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Defects in Metal Additive Manufacturing Processes

M.C. Brennan, J.S. Keist, and T.A. Palmer

The formation of defects within additive-manufactured (AM) components is a major concern for critical
structural and cyclic load applications. Thus, understanding the mechanisms of defect formation in fusion-
based processes is important for prescribing the appropriate process parameters specific to the alloy system
and selected processing technique. This article discusses the formation of defects within metal additive
manufacturing, namely fusion-based processes and solid-state/sintering processes. Defects observed in fu-
sion-based processes include lack of fusion, keyhole collapse, gas porosity, solidification cracking, solid-state
cracking, and surface-connected porosity. The types of defects in solid-state/sintering processes are sintering
porosity and improper binder burnout. The article also discusses defect-mitigation strategies, such as
postprocess machining, surface treatment, and postprocessing HIP, to eliminate defects detrimental to
properties from the as-built condition. The use of noncontact thermal, optical, and ultrasound techniques
for inspecting AM components are also considered. The final section summarizes the knowledge gap in our
understanding of the defects observed within AM components.
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1. Types of Defects in Fusion-Based Processes

The formation of defects within additive-manufactured
(AM) components is a major concern for critical structural
and cyclic load applications. If not removed, the presence of
defects within an AM component can have a detrimental impact
on its performance during service. Thus, understanding the
mechanisms of defect formation in fusion-based processes is
important for prescribing the appropriate process parameters
specific to the alloy system and selected processing technique.

Metal AM processes are largely split between two main
processes: powder-bed fusion (PBF) processes and directed-
energy deposition (DED). In PBF processes, a thin layer of
powder is evenly distributed across a build platform while a
focused energy source, such as a laser or electron beam,
selectively fuses powder to a metal substrate to produce net
shape components with high levels of geometric complexity.
The DED processes use powder flow controlled by an inert gas
through a set of nozzles and a focused laser or electron beam to
produce large, near-net shape structures. Processing conditions
for AM can be significantly different between PBF and DED,
as well as between various AM processing chambers. Rapid
heating, cooling, and solidification inherent in the fabrication of
AM metal components results in complex microstructures and
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properties that may significantly differ from those typically
observed in wrought or cast components.

Additive manufacturing shares important physical process-
ing attributes to welding, such as a moving heat source, which
forms a fusion zone with recirculating liquid metal (Ref 1). The
complicated transient conditions inherent of AM processing
impact the resulting metallurgical quality, microstructures,
residual stresses, and distortions observed within the compo-
nents (Ref 1). Instabilities during processing often lead to the
formation of internal defects. Defects observed within AM
components typically fall within two main categories: porosity
and cracks. Defects can also result from the entrapment of
impurities within the component during AM processing. These
defects can reduce the mechanical properties of the component
(Ref 1, 2) and can significantly reduce its cyclic fatigue
performance (Ref 3, 4). While AM lacks robustness, identifying
the location, size, shape, and volume of the defects formed,
followed by healing any porosity through postprocessing hot
isostatic pressing (HIP), leads to the restoration of mechanical
strength in the AM components.

1.1 Lack of Fusion

Lack of fusion encompasses defects that are irregular,
elongated shapes ranging from 50 pm to several millimeters in
size, as shown in Fig. 1. In this instance, the Ti-6Al-4V
component was processed using DED, which more often leads
to the millimeter-sized defects. In some cases, unmelted powder
particles are present within the lack-of-fusion region due to the
evolution of the melt pool during processing. Lack-of-fusion
defects are a result of insufficient overlap between passes,
influenced by a mismatch in hatch-spacing parameters (Ref 5,
6), where hatch spacing refers to the distance between two
adjacent passes (Ref 2, 7). Lack-of-fusion defects have been
intentionally formed in build layers for multiple metal alloys by
manipulating process parameters that would typically produce a
component with minimum defects (Ref 7-10). Selection of
larger hatch-spacing parameters has demonstrated a reduction
in overlap between two neighboring passes, leading to a higher
probability of lack of fusion. Decreased hatch spacing corre-
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Fig. 1 Lack-of-fusion defect formed in a directed-energy-
deposition-processed Ti-6Al-4V component

sponded to larger regions of overlap and sufficient fusion
between passes (Ref 1, 11).

