AM route, the decision team should record four types of information at
each gate: baseline-normalized performance indicators, evidence confidence, residual risk
level, and decision status. This structure allows candidate routes to be compared objectively
while preserving the application-specific nature of AM adoption decisions.

The most useful indicators are those that can be expressed relative to a conventional
manufacturing baseline or to a clearly defined incumbent route. Examples include mass ratio,
part-count ratio, lead-time ratio, material-yield ratio, route-cost ratio, post-processing intensity,
manufacturing energy or carbon-dioxide-equivalent proxy per functional unit, expected scrap
rate, and qualification effort. Expressing these quantities as ratios or bounded ranges avoids
misleading comparisons based on absolute values that may be strongly dependent on part size,
production volume, machine platform, or organizational context.

In practical use, each gate therefore produces a manageable decision output. Gate
0 produces a part-selection and constraint record. Gate 1 produces a quantified value
hypothesis. Gate 2 produces a ranked shortlist of technically plausible process families.
Gate 3 produces an end-to-end manufacturing route and risk register. Gate 4 produces
a screening-level economic and sustainability comparison against the baseline. Gate 5
produces an implementation and scaling roadmap. These outputs enable the framework to
support go/hold/no-go decisions, identify evidence gaps, and define the next experiments
or analyses required to improve decision confidence.

Importantly, the framework does not assign a universal score to AM suitability. Such
a score would imply a level of generality and predictive accuracy that cannot yet be
justified without cross-industry validation. Instead, comparability is achieved through
normalized indicators, explicit assumptions, uncertainty ranges, and documented gate-exit
artifacts. Organizations may introduce weighting factors for internal decision-making, but
these weights should be reported transparently and treated as context-specific rather than
universal. In this way, the framework provides practical and improvable decision support
while retaining methodological caution.

The framework is intended to be generalizable at the decision-architecture level, not
at the level of universal numerical thresholds. The gate sequence, evidence categories,
and decision artifacts can be applied across sectors because most industrial AM adoption
problems involve recurring questions about functional value, process capability, route
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definition, lifecycle impact, and implementation readiness. However, the gate-exit criteria
must be sector-specific. Aerospace, medical, energy, automotive, tooling, and repair appli-
cations differ substantially in qualification burden, acceptable risk, inspection requirements,
documentation needs, and consequences of failure. Therefore, the framework should be
interpreted as transferable decision logic, with its thresholds, weighting factors, and accep-
tance criteria calibrated to the industrial context. In high-criticality sectors, progression
through the gates may require statistically supported material data, formal qualification
plans, nondestructive inspection, traceability, and certification evidence. In lower-criticality
applications, the same gate structure may be applied with simpler evidence requirements,
such as prototype testing, dimensional verification, and cost—performance comparison.

6. Representative Application of the Framework

To strengthen the practical relevance of a framework-oriented contribution, its decision
logic must be grounded in recurring industrial practice rather than illustrated through
typical recurring patterns. The application archetypes presented in this section are therefore
abstractions derived from repeated metal AM adoption scenarios encountered across prior
industrial projects and applied research activities. Rather than representing single case
studies, they consolidate common patterns of value creation, gate progression, and failure
modes observed across multiple organizations, application domains, and AM process
routes. While individual industrial implementations are not disclosed for confidentiality
and intellectual property reasons, the recurrence of these archetypal decision pathways
across independent projects provides empirical grounding for the proposed gate structure
and decision logic.

6.1. High-Performance, Geometry-Driven Components (PBF)

For performance-critical components in which geometric complexity is directly cou-
pled to functional performance, such as conformal cooling channels, internal flow paths,
or lattice-reinforced structures, LPBF frequently emerges as the leading candidate at Gate
2. In these cases, DfAM is central to the value-creation hypothesis, targeting quantifiable
performance deltas including stiffness-to-weight ratio, thermal efficiency, or functional
integration through part consolidation.

However, industrial viability is primarily determined at Gate 3, where the full manu-
facturing route must explicitly address support strategy, residual stress mitigation, surface
integrity at functional interfaces, powder reuse limits, and post-processing chains, includ-
ing heat treatment, HIP, and machining. The authors’ prior benchmarking of LPBF systems
for die production demonstrates that process capability, powder characteristics, dimen-
sional accuracy, and post-processing requirements must be evaluated jointly rather than
in isolation to achieve reproducible industrial outcomes [5]. Within the framework, LPBF
adoption is therefore most defensible when the performance gains enabled by DfAM justify
the associated route complexity and qualification burden.

