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Metallic Structures: A Comprehensive Review

Jun Ge @, Selvum Pillay, and Haibin Ning

This review summarizes the recent research progress on the post-processing techniques to improve the as-
built metallic structure fabricated by additive manufacturing. The comprehensive comparison reveals that
hot isostatic pressing (HIP) is the only one of few that can eliminate the internal porosity (< 0.01%) with
high efficiency and availability. Traditional heat treatments (HTs) are still the best approach to improve or
alter the microstructure for the overall bulk properties. Various surface post-processes are presented that
are more flexible and cost-effective than common machining and polishing. Laser-based techniques are the
most popular treatment for surface modification to induce compressive stress, remove the surface pores,
reduce the surface roughness, or apply coatings for functionality. Other mechanical methods like shot
peening (SP), laser shock peening (LSP), ultrasonic nanocrystal surface modification (UNSM), and abra-
sive-based treatments facilitate plastic deformation to impact surface beneficially for hardness, fatigue, or
corrosion resistance. In addition, impact-type surface treatments (SP, LSP, and UNSM) are more effective
on enhancing the mechanical properties due to greater energy imparted to the surface than abrasive-type
treatments. Electrochemical polishing is capable to achieve the best surface smoothness (R, < 0.1 pum),
while friction stir processing shows the best effectiveness on homogenize the structure without significant
grain growth at nanoscale. Advanced but costly surface techniques are only suitable to satisfy specific
requirement and application of high value metallic component. By optimizing the process parameters and
adopting in situ tools, the as-built structure can be enhanced with minimized necessity for post-processing.
Overall, a complete solution of post-treatment includes HIP, HTs, surface modification, and/or special

process.
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1. Introduction

Additive manufacturing (AM), as a disruptive technology,
provides one revolutionary approach to build metal component
that allows for precise control of the as-built structure in a
layer-wise manner. The properties and performance of the as-
build part depend on every solidified layer formed through
ultra-fast and intensified (up to ~ 10° K/s) cyclic heat/cool
process (Ref 1, 2). By manipulating the grain size, grain
morphology, phase composition, crystal orientation as well as
interlayer bonding, contrary to conventional processes like
casting and forging, AM-built metallic part can be created at the
nanoscale according to the process-structure—property relation-
ship. The overall equipment effectiveness (OEE), which in
modern manufacturing requires to be greater than 70% with
scrap rates of less than 1000 ppm, can be achieved by AM with
appropriate process optimization.
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1.1 AM Processes and Classification

The current AM techniques and concepts are commonly
classified through several aspects. Figure 1 shows a schematic
view of AM concepts and techniques according to ISO/ASTM
52,900 standard and literature (Ref 3). Based on material
feeding, they can be categorized as powder bed systems,
powder feed systems, wire feed systems, and sheet lamination
systems. On the other hand, the metal-based materials can be
melted by different energy sources like laser, electron beam, or
electric arc plasma (Ref 4). In powder bed AM, the melting
phenomenon is carried out by the combination of the particle
arrangement and the capillary-driven liquid phase penetration,
in which the surface energies of the liquid and solid alloys and
liquid—solid interfacial energies play important roles. Electron
beam melting (EBM), selective laser melting (SLM), and
binder jetting AM (BJAM) are all derivatives of powder bed
fusion (PBF) concept (Ref 5). Laser-based printing can also be
divided into three printing modes of laser sintering (LS), laser
melting (LM), and laser cladding (Ref 6). Due to incomplete
melted particle and inhomogeneous heating, sintered metal part
requires subsequent post-sintering, infiltration, or heat treating
to remove binder and achieve full dense. Parts built by LM
require a high-power laser source and exhibit high internal
stresses due to the high temperature gradient and dramatic
thermal history. For instance, SLM, which is also called L-PBF
or direct metal laser sintering (DMLS), melts the metal particles
completely in the manner of partially remelting or resolidifying
the previous solidified layer with rapid directional diffusion of
energy through laser spot. High internal residual stresses,

Volume 32(16) August 2023—7073


http://orcid.org/0000-0001-9243-9683
http://crossmark.crossref.org/dialog/?doi=10.1007/s11665-023-08051-9&amp;domain=pdf

metallic structure

[ Additive manufacturing of ]