The energy source and the processing parameters (i.e., travel
speed, spot size, standoff, and power) to fuse molten metal
ultimately dictate the mechanisms of defect formation in
components. Parameter selection requires a significant under-
standing of the evolution of the temperature field during the
deposition process, which is built on a quantitative assessment
of the absorption of heat energy by the feedstock material. In
particular, for DED processes, a fraction of the total heat is
spent to heat the powder particles as they emerge from the
nozzle and travel through the beam (Ref 1). The heat absorbed
by the powder particles is dependent on several factors,
including their density, thermophysical properties, shape, size
distribution, free-flight duration through the beam, and gas
velocity (Ref 12). Powder particles, although heated to a high
temperature, do not always reach their melting temperature.
Nonetheless, the excess energy impinges on the build surface
and forms a molten pool. The absorption energy depends on
beam characteristics, deposit geometry, and shielding gas. For a
laser-assisted DED process with argon shielding gas, the
absorption coefficient for a laser beam with a 1064 nm
wavelength remains between 0.3 and 0.7, depending on its
solid-liquid state (Ref 12).

Because of the rapid heating, melting, and solidification
introduced by the moving heat source, regions of the build
experience repeated heating and cooling, which affects its local
structure and properties (Ref 1). While welding is more
comparable to the additive process than casting, there are
significant differences involved with how the heat source
interacts with a stream of powder versus a solid metal. Heat
source interaction with the feedstock creates a progressive
buildup as more material is added, thus creating a history of
thermal cycles and transient change in geometry of the AM
component. Parameter selection of the AM process ultimately
influences the bead size and geometry for each metal alloy
system.

1.2 Keyhole Collapse

Keyhole porosity is observed in high-energy-density weld-
ing processes (Ref 13, 14) and has been linked to macroporos-
ity in laser and laser-arc hybrid welds (Ref 13, 15-17). Without
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careful control of keyhole-mode melting, keyholes can become
unstable and repeatedly form and collapse, leaving voids inside
the deposit that consist of entrapped vapor (Ref 18). The root of
keyhole porosity is initiated by the generation of a deep V-
shaped melt pool and vaporizing elements within the pool (Ref
5). Keyhole porosity for the PBF process is the result of a rapid,
local melting of powder by a continuous laser heat source.
Stages of keyhole formation may be illustrated by the dynamic
x-ray images captured in Fig. 2. The impingement on the build
surface induces an oscillation behavior that effectively spreads
the molten pool across the surface. In some cases, instability in
the molten pools leads to material ejection and results in a pore
forming at the bottom of the pool. This pore is then trapped and
solidified beneath the surface (Ref 19). Keyhole pores vary in
shape and range in size from 10 to 50 pm. Pores that are not
surface connected can be healed by postprocessing HIP.

1.3 Gas Porosity

Gas-entrapped pores are characterized by their spherical
shape, as indicated in Fig. 3. These defects are typically on the
order of 5 to 20 um when processed through PBF (Ref 10),
while parts produced with DED are characteristically larger in
size (>50 pm) (Fig. 3). Pores form and evolve over time
through gas entrapment, supersaturation of dissolved gases, and
chemical reactions that produce gaseous species within the
molten pool (Ref 1, 2, 20). A higher likelihood of nucleating
entrapped gas pores is apparent when the equilibrium pressure
of a gas exceeds the combined hydrostatic, atmospheric, and
capillary pressure. Nucleated pores lead to vacancies, where
supersaturated gases within a molten pool can diffuse (Ref 21).
When rapid cooling takes place, pore nucleation sites are likely
to become trapped in the molten pool. However, slower cooling
and solidification rates allow these pores to grow and
sometimes coalesce with neighboring pores. Once pores reach
a critical size, they separate from the solidification front and
float to the surface of the solidifying pool (Ref 20). Previous
investigations demonstrated that high solidification rates and
high gas content increased pore concentrations in metal alloys
(Ref 21). Furthermore, retained gas concentrations within each
bubble contribute to pore growth based on the imbalance in
mass transfer between two fluids present in the Marangoni flow
(Ref 22).