6.2. Batch Production of Small/Medium Parts (BJT)

For batch production scenarios where throughput, geometric complexity, and reduced
thermal distortion during manufacturing dominate the value hypothesis, BJT often survives
Gate 2 as a competitive alternative to fusion-based processes. This is particularly relevant
for non-critical components or applications where MIM-like properties are acceptable.

In this archetype, design-for-sintering becomes the dominant DfAM activity. Shrink-
age compensation, distortion control, green-part handling, and density targets must be
explicitly defined based on end-use requirements. Industrial risk concentrates at Gate 3,
where insufficient control of sintering behavior frequently undermines otherwise attrac-
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tive manufacturing productivity. The framework therefore emphasizes early coupling
between design intent, sintering capability, and post-sinter machining allowances, thereby
preventing late-stage rejections driven by dimensional or property variability.

6.3. Repair, Remanufacturing, and Hybrid Manufacturing (DED/CS)

When the business case is dominated by asset downtime, replacement cost, or lifecycle
extension, repair and remanufacturing routes using DED and/or CS frequently outperform
“new build” strategies. In such cases, Gate 1 is decisive, as the value hypothesis must
clearly distinguish between material buildup, property restoration, or surface protection.

At Gate 2, DED and CS are retained not for geometric freedom but for their ability
to add material locally to existing components. Industrial success is governed by Gate
3, where route definition must integrate deposition strategy, substrate preparation, ther-
mal management, bonding quality, machining allowances, and inspection requirements.
Treating these processes as geometry-generation technologies rather than as system-level
repair solutions is a common source of misalignment between expectations and outcomes.
The framework enforces early clarification of repair objectives and qualification pathways,
reducing implementation risk.

6.4. Accessible Metal AM for Tooling and Non-Critical Parts (MEX)

Metal MEX routes, including FFF and FGF, are strategically attractive when low capital
expenditure, safer shop-floor integration, and rapid iteration dominate the decision space.
At Gate 2, MEX frequently survives when performance requirements are moderate and
flexibility, accessibility, or supply-chain resilience outweigh peak mechanical properties.

However, Gate 3 represents the primary risk concentration point for MEX. Sintering
variability, shrinkage control, and achievable density and property ranges must be explicitly
defined and accepted early in the workflow. Consequently, the framework emphasizes
early agreement on acceptable performance envelopes and on the debinding and sintering
controls required to achieve them. In this archetype, feedstock quality—including powder
PSD, binder chemistry, and thermal processing control—emerges as the dominant lever for
repeatability and should be incorporated into the qualification strategy rather than treated
as a procurement detail.

6.5. Worked Gate-by-Gate Demonstration: AM-Redesigned Milling Tooling Application

To reduce the abstraction of the proposed framework, this subsection illustrates how
Gates 0-5 can be applied to an AM tooling application derived from previously pub-
lished workflow-based studies on milling cutter bodies and cutter heads. The example
is not presented as full validation of the proposed strategic framework, but as a worked
demonstration of the type of evidence that can populate each gate.

At Gate 0, the candidate component is identified as a milling cutter body with func-
tional requirements related to stiffness, insert positioning, coolant delivery, dimensional
stability, and compatibility with post-processing. At Gate 1, the AM value hypothesis
is defined in terms of measurable improvements relative to the conventional baseline,
including mass reduction, improved coolant delivery, reduced pressure drop, and preser-
vation or improvement of structural stiffness. At Gate 2, process-family down-selection
compares LPBF and Metal FFF against functional and route constraints. LPBF is favored
where resolution, internal-channel complexity, and high-performance tooling requirements
dominate, whereas Metal FFF is relevant where lower capital cost, safer feedstock handling,
and workflow accessibility are prioritized.

At Gate 3, route definition becomes decisive. For LPBF, critical route evidence includes
build orientation, support strategy, powder removal from internal channels, stress relief,
heat treatment, surface finishing, and machining of critical interfaces. For Metal FFF, the
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decisive controls shift toward support-free internal-channel geometry, debinding, sintering
shrinkage, final density, dimensional compensation, and post-sinter machining allowances.
At Gate 4, economic and sustainability screening should be performed against a functional
unit such as one qualified milling cutter body over its service life, using indicators such as
mass ratio, route-cost ratio, post-processing intensity, material utilization, pressure-drop
change, and expected use-phase benefit. At Gate 5, implementation readiness depends on
machine access, qualified parameters, inspection capability, post-processing availability,
operator competence, and the ability to reproduce the route across related tool geometries.
This example shows that the framework output is not a single universal AM suitability
score. Instead, it produces a structured decision record: candidate route, quantified value
hypothesis, dominant route risks, required validation evidence, post-processing plan,
and go/hold/no-go decision. Prior tooling studies provide examples of gate-relevant
evidence, including topology optimization, FEA, CFD, support-free coolant-channel design,
slicing-based manufacturability checks, and machining allowance definition.