Binder jet AM,

Material Powder bed
extrusion fusion, PBF 3-dimensional jetting

BJAM or [ Material

Direct energy Sheet VAT Photo-
deposition, DED lamination polymerization

printing, 3DP

Selective laser
melting, SLM
or laser powder
bed fusion, L-PBF
e Solid-state

Direct metal laser AM

sintering, DMLS

| Electron beam
melting, EBM

Selective laser

| Blown powder
deposition, BPD

Cold gas dynamic

Ultrasonic AM,
UAM

Laminated object

manufacturing, LOM
Direct light ——

fabrication, DLF

Laser engineered net shaping, LENS
or laser metal deposition, LMD

| Direct metal
deposition, DMD

sintering, SLS | 1 3D laser
— spraying, CGDS — cladding
Fused filament ————
1 fabrication, FFF | Cold spray L Wire arc AM,
—e AM, CSAM WAAM

| Additive friction stir

deposition, AFSD

Fig. 1 Major concepts and techniques for metallic additive manufacturing categorized based on ISO/ASTM 52,900

anisotropy in microstructure, and porosity always present with
varying degree, distribution and morphology in the as-built
structure (Ref 7). Annealing is generally applied to SLM parts
to decrease the chemical segregation, alter the distribution of
secondary phases, and reduce residual stresses. BJAM, also
known as three-dimensional printing (3DP), uses an inkjet
printing head to spray liquid binder into a layer of powder.
After blending of the particulates or multi-species of oxide
precursor for complex alloy like high entropy alloy (HEA) or
medium entropy alloy (MEA) with binder and solvent, BJAM
requires powder removal, curing, debinding, and sintering steps
to achieve burnout of the binder and densification of the article
(Ref 8-10). Similar to LS, post-sintering and infiltration are
necessary to be adopted to eliminate pores, reduce residual
stress and segregation, improve surface roughness, increase the
ductility, and modify the chemical composition of the final part
(Ref 11-13). EBM generally produces metal part with greater
surface roughness than that of the laser-based techniques due to
the limitations of thicker powder layers, coarser particles, and
the faster scan speeds. Since it is conducted in vacuum and easy
to reach high processing temperature, EBM can process alloys
with high melting point or high affinity to oxygen and nitrogen
with minimum degree of stress-relief treatment (Ref 14).
Directed energy deposition (DED) includes laser engineered net
shaping (LENS®), directed light fabrication (DLF), direct
metal deposition, and 3D laser cladding. LENS, also known as
laser metal deposition (LMD), is one of the derivatives of laser
cladding technologies. It feeds single grade or multiple species
of particles into the path of a laser beam at the focal point to
create a molten pool on the substrate material, allowing the
build to achieve a full or gradient composite. Alternatively,
laser cladding can be used directly for surface treatment. For
instance, laser surface modification (LSM) adopts LENS to
modify granular structure of Ti6Al4V alloy thereby changing
the hardness while creating a passive oxide layer that signif-
icantly enhances the wear resistance. Typical examples for
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powder feed and wire feed technique are cold spray (CSAM) or
blown powder deposition (BPD), and wire arc additive
manufacturing (WAAM), respectively (Ref 15-17). WAAM,
as a DED technique, uses an electric arc and a solid wire to
build metallic part with a lower precision but a significant
higher deposition rate than those in other systems. With
controlled operating process and plasma flow, microplasma
WAAM enables production of thin parts with total wall width
(TWW) around millimeter scale. The wire feeding and droplet
transfer are realized through the detection of the contact
between the electrode wire tip and molten pool, as well as the
activation of the servomotor to retract the wire (Ref 15). Post-
WAAM heat treatments can be used by means of hot isostatic
pressing (HIP), solution treatment, annealing, aging, and other
thermal treatments (Ref 18). As solid-state AM, CSAM can be
used to deposit temperature-sensitive and oxygen-sensitive
materials to form functional and dissimilar components like
metal matrix composites (MMCs), particle-reinforced MMCs,
and HEAs since it operates with little heat effect on the spray
materials. CSAM accelerates the particles through a pressurized
and preheated propulsive gas that expands in the de Laval
nozzle to reach a supersonic velocity. The printed CSAM part
generally has a low level of ductility or plasticity since each
deposited layer is formed under the severe plastic deformation
of each single particle during impaction on the substrate
material. Similarly, cold gas dynamic spraying (CGDS), a
solid-state thermal spray process, can apply for direct deposi-
tion of metal-based materials and also used for coatings and
repairs (Ref 19, 20). CGDS is not limited on the tray size and is
able to print at a deposition rate that is an order of magnitude
larger than the current fastest PBF AM technology. The
disadvantage of CGDS is the significant level of porosity in the
as-print sample, which requires a significant amount of post-
processing. Sheet lamination processes typically bond thin
sheets of metallic foils by brazing, diffusion bonding, laser
welding, resistance welding, or ultrasonic seam welding. One
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typical example is ultrasonic additive manufacturing (UAM)
system. UAM does not fully melt the metal but works at a
much lower temperature (0.3—0.5 of the melting point). This
advantage allows UAM to minimize the defects that are
associated with high temperature exposure in melting and
solidification. UAM is capable of fabricating component with
sophisticated geometries and joining dissimilar metals (Ref 21,
22). Additive friction stir deposition (AFSD) is another solid-
state sheet lamination approach for fabrication of metals and
MMCs using wire or powder feeding and it is capable of large-
scale printing without vacuum chamber or powder bed (Ref 23,
24). The peak temperature in AFSD-built parts normally ranges
from 60 to 90% of the melting point. As a result, the as-built
structure exhibits little defects, such as porosity, hot cracking,
chemical segregation, inclusion agglomeration, or high residual
stresses. Therefore, similar to UAM, the AFSD-built part is at a
minimum requirement for thermal post-treatment. The resultant
microstructure is featured with refined and equiaxed grains as
well as isotropic texture formed during dynamic recrystalliza-
tion in the heat-affected zone (HAZ). The inhomogeneity
caused by cyclic reheating in grain structure and composition at
interlayer regions can be corrected partly through post-pro-
cessing treatments. In addition, bulk metallic glasses (BGM)
and HEA can be printed through 3D-ink extrusion or fused
filament fabrication (FFF) like thermoplastics, which can also
be heat-treated to improve the mechanical properties (Ref 13,
25).