1.4 Solidification Cracking

Solidification cracking present in weld metals is a complex
phenomenon occurring in the fusion zone near the end of
solidification. Solidification cracking, or hot cracking, is driven
by a temperature gradient and initiated by the interaction
between metallurgical and mechanical factors (Ref 23). Solid-
ification microstructures are controlled by thermal-metallurgical
interactions, such as phase transformations, whereas local stress
and strain behaviors are controlled by thermal-mechanical
interactions. For solidification cracking to occur, the combina-
tion of mechanical restraint (strain) and susceptible microstruc-
ture must be present (Ref 4). Thermal-metallurgical factors
contributing to solidification cracking in welding practices and
applicable for AM fusion-based processes are outlined in
Fig. 4, while thermal-mechanical factors are indicated in Fig. 5.

For certain alloy systems, cracks can form during the
terminal solidification stages. These cracks initiate upon an
accumulation of shrinkage strains along grain boundaries and
interdendritic regions where a liquid film is distributed (Ref 4).
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Fig. 2 Dynamic x-ray images of a laser powder-bed fusion process for Ti-6Al-4V, where a keyhole pore is formed upon increasing the laser
power used for processing. Scale bars are 200 um. Source: Ref 19

Fig. 3 Entrapped gas porosity located in a directed-energy deposition Ti-6Al-4V component
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Fig. 4 Thermal-metallurgical interactions influencing the susceptibility of solidification cracking
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Fig. 5 Thermal-mechanical interactions influencing the susceptibility of solidification cracking

Primary material factors include the solidification temperature
range, also referred to as the brittle temperature range, and the
interfacial liquid morphology at terminal solidification stages.
Alloys with a wide solidification temperature range are more
susceptible to solidification cracking than alloys that solidify
over a narrow temperature range, due to the accumulated
thermal strain proportionality to the temperature range. Wide
solidification temperature ranges are often consequences of
compositional variations that contribute to lower eutectics. An
alloy with a wide solidification temperature range may also
exhibit a less coherent dendritic structure during solidification
that allows for the formation of shrinkage cracks due to the lack
of liquid backfilling (Ref 4).

Backfilling, or the drawing of liquid through a dendritic
network to feed solidification shrinkage, can often avoid hot
tearing during solidification and is controlled by dendrite
tortuosity, liquid fraction, fluidity, and surface tension. The
backfilling potential increases when surface tension is low and
when the last liquid to solidify can wet the dendrites. A higher
backfilling potential means that there is a higher probability that
a continuous liquid network will be present during solidifica-
tion to provide backfilling. In cases where no wetting occurs
between the dendrites, globules can act as a bridge between
solidifying dendrites to resist the effects of increases in strain
and thus avoid cracking (Ref 23, 24). It is in the systems that
exhibit intermediate values of wettability and backfilling
potential where cracking can occur during solidification. For
example, in niobium superalloys the terminal liquid between 1
and 10 vol% exhibits low surface tension, which interferes with
the solid-solid bridges; this system does not exhibit enough
backfilling potential to compensate for shrinkage (Ref 24).

A mechanical factor, such as strain, can accumulate during
soldification and initiate cracking. In the strain model proposed
by Pellini (Ref 25), cracking can occur when the intergranular
liquid film is strained above a critical value. The amount of
strain that the liquid film will experience is dependent on the
solidification range and the cooling rate. Cracking occurs when
the deformation curve, represented by the strain across the
brittle temperature range in Fig. 6, intersects the ductility curve
for the alloy system, which is defined as the critical strain value
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Fig. 6 Schematic of the ductility curve, brittle temperature range
(BTR), and strain as a function of temperature (de/dT). Cracking
occurs when the strain across the BTR (de/dT) intersects the ductility
curve. Source: Ref 26

(Ref26). The critical strain value of the liquid film is dependent
on both surface tension and film thickness, where strength is
decreased under significant restraints.

1.5 Solid-State Cracking

Solid-state cracking originates from continuous heating and
cooling of various weldable metals and is identified as one of
five types:

¢ Ductility-dip cracking (DDC)

¢ Reheat and postweld heat treatment (PWHT) cracking
¢ Strain age cracking (SAC)
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e Lamellar cracking (delamination)
¢ Copper contamination cracking (CCC) (Ref 4)

The deviation between each type of solid-state cracking is
differentiated by the mechanisms and the preferred location
where the cracks form.