6.6. Cross-Archetype Synthesis: Where Value Is Created and Where Adoption Fails

Across the archetypes, the dominant pattern is that early AM value is usually design-
driven, whereas industrial viability is route-driven. LPBF tooling and high-performance
components may create value through internal channels, lightweighting, or functional
integration, but adoption can fail at Gate 3 if residual stress, support removal, surface
integrity, inspection, or qualification requirements are not controlled. BJT and MEX can be
attractive from a cost, accessibility, or throughput perspective, but their viability is often
governed by sintering shrinkage, density, dimensional control, and acceptable property
envelopes. DED and CS can be highly defensible for repair and remanufacturing, but only
when the value hypothesis is linked to asset-life extension, downtime reduction, or surface
restoration rather than to geometric complexity alone.

7. Conclusions and Outlook

Metal additive manufacturing has progressed beyond technological feasibility and
can now support meaningful industrial deployment across multiple application domains.
However, its industrial value depends less on isolated advances in individual processes
than on coordinated integration across design, process selection, manufacturing-route
definition, lifecycle assessment, and organizational readiness. This work therefore positions
metal AM as a system-level enabler whose successful adoption requires DfAM, informed
process-family selection, sustainability assessment, and implementation planning to be
considered together.

The gated decision framework proposed in this paper structures this evaluation around
functional intent, process capability, and lifecycle impact. By linking DfAM activities,
process-family behavior, route definition, and stage-gated evidence requirements, the
framework provides a practical basis for reducing late-stage risk, avoiding technology-
driven adoption, and aligning AM deployment with defensible value hypotheses. The
application archetypes illustrate how this logic can be applied across recurring industrial
use cases, moving the discussion beyond isolated process demonstrations toward structured
adoption decisions.

The framework should nevertheless be understood as a structured decision-support
logic rather than as a prescriptive scoring model. Its early gates remain partly dependent
on practitioner judgment, and the present version does not yet define universal quantitative
gate-exit thresholds, validated weighting factors, or predictive success probabilities. In
addition, the framework has not yet been validated using a large cross-industry dataset and
is limited to six metal AM process families considered most relevant for current industrial
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deployment. These limitations mean that its immediate value lies not in producing a
single deterministic suitability score but in generating transparent and comparable decision
records, including candidate-route shortlists, quantified value hypotheses, dominant risk
drivers, evidence gaps, uncertainty ranges, and prioritized validation actions.

To support practical implementation, the framework can be operationalized through
baseline-normalized indicators, evidence-confidence levels, residual-risk classification, and
gate-exit artifacts. This enables comparable route ranking and go/hold/no-go decisions
while avoiding the false precision of an unvalidated universal scoring model. Such outputs
provide a practical basis for industrial application and can be progressively improved as
additional validation data, sector-specific thresholds, and organization-specific weighting
schemes become available.

Future work should focus on industrial validation through complete gate-by-gate case
studies using real production data. A second research phase is already underway to apply
the proposed framework to industrially representative AM adoption cases, using measur-
able gate-by-gate decision criteria. This phase will document value hypotheses, process-
family down-selection, route-risk identification, economic and sustainability screening,
implementation readiness, and gate-exit artifacts. The objective is to move from framework
demonstration toward empirical validation by comparing gate decisions with measured
production outcomes, qualification evidence, and lifecycle-relevant performance indicators.
Further refinement should include economic and sustainability sensitivity analysis, sector-
specific decision thresholds, organizational change management, AM capability building,
and the incorporation of process monitoring, in situ quality control, and data-driven op-
timization into the gated workflow. Together, these developments would strengthen the
framework’s ability to support objective, comparable, and continuously improvable AM
adoption decisions in industrial contexts.
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The following abbreviations are used in this manuscript:

AM Additive Manufacturing
BJT Binder Jetting

(@) Cold Spray

DED Directed Energy Deposition
DfAM  Design for Additive Manufacturing
FFF Fused Filament Fabrication
FGF Fused Granular Fabrication
GD Generative Design

HIP Hot Isostatic Pressing

MEX Material Extrusion

MJT Material Jetting

PBF Powder Bed Fusion

TO Topology Optimization
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