Post-processing treatment adjusts the structure and enhances
the properties of the as-built metallic part from the abovemen-
tioned techniques to meet various standards, for example, the
minimum ultimate tensile strength requirements specified by
the ASME code (Ref 26). It improves the final density,
minimizes the porosity, eliminates the internal and surface
defects like lack of fusion, improves the surface finish/geomet-
rical tolerance, and reduces the anisotropy as well as residual
stress in the printed structure (Ref 27). Different AM tech-
niques exhibit unique characteristics and thus suit for different
single or combination of post-processing treatments. In sum-
mary, post-treatments for AM metallic part are focused on
improving properties, such as resistance to corrosion and
fatigue, of the printed structures to enhance their sustainability
and performance in structural and stress-bearing applications
(Ref 28, 29).

1.2 Defects in AM-Produced Metal Part

Although AM techniques show certain advantages over
conventional fabrication processes, such as casting and forging,
the finished structures may suffer from undesired characteristics
and defects, which lead to reduced properties and performance
(Ref 30-32). Metal parts processed with PBF typically show
lower fatigue resistance. For example, the fatigue performance
of SLM Ti6Al4V alloy is 75% lower than wrought material due
to defects (Ref 33). Common defects include porosity (gas
entrapment and lack of fusion), high surface roughness
(partially melted particle, balling, etc.), interlayer delamination,
high residual stress, and compositional inhomogeneity (Ref
34). Part distortion and anisotropy characteristics (anisometric
columnar grain morphology, strong crystallographic texture)
are the other two major issues. Warping, cracking, or delam-
ination of a component can result in part rejection. On the
microstructure level, defects can also form as significant
residual dislocations, solidification substructure, and element
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segregation due to the high solidification rate as well as loss of
element due to preferential vaporization (Ref 35). All the
defects are significantly affected by the thermal history (i.e.,
melt pool temperature, thermal gradient, cooling rate, and
cyclic reheating) in AM processes.