Ductility-dip cracking occurs upon a sharp reduction in
ductility for copper, aluminum, nickel, titanium, and austenitic
stainless steel alloys at temperatures between 7; and 0.57; (Ref
4). This reduction in ductility may be predicted based on the
knowledge of the solidification range and minimum strain
induced. While impurities are not always ideal for processing
materials, impurity segregation does not suggest any detrimen-
tal impacts, because the boundary liquidation does not play a
role for this type of solid-state cracking. In fact, DDC always
occurs intergranularly along the migrated grain boundaries.
While the mechanisms influencing DDC have been widely
debated, the factors that influence DDC in fused metals include
high-angle grain boundaries, temperature, composition, re-
straint, and precipitates that form along grain boundaries at the
solid state and concentrate at the triple point (Ref 4).

In contrast, reheat cracking is associated with PWHT and
stress-relief treatments that are typically used to temper
martensitic structures and reduce residual stresses. While reheat
cracking may not be immediately present in an as-built AM
structure, any postprocessing heat treatment may subject the
parts to such condition. Low-alloy steels typically experience
this type of cracking due to their secondary carbide formers
(chromium, molybdenum, vanadium) contained within the
melt. Additionally, materials that experience strong precipita-
tion reactions are susceptible to this type of solid-state cracking.
Reheat cracking may be prevented by controlling composition,
weld conditions, residual stresses, stress relaxation, stress
concentrations, or by “buttering” the substrate used as the
base plate for joining (Ref 4).

On the other hand, SAC occurs intergranularly in the heat-
affected zone (HAZ) of precipitation-strengthened nickel-base
alloys. The simultaneous local strain and aging conditions
applied to the weld metal initiate the formation of this defect.
Inconel 718, a precipitation-hardened nickel alloy popular for
AM repair application, is resistant to SAC due to the reduced
titanium and aluminum composition that contributes to a slower
v’ precipitation rate. Materials with high minimum ductility are
most susceptible to SAC.

The latter two solid-state cracking identities mentioned,
lamellar cracking and CCC, have yet to be extensively explored
in AM processes. However, both cracks are observed in the
HAZ and have revealed detrimental effects on mechanical
properties. Lamellar cracking dominantly occurs in plain
carbon or low-alloy steels when sulfur and oxygen are trapped
in the solidifying material and bond with other alloys,
contributing to intermetallic impurities. By contrast, CCC is a
consequence of liquid metal embrittlement observed in steels
and cobalt-base alloys.

1.6 Impurities

In some cases, impurities can enhance mechanical behavior,
strength, and ductility; however, in other instances they have
led to reduced corrosion resistance and porosity in as-deposited
structures. Powder-fed DED, wire-fed DED, and PBF additive
manufacturing processes are all capable of producing defects
contributed by impurities. Impurities are most often present in
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alloy chemistries of a material due to excess insoluble elements,
such as carbon, oxygen, nitrogen, hydrogen, and chlorine (Ref
27). Impurities such as oxygen are likely to form oxides with
alloying elements and contaminate virgin (pure) material
feedstocks desirable for processing, if exposed to harmful
environments prior to or during processing. Powder AM is
likely to experience higher degrees of pores produced by
impurities, due to the large surface area feedstock which
increases the probability of being exposed to contamination.
Furthermore, lower energy inputs that lead to smaller grains
and more grain boundaries are likely to experience more
regions for impurity nucleation along the grain boundaries and
consequently diminished corrosion resistance.

Powder handling, feedstock production, and processing
environments should be controlled following the necessary
standards for chemistry control. Processing within an inert
environment or using shielding gas such as argon during
processing reduces the chances of possible contamination from
impurities.

1.7 Surface-Connected Porosity

Surface-connected porosity can represent both a design
feature, comparable to a scaffold used for AM bone structures,
as well as a defect from previous vapors that resurfaced as
bubbles but solidified prior to closing the pore shape during
material transport. Surface porosity is considered invaluable for
applications that desire strong bonds for other materials to
grow, such as those used for medical implants (Ref 28).
However, undesirable surface-connected porosity that cannot
be removed by postprocess HIP results in poor surface
roughness and diminished mechanical behavior (Ref 29, 30).
An example of surface-connected porosity is shown in Fig. 7, a
micrograph of a DED-processed 17-4PH stainless steel.
Indications of lack of fusion and gas-entrapped pores are also
identified in this 17-4PH AM component.

connected porosity

Lack of fusion

Gas-entrapped |

Fig. 7 Directed-energy-deposition-processed 17-4PH stainless steel
indicating instances of lack of fusion, gas-entrapped pores, and
surface-conducted porosity
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2. Types of Defects in Solid-State/Sintering
Processes

2.1 Sintering Porosity

Sintering is a well-established thermal process that trans-
forms metallic or ceramic powders into bulk materials with
improved mechanical strength, although in most cases, residual
porosity results. The steps of solid-state sintering consist of
solid-state atomic diffusion, recrystallization, and grain growth,
while six different mechanisms are involved with mass transfer,
including surface diffusion, evaporation condensation, grain-
boundary diffusion, lattice diffusion, viscous flow, and plastic
flow (Ref 31). The primary means of sintering is to achieve
maximum density and strength based on the metallurgical
bonds formed between neighboring particles. The bridge
formed between metallurgically bonded particles is called a
neck (Fig. 8).

Pores begin to take shape in the intermediate and final
sintering stages. Initially, pores form interconnected channels
along three grain edges (Fig. 9). As the sintering process
progresses, the pore channels disconnect, and isolated pores
form upon the dihedral angles exceeding 60° and nonuniform
shrinkage. Coble proposed the two geometric models illustrated
in Fig. 9—the channel pore model and the isolated pore
model—to describe pore morphology evolution (Ref 32, 33).
The closed pore encompassed between the particles is depen-
dent on the number of neighboring particles.

In selective laser sintering, a laser beam irradiates each layer
of powder that has been spread evenly on the previous layer
and fuses the powder particles together to a high density
(>90%) to form the component. The resulting temperature
gradient results in faster grain coalescence at the surface than
the subsurface layers. Therefore, gas bubbles a few hundred
micrometers in size are trapped in the melt layer due to their
large size and fast solidification time. Several models have been
developed based on mass transport and fluid dynamics to
predict bubble dynamics and the resulting residual porosity.
Reducing the particle size increases the rate at which sintering
and densification occur (Ref 34). Choosing fast-diffusing
alloying elements or shielding gases within a metal alloy
matrix can also increase sintered component densification (Ref
34).

Necking

:/ region

Particle

Fig. 8 Schematic representation of two particles that have been
sintered and began to form a necking region
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2.2 Improper Binder Burnout

Binder removal is one of the most critical steps in the
powder metal industry. Defects can be produced by inadequate
debinding, such as bloating, blistering, surface cracking, and
large internal voids. Binder burnout depends on the internal
structure of the green body and has the tendency to lead to
structural change, where kinetics dictate the removal process.
Binder distribution is dominated by capillary forces that depend
on the physical properties of the molten binder and the rate of
volatile product removal. Common techniques used for binder
burnout include thermal, solvent, and catalytic. Generally
speaking, thermal debinding is an inefficient process due to the
excess production of vapor pressure in cores of molded parts,
influenced by the elevated temperatures of the process con-
tributing to the formation of defects. Alternatively, solvent
techniques keep temperatures low to minimize defects, distor-
tions, and debinding time. Burnout kinetics may be improved
by modifying the binder to one with a higher melting point;
however, vapor-phase transport, liquid diffusivity, and satura-
tion solubility should also be recognized.

A transient diffusion and critical heating equation was
developed for degradable products in an effort to achieve parts
without defects (Ref 35). Some studies have accounted for
interactions between the binder removal, density gradient, and
resulting dimensional tolerances (Ref 36). Binder-removal
kinetics showed heightened behavior when porosity was
developed. The entire binder-removal process is dominated
by two competitive processes: migration and vaporization. At
certain zones of the removal process, low-density liquid phases
become discontinuous, and molten binder/air interfaces intrude.
In other instances, the binder vaporizes and diffuses through
intraagglomerate pores into the surrounding air in the low-
density zone, while capillary pressure differences continue to
draw the binder into the high-density zones.

The most critical part of binder removal is the burnout of the
low-molecular-weight components in the lower-temperature
regime. The initial stages consist of low concentrations of pores
that present challenges to the powder compacts and can lead to
significant damage. The criterion for a failed burnout process is
that the vapor pressure of the degradation product within the
sample rises above 101 kPa (1 atm), and bubble nucleation and
growth ensue. Pores for this process originate from the surface
of the compact and spread to the interior of the structure during
debinding (Fig. 10, step 1). Diffusion of a binder to an inner
pore/binder interface precedes binder evaporation. Gases
transport through the pores to the compact surface and are
flushed away by a stream of nitrogen processing gas (Ref 37).