Gas pores may generate from various sources. First, it can
come from the residual gas entrapped at the interparticle
spacing during rapid solidification. Secondly, the gas phase
formed through the reactions of oxidation and reduction in the
melt also leads to pore formation. In addition, porosity can be
caused by the evaporation of certain elements and volatile solid
material. Moisture and coagulation of shrinkage are also related
to porosity. Lack-of-fusion pores form when the melted metal
powder solidifies before being able to completely fill existing
gaps. The morphology, size and distribution of pores are also
playing an important role. Gas porosities tend to be small
(< 100 um) and spherical, while the lack-of-fusion pores, also
called void, tend to be much larger (> 100 um), have irregular
shape, and most importantly, are slit-shaped. Gas porosity
reduces the modulus and thereby affecting the deflection
behavior of the materials. In addition, the fatigue life of a
material is also greatly impacted by the presence of porosity,
including the size, shape, and the location of the void (Ref 36).
Typically, AM materials exhibit substantial shorter fatigue life
and lower high cycle fatigue (HCF) strength as compared with
wrought materials. The fatigue fracture surfaces reveal that the
failure mechanism of fatigue life is attributed to the close-to-
surface void acting as a crack initiation site for stress
concentration. These surface voids provide the required stress
concentration to develop cracks at a lower number of fatigue
cycles. Thus, the failure mechanism for AM materials is more
affected by void location rather than its shape or size.

Surface roughness issue is attributed from a combination of
build orientation, particle size distribution, removal of the
support structures, the staircase effect, and the rippling effect
from quick solidification of melt pool. It is also affected by the
presence of unfused or partially fused raw materials contiguous
to the layer contour profiles (Ref 37). Components for high end
applications require an average surface roughness less than 1
um. Surface roughness is the major cause of the crack initiation
since the valleys in the surface profile act as stress concentra-
tion notches that induce fracture. It negatively affects fatigue
resistance and wear behavior of the build part. Increase of the
fatigue life can, therefore, be obtained by delaying crack
initiation through improving the surface roughness.

The dimensional accuracy and conformity of the printing
part are related to many factors. The cyclic heating/cooling and
remelting of the previous layer when the current layer is
deposited cause an uneven cyclic thermal load across a certain
number of layers according to the level of the energy source.
The heat from the cycles accumulates to form high thermal
gradient within the deposited part. Along with the continuously
varying slice contours, such anisotropy gives rise to residual
stresses resulted from the degree of the thermal gradient, which
therefore causes part shrinkage during the building process.
Such highly textured material in the as-built status is dominated
by columnar-grained macro-structure and exhibits anisotropy in
both crystallographic microstructure and bulk mechanical
properties.

Moreover, the intrinsic error of staircase features, which is
caused by the layer-wise nature of part discretization into
successive layers on the curved face perpendicular to the
building direction, affects the surface finish and tolerance of the
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Fig. 2 SEM micrographs of crack initiation during fatigue failure of machined HIPed Ti-6Al-4 V specimen fabricated by SLM: (a) un-melted
particle (axial loading), (b) surface defect (torsion loading), (c) porosity from entrapped gas (in-phase axial-torsion loading), (d) partially melted
region (in-phase axial-torsion loading) (Ref 40). Reprinted from International Journal of Fatigue, Vol 117, Reza Molaei, Ali Fatemi, Nam Phan,
Significance of hot isostatic pressing (HIP) on multiaxial deformation and fatigue behaviors of additive manufactured Ti-6Al-4 V including build
orientation and surface roughness effects, Pages 352-370, Copyright 2018, with permission from Elsevier

fabricated component. Due to the thermomechanical nature, the
staircase feature generated through the process control algo-
rithm on the geometry of individual cross sections of layers,
thin features, and sharp corners is non-removable by parameter
optimization but can be minimized by post-processing opera-
tion (Ref 38).