3. Defect-Mitigation Strategies

Defects present in AM metal components processed by PBF
and DED demonstrate degrading mechanical and fatigue
properties if the defects have not been removed. While for
some applications excess postprocessing is not required, critical
applications require extensive postprocess machining, surface
treatment, and postprocessing HIP to eliminate defects detri-
mental to properties from the as-built condition. Another means
of compensating for defect formation is to design builds
accordingly to limit the susceptibility of forming defects in AM
parts.
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Fig. 9 Coble’s geometrical models for (a) intermediate-stage and (b) final-stage sintering. Source: Ref 31

Fig. 10 Schematic of pore structure in a metal compact and pore-
removal steps. (1) Pore formation during debinding. (2) Binder
diffusion into inner pore/binder interface followed by (3) binder
evaporation and (4) gaseous escape to the surface. (5) Nitrogen gas
stream sweeps away any gaseous species that surface. Source: Ref
37

3.1 Postprocess Machining/Surface Treatment

Postprocess machining is desirable to remove any detri-
mental features such as surface-connected porosity, excess
surface roughness caused by unmelted powder or individual
traces from the laser, and removal of residual stresses as well as
any oxidation or other impurities that have formed on the
deposition surface. Alternatively, surface treatments are used to
achieve a protective coating, corrosion resistance, and/or
strength that may have been eliminated or modified during
the postprocess machining. Postprocessing techniques include
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vibratory bowl abrasion, hot cutter machining, optical or hand
polishing, milling, grinding, micromachine processing, chem-
ical postprocessing, and electroplating (Ref 38).

Most often, postprocess machining in AM begins with the
removal of support material and, in many cases, removal of the
component from the substrate used to fuse the deposition. In
some cases, support material may be removed with a pressur-
ized gas nozzle or flushed with a soluble liquid, while in other
instances, tooling such as abrasive saws or laser micromachin-
ing systems are required to remove excess material. Following
support removal, AM deposits typically require some modifi-
cation to as-built surfaces by using milling or grinding tools
specific to the metal alloy. Some materials, particularly titanium
alloys, are considered more difficult to machine. Titanium
alloys are difficult to machine due to their low thermal
conductivity and high chemical reactivity with most cutting
tools. These properties often contribute to reduced tool life and
poor surface finish (Ref 39).

Surface finishes of AM components are dictated by the
application. In most PBF-processed parts, as-built surfaces
distant from critical features are permissible for certain
applications that do not experience excessive friction. Design
tolerances are implemented to account for surface areas that
require the surface of the part to be machined or refinished. In
general, no standard machining or surface treatment procedures
for AM metal have been developed; rather, they are material
and application dependent.

3.2 Postprocess HIP

Postprocess HIP has been a long-established technique used
to densify and consolidate powders as well as cast, sintered, and
now AM products, based on the properties of heat transfer and
phase transformations that occur during heat treatment. The
HIP process applies a high-isostatic-pressure (100 to 200 MPa,
or 15 to 29 ksi) gas, typically argon, to the dense surface skin of
the component at a temperature below the solidus but high
enough to maximize plastic flow to enhance atom/vacancy
diffusion to heal the internal porosity (Ref 30, 40-42). A pore
will initially shrink with plastic flow and then by diffusional
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mechanisms. The goals of HIP include reduction of voids, total
production costs, property scatter, improved reliability, and
extended service life. The thermomechanical process collapses
the gas-filled internal pores when the equilibrium pressure of
the entrapped gas equals the applied pressure. The ideal pore
shape is spherical to ensure isostatic pressure has been applied
to the entire pore region. In some cases, however, subsequent
heat treatments result in pore regrowth (Ref 43). Insoluble
gases such as argon, nitrogen, and helium are often used in the
processing environments for metal components.

There are four main mechanisms by which pores are
eliminated by HIP: plastic flow, power-law creep, Coble (grain-
boundary) creep, and Nabarro—Herring (lattice) creep (Ref 30).
In sum, all mechanisms eventually lead to a densified
component; however, the rate at which the pores are eliminated
varies according to the mechanism selected. Plastic flow tends
to vary as a function of pore fraction, where pore fraction and
flow stress resemble an inverse relationship. Pores shrink as
hydrostatic pressure exceeds the reduced yield point of the
material at the HIP temperature, allowing for local plastic flow
on the microscopic scale (Ref 40). The power-law creep
mechanism alternatively uses diffusion and a transfer of atoms
and vacancies to and from pinned dislocations that can be used
to climb around the obstacle and through the lattice. The Coble
and Nabarro—Herring creep mechanisms are diffusion processes
that take place at the slowest rates and thus primarily at the
latter stages of densification. Surface energy is the primary
driving force associated with shrinkage via diffusion. Move-
ment of atoms to the pore surface and vacancies from the pore
surface into the bulk cease the final stages of densification.
Coble creep transitions the atom/vacancy movement via grain
boundaries, while Nabarro—Herring creep diffuses this atom/va-
cancy movement within the lattices (Ref 30, 40). Materials that
are creep resistant do not have the capabilities to perform pore
removal based on the latter mechanisms (Ref 41).

3.3 Sensing Technologies

Metal AM processing lacks robustness due to the complex-
ity encompassing the AM process and the susceptibility of the
process to form property-degrading defects. Efforts to detect
defects using x-ray computed tomography and to heal the pores
through postprocessing HIP have shown significant improve-
ments to the as-built structural integrity of AM components.
Nonetheless, metal AM postprocessing and inspection are both
cost- and time-expensive, restricting the widespread use of AM
for critical components. Thus, in situ methods for sensing
defects derived from ex situ inspection techniques have recently
been integrated into PBF and DED processes to conserve
money and time spent postprocessing.

Several investigations have highlighted the potential for
using a variety of noncontact thermal, optical, and ultrasound
techniques as an appropriate means for inspecting AM
components. Thermal and optical techniques have been more
widely integrated than their counterpart—ultrasonics—due to
their user-friendly interfaces, limited effects from surface
roughness, and reduction in data processing of collected results.
Conversely, ultrasonic investigations have viewed these as
challenges to overcome. The potential for each of these
nondestructive evaluation (NDE) methods (thermal, optical,
and ultrasonic) is apparent for the evaluation of AM metal
alloys; therefore, extended opportunities for growth continue to
be sought.
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3.4 Thermal Process-Monitoring Methods

Thermal techniques collect temperature profiles from irra-
diated surfaces to help predict areas with less fusion, where
defects are likely to be present. Thermal NDE techniques,
including infrared thermography and pyrometry, have sought
integration in both PBF and DED chambers and collected
temperature gradients during the deposition process (Ref 44-
52). Infrared cameras provided high spatial and temporal
information of two-dimensional surface areas for PBF (Ref 47,
50), while energy measurements were assessed for DED
processes (Ref 53). Alternatively, discrete temperature mea-
surements were collected by using pyrometry, and the data
points collected were used to evaluate changes in thermal
profiles with alterations in the powder feed rates and power in
the DED process (Ref 45, 48, 51). Thermal measurements
continue to lack valuable subsurface defect and thermal
evolution information due to the limited depth of inspection
for either AM process (Ref 47, 50, 54). Uncertainties in
emissivity, motion blur, and reflection measurements have
contributed to unreliable and misinterpreted information (Ref
49, 50, 55). Nevertheless, thermal techniques such as pyrom-
etry have been coupled with high-speed cameras to monitor the
build process (Ref 45, 48, 51, 56-58). Solidification and
thermal histories of the entire build may be described by
monitoring the irradiance of the layer-by-layer process (Ref 44-
52).

3.5 Optical Process-Monitoring Methods

Optical measurement devices, such as high-speed cameras
that use charge-coupled devices, complementary metal oxide
semiconductor detectors, and optical emission spectroscopy
(OES), have previously been integrated for monitoring in situ
processes (Ref 11, 53, 56-59). Optical techniques are often used
to collect information about the surface of a build layer, such as
surface roughness, defects that may be caused by a damaged
recoater blade, regions of buildup, or unmelted powder. These
devices, based on light collection, are capable of monitoring the
evolution of the melt pool, although their detection capability
does not provide information about internal geometries that
may develop during the build process (Ref 57, 58). The wide
availability and inexpensiveness of high-speed cameras oper-
able in the near-infrared regime make optical techniques an
easy, affordable integration device for inspection. A technique
such as OES has long been used to understand the physical
mechanisms and monitoring conditions during laser material
processing (Ref 7), including measuring excitation tempera-
tures of iron, chromium, and magnesium vapors that corre-
sponded to welding defects (Ref 60). Most recently, OES has
been adopted into AM processes to identify lack-of-fusion
defects within builds while also showing potential for imple-
menting emission signals from plasma plumes for identifying
hardness, surface appearance, clad dilution, and microstructures
(Ref 7, 61, 62). Optical techniques have successfully captured
surface features for each layer during the build, although
methods continue to face image-processing challenges related
to capture time and resolution (Ref 11, 53, 56-59). One of the
main challenges to using optical techniques for an in situ
inspection method is the inability of the process to achieve an
adequate speed required for closed-loop feedback (Ref 57-59,
63).
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3.6 Ultrasonic Process-Monitoring Methods