During high-temperature exposure, part geometric distortion
is inevitable and cannot be reversed by heat treatment. Part
distortion, which is also called warping, is related to the
residual stress caused by cyclic heating/cooling and a large
temperature gradient between layers. Vibration of the metallic
part during machining can also contribute to the part distortion.
Residual stresses within the part can lead to anisotropy and
decrease fracture toughness. Numerical modeling and physics-
based analytical models have been applied to simulate and
predict the distortion. The main mechanism behind the
distortion can be described through thermo-elasticity, elastic—
plastic, and displacement theories (Ref 39). Due to the
significant difference in heat input and conduction between
two successive layers, the thermal gradient induces different
rate of expansion of the two layers as well as elastic/plastic
compressive strains. In general, the longitudinal residual stress
forms at the top of the printed article with a parabolic
distribution and increases when more layers are deposited with
decreasing thermal gradient. This transition of stress between
compressive and tensile states at different locations of the
article leads to warping. The magnitude of such residual stress
is governed by material properties (thermal expansion, thermal
diffusivity, and conductivity), phase transformation, geometry
and position of components, processing parameters and func-
tion, etc. Part distortion can be minimized by preheating the
substrate, insulating of the system, embedding the part inside
the powder to enable a cool-down stage, and limiting the melt
pool size. Shorter scanning path, larger layer thickness, and
alternative scanning direction also reduce the stress.

Cracks are formed when insufficient liquid phase is
presented during solidification, especially a rapid cooling
process. The cracks can be divided into two groups as
microcracks and macro-cracks based on the scale of their size.
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Liquid-state cracking, or hot cracking occurs when too much
stress is applied on the liquid film between two growing
dendrites and the liquid from the melt pool is unable to backfill
the inter-dendritic gap. Such crack can exclusively be found at
the columnar grain boundaries. The crack also affects creep
behavior of AM parts at elevated temperature. At elevated
temperature, grain boundary cavitation and crack growth
dominate the creep behavior. Even a low concentration of
oxygen at elevated temperature, can accelerate the creep crack
growth rate during post-heat treatments. All the cracking
mechanisms are driven by the high residual stress and the
microstructural development during the rapid solidification.
The extreme low ductility of certain alloy is induced mainly by
strain-age cracking (SAC), which is the result of stress
accumulation by the precipitation or hard phase that prevents
relaxation of the matrix either inside grain or near grain
boundaries in regions of segregation. While intergranular
cracks, which are also called ductility dip cracks (DDC), can
be observed in alloy structure after thermal post-treatments. The
formation mechanism of DDC is attributed to the dissolution
and reprecipitation of certain alloy phase during cooling. SAC
can be controlled by avoiding grain boundary sliding and
microcracking. These low-temperature creep mechanisms raise
the residual stress and can be minimized through post-
treatments such as precipitation hardening, surface peening,
etc. Post-surface treatment imparts a compressive residual
stress on the surface and retards the initiation of cracking.
Figure 2 demonstrates cracks and their initiation during fatigue
test of Ti6Al4V specimens fabricated by SLM and treated
through machining as well as HIP.

Beam-based AM techniques often encounter operational-
related defects. Pores also originate from improper setting on
the energy input of the AM process. The input energy per unit
volume of material is determined by factors of beam power,
scan speed, hatch spacing, and layer thickness. The melt pool is
a balance of input energy and heat conduction around itself.
This balance limits the amount of liquid phase developed and
therefore controls the geometry of the melt pool. Thus,
spherization effect, which is also called balling, occurs when
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the molten pool forms in an instable spherical shape under
certain irradiation force and the transverse velocity of the beam,
resulting in poor surface quality, low density, and emergence of
pores. When input energy is insufficient for the material, lack-
of-fusion and poor consolidation of the powder occur in the as-
print article. Excessive energy leads to overheating, spattering,
and defect of keyholing. Generally, optimizing the overall
energy input can control the total amount of porosity in the final
print part. Excessive energy evaporates the material to form the
vapor phase, which decreases heat transfer rate and thereby
creating a much deeper melt pool than intended. The keyhole
defect occurs when the vapor cavity collapses and develops a
pore on the previously deposited layer due to the instabilities
inherent to the system. Hatching or path defects occur when the
algorithms used to plan the beam path for each layer leave gaps
in the geometry.

In summary, post-process techniques have been adopted and
studied to address the abovementioned issues for different
materials under various conditions. Mechanical properties such
as fracture toughness, ductility, fatigue strength of the metal
AM parts can be effectively improved through post-treatment
processes. A typical sequence for post-processing can be a
stress relief first, followed by HIP, then solution heat treating
and precipitation hardening, and finally support removal after
necessary heat treat cycles and post-surface treating if part
requires tighter tolerances or a superior surface finish. A recent
review by Ye et al. showed results of preliminary comparison
among those post-treatments (Ref 41). However, in-depth
analysis with sufficiently coverage of different metallic mate-
rials, 3D printing techniques, and advanced post-processing is
lacking. This paper tends to provide such comprehensive work
and offer in-depth understanding of the effectiveness and
drawbacks of different post-treatments on AM-built metallic
structure.