Ultrasonic techniques include both contact and noncontact
methods for generating pulsed waves through a material, where
the mechanical energy is either absorbed or reflected, then
detected by a receiver, and transformed into electronic signals
(Ref 64). Detected signals include extensive subsurface feature
and surface information (Ref 9, 65-67). Variation in signal
information may be due, in part, to differences in density and
geometry that have pointed to defects in structural components
(Ref 62, 68-70). Previous ultrasonic investigations have
revealed elastic properties, grain size, texturing, and phase-
change information for unique metal alloys through modeling
and empirical methods (Ref 71-78).

Complexities exclusive to each AM process have dictated
the feasibility of integrating either contact or noncontact tools
for in situ monitoring. In an ex situ case, either may be used to
provide subsurface or surface details. However, immediate
correction of discovered defects is not possible. The PBF
processes have implemented contact piezoelectric transducers
for subsurface flaw identification in components based on the
analysis of wave velocity variability (Ref 79). However,
deposition of additional layers skewed the wave velocity
measurements. Results suggested a degree of unreliability in
measurements for multilayer components (Ref 79). Noncontact
techniques, on the other hand, have not been widely adapted as
an in situ monitoring technique due to the complexity involved
in signal processing and detection alignment with the build
process. Preliminary investigations using noncontact tech-
niques, such as spatially resolved microscopy (Ref 67), laser
ultrasonics (Ref 9, 80), and acoustic emission testing (Ref 70),
have shown great promise for investigating AM materials on an
ex situ level. Ultrasonic characterization and inspection offers
additional bulk material property and subsurface information of
internal geometries not available in alternate inspection tech-
niques, although the complexity of the signal information is not
easily interpretable (Ref 81, 82). Thus, ultrasonic techniques
suggest continuing advancement for the evaluation of AM
metal processes.

3.7 Design Strategies

Metal AM parameter development often cycles through a
series of steps to obtain more information about how new alloys
respond to different process parameters. These parameters are
based on a set of conditions that have been previously
implemented for other alloys. While in most cases it is ideal
to produce structures without porosity, during the parameter-
development stages and especially when trying to implement a
new instrument for detection, it is important to try to create
consistent defect formation in builds. Previous investigations in
the in situ sensing community have varied process parameters,
such as hatch spacing, powder flow, heat input, slicing
strategies, intentional hollow structures in the computer-aided
design (CAD) model, and so on, to understand what parameter
or combination of parameters influenced the consistent forma-
tion of defects. The listed parameters effectively change the
percent overlap of adjacent tracks, mass flow into a molten
pool, amount and time an alloy is subjected to heat, and internal
design of the structure. Researchers investigating in situ sensing
techniques create consistent defects to verify their novel
technique by using the current qualifying ex situ techniques
for detecting defects, the novel technique ex situ, followed by
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establishing the validity of the novel technique in situ.
Furthermore, applications that require porous structures, par-
ticularly those desirable for metallic foams or medical appli-
cations, must implement CAD and process parameter design to
achieve consistent results.

4. Current Knowledge Gap

Metal AM has captured the attention of industry and
researchers alike, both of whom are seeking to take advantage
of the design opportunities and unique alloy features offered by
this process. However, while the novel advancements present
improved properties and intricate design features, complexities
of the AM process continue to present consistent challenges
that have yet to be resolved.

Fusion-based defects continue to be a recurring problem
with AM components. While most defects can be detected by
nondestructive inspection techniques and relieved by postpro-
cessing HIP, consistency has yet to be achieved for processing
the same alloy for multiple processing chambers. Defects that
are unable to be relieved based on their size or their
connectedness to the surface of the component are subjected
to being scrapped. Thus, an understanding of the types of
defects formed in each process, their mechanism of formation,
the processing parameters that influence their formation, and
the types of impurities to avoid during processing has the
potential to improve the robustness of AM for processing.
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