1.3 Fundamental Theories of Metal Printing

For the PBF AM process, the energy input of laser or
electron beam can be simply written in the form of beam power
density (Ref 42, 43):

E =P/vs't, (Eq 1)

where v is the beam travel speed in cm/s, s’ is the beam hatch
spacing in c¢m, and ¢ is the layer thickness in cm. Thus, the
linear power density (in J/cm) is E; = P/v. The combined
effect of high solidification velocities and high thermal gradient
presented in either the powder bed or melt pool leads to the
formation of highly textured structure, which locates on the
upper-right corner of the solidification map constructed by
generalized temperature gradient (G) versus growth rate (R)
plot. The solidified microstructure is governed by the ratio of
G e R and G/R. The layer cooling rate then can be expressed as
(Ref 44):

GR = A/, (Eq 2)

where a and 4 are material constants. In dendrite formation, the
inter-dendritic spacing, 4, is related to the cooling rate by Kurz—

Fisher relationship (Ref 45-47):
J=a/GR", (Eq 3)

where a is a constant and »n can vary from ~% to ', for
secondary dendritic arm spacing, 4 = dp, n = 3. Therefore,
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increasing G - R in general decreases the size and spacing of the
residual microstructure. During layer building, the microstruc-
ture of the AM part changes from columnar to equiaxed grain
structure as G/R decreases. In this process (Ref 44):

G/R = 2nk(AT?)/BPv, (Eq 4)
where k is the thermal conductivity of the layer, AT is the
liquidus-solidus temperature difference, B is a constant, P and v
are the beam energy and travel speed, respectively.

According to the “rule of thumb” of H ~ 3,, Vickers
hardness, H, of a metallic structure can be approximated with the
tensile yield stress o, (Ref'48). With considering of the Hall-Petch
relationship, o, can be written in the general form as follows:

K/ Kl/
+— Eq 5
75 (Eq 5)

where g represents an intrinsic yield stress of a single crystal
of the metal or alloy, K’ and K" are material constants, D is
average grain size of the polycrystalline metal or alloy grain
size, and s is the spacing or dimension of intragrain
microstructures such as phase platelets, stacking faults, twins,
etc. Therefore, hardness and tensile behavior can both be
related to the microstructure of the material.

The inherent dislocations in an AM-built metallic structure
can enhance mechanical properties (Ref 49). The improvement
in yield strength can be correlated to strengthening mechanisms
in microstructure of AM-built materials. Metals with an FCC
structure normally are subjected to deformation form disloca-
tion cell substructures that follow empirical relationship and it
can be written as the equation below (Ref 50, 51):

0y, =00+

10 10v/2
T = ,ord = f, (Eq 6)
4 V204 VP4

where d is the dislocation cell diameter and p, is the bulk
dislocation density. Therefore, a classical strain hardening
model to account for strengthening from both high-angle grain
boundaries (HAGBs) and dislocation densities can be ex-
pressed with an additional term of dislocation Taylor hardening
(Ref 52-54):

K/ Kl/
O'y =0y +ﬁ+7+aMGb\/p_d7
where o is a proportionality factor measuring the efficiency of
dislocation strengthening, which ranges from 0.2 to 0.8, M is
the Taylor factor that can be assessed from EBSD analysis, G is
the shear modulus, and b is the Burgers vector.

In summary, Eq 1, 2, 3 and 4 describe a simplified approach
to evaluate the relationship between process parameters and the
potential structure of the metallic part, while Eq 5, 6 and 7
establish the link between them and the resulting strength
considering the intrinsic dislocation and provide a quick
estimation of yield strength of the printed specimen.

(Eq 7)

2. Thermal Post-Processing

Thermal post-processing includes hot isostatic pressing
(HIP), sintering/infiltration, traditional heat treatment methods
(annealing, normalizing, tempering), etc. Thermal post-pro-
cessing is applied to metallic parts fabricated by AM processes
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Table 1 The effects of thermal post-processing on mechanical properties of metallic structure

Process Porosity, %0 Modulus Tensile strength  Ductility = Hardness Fatigue resistance Corrosion resistance
HIP < 0.01 Higher Lower Higher Dependent Higher Dependent
(Ref 55-63)

Annealing < 0.1 Lower Lower Higher Lower Higher Higher
(Ref 55, 57, 60, 64-77)

STA <03 Higher Higher Dependent  Dependent Higher Dependent
(Ref 62, 67, 78-85)

Solutionizing <03 Lower Lower Higher Lower Higher Dependent
(Ref 74, 79, 80, 86])

Aging < 1.0 Higher Higher Lower Dependent Higher Higher
(Ref 58, 79, 80, 87, 88)

HIP + STA < 0.01 Higher Higher Higher Higher Higher Higher
(Ref 58, 83, 89-95)

Sintering < 0.8 Higher Higher Higher Higher

(Ref 84, 96-99)

Infiltration <02 Higher Higher Higher Higher

(Ref 12, 98-100)

to enhance their properties, achieve the desired microstructures,
relieve the residual stresses, and reduce chemical segregation
and directionality from solidification, adjust pore morphologies
and distributions in the material. It is noteworthy that
recrystallization occurrence during post-thermal treatments at
high temperature is critical to the final structure of the printed
part. Recrystallization fully resets the microstructure and
diminishes the Zener pinning effect from secondary dispersion
phases due to the grain growth. Therefore, it eliminates the
dislocation cell structures and has a negative effect on the
mechanical properties. Specifically, annealing and aging can
eliminate discontinuities at the interfaces, while HIP can
enhance the elongation along the build direction by removing
internal voids. The anisotropic characteristics of AM-fabricated
materials can be eliminated by recrystallization or multiple
variants of a dominant second phase. Table 1 summarizes a
generic understanding of the effect of post-thermal treatment.
The effect of post-heat treatment and treatment cycles,
which can alter both grain structure and intragrain microstruc-
tures, can be evaluated by the following equation (Ref 44):

Dgrow - Dinilial - At/ eXp(Q(;/RT), (Eq 8)

where Diyigial 18 the initial grain diameter, Dgroy is the thermally
processed grain diameter, 4 is a constant, O is the activation
energy for grain growth, R is the gas constant, 7 is the
temperature, and ¢ is holding time at the specific temperature.

The solutionizing time, f#;, in solution treatment can be
expressed as (Ref 80, 101):

—2Ink Op
by = ——>+~—— YRR
ST a2, P (RT
where D, is the diffusion constant, k£ is the material constant,
and Q) is the diffusion activation energy. Equation 8 and 9

estimate the evolution of grain size in the printed metallic
structure during post-thermal treatment.

(Eq9)

2.1 Hot Isostatic Pressing (HIP)

Hot isostatic pressing was developed around 1955 to further
densify pre-consolidated powder after sintering. Figure 3
shows the schematic view of typical HIP equipment. The pre-
sintered sample is placed in the chamber filled with inert gas
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and heated up to 2000 °C with elevated pressure up to 30,000
psi. During the treatment, the specimen is collapsed mechan-
ically under the isostatic pressure (Ref 102). HIP is widely used
for consolidation of metal or ceramic powders and has also
been shown to increase the density in metallic components by
reduction or elimination of porosity. Due to the intrinsic
porosity of as-built metallic structures, HIP is such a vital
process for the AM-fabricated metallic part and attracts the
most attention for priority of adoption in AM post-processing.
This also separates itself from other traditional heat treatment
techniques. Typical process parameters used in the literature to
treat different AM metallic structures are listed in Table 2.
Generally, the processing temperature in HIP is below the
melting point and slightly higher than the solidus line according
to ASTM F3301. The HIP temperature should be above the
solvus temperature to achieve a porosity level under 0.01%.
HIP does not have a significant impact on the grain structure
and the columnar grain boundaries when the treatment
temperature is around or below the solubility point.

HIP increases the strength, ductility, and plasticity of the
AM metallic structure. It also decreases the chemical segrega-
tion, promotes the formation of equiaxed grains, eliminates
anisotropy through recrystallization, and improves the homo-
geneity of the microstructure. Both super- and sub-transus HIP
enable uniform response in fatigue and tensile tests of the
treated specimen. Scattering in the performance of fatigue and
tensile test is also reduced for AM-built parts after treatment. In
addition, HIP relaxes residual stresses and reduces the notch
sensitivity of the defects. It minimizes the degree of presence of
internal pores and cracks but has an insignificant impact on the
fatigue life of the metallic part (Ref 103). A high pressure in
HIP reduces the gas pores, lack-of-fusion pores, blowholes, and
microcracks formed inside the as-print sample by collapsing the
pores through plastic deformation. With sufficient temperature
and holding time, creep and diffusion mechanisms lead to
material bonding and pore closure. Typically, the residual gas
entrapped in the original powder particles without dispersion to
the surface can be eliminated. HIP improves the overall tensile
properties (e. g., 9% increase in elongation) of DLF-prepared
stainless steel parts due to reduced porosity, amount of carbides
and residual stress (Ref 104). Tran et al. reported that the
cryogenic mechanical properties of DED-printed CrCoNi

Journal of Materials Engineering and Performance



MEAs at 77 K were effectively enhanced by HIP with
increased tensile strength and no reduction in elongation
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Fig. 3 A schematic of a typical HIP process

compared to those of as-built ones (Ref 105). Such combination
of high strength and ductility results in increased strain energy
density (56%) and decreased amount of micropores, as well as
the work hardening effect caused by early activation of
deformation twinning.

HIP significantly alters the grain morphology from an
elongated columnar structure in build direction to a dominantly
equiaxed grain structure formed through recrystallization. The
structure change eliminates anisotropy, which can be concluded
through EBSD result on Haynes 282 superalloy samples
fabricated by SLM and post-treated with HIP (Ref 106). HIP
also has capability of optimizing the secondary phase for its
presence and distribution that either enhances the high-temper-
ature strength or avoids the potential crack initiation at the
interface. Slow HIP cooling rate also leads to the formation of
hard secondary phases mainly within the grains and along the
grain boundaries, thus forming a continuous film. HIP at
1250 °C with 145 MPa not only reduces the porosity and
texture anisotropy of NigjAly;Cr,Cog alloy fabricated by
SLM, but more critically enables the segregation of secondary

Table 2 Typical HIP process parameters for different metal-based materials

Material

HIP process

Ti-6Al-4 V alloy

SiC fiber/Ti6Al4V
Ti-48A1-2Cr-2Nb alloy
TiAIND alloy

CoCr alloy

MEA CrCoNi

HEA Al,CoCrFeNi
Mg alloy

AlSi10Mg alloy

AlMgZrSc alloy
Al-6061 H-18 alloy
Hastelloy X

Inconel 718

Inconel 625
CM247LC

Haynes 282

K447A

Rene88DT
Ni41AI41Cr12Co6
NiFeMo

WC—Co alloy
WC-FeNiZr alloy
Ultra-low carbon steel
Stainless steel 410
Stainless steel SC420
H13 tool steel
TiB,/316L SS

AlFe composite

Cu alloy

900-960 °C for 2—4 h 100—120 MPa in argon and a natural furnace cool
(Ref 59, 111-116)

Super-transus HIP (1100 °C-100 MPa-2 h) and quench with ~ 750 °C/min
(Ref 117)

927 °C for 5 h with 150 MPa and 5 °C/min heating and cooling rate (Ref
118)

890 °C for 2 h with 140 MPa (Ref 119)

1200 °C for 4 h with 103.4 MPa (Ref 120)

1150 °C and 1200 °C for 4 h with 200 MP (Ref 121)

1200 °C for 4 h with 100 MPa and quench to 760 °C (Ref 122, 123)
1150 °C for 4 h with 101.3 MPa and furnace cool (Ref 105)

1100 °C for 2 h with 300 MPa and cool with 5 °C/min (Ref 108)

450 °C for 3 h with 103 MPa (Ref 124)

500-530 °C at 100 MPa for 2-3 h and a furnace cool until 93 °C (Ref 125—
1297)

325 °C for 4 h with 100 MPa in argon (Ref 130])

580 °C for 1 h with 100 MPa (Ref 131)

1155-1160 °C for 3-4 h with 103 MPa (Ref 93, 132)

1177 °C for 4 h with 150 MPa (Ref 109)

1120-1170 °C for 2—4 h with 100 MPa (Ref 58, 133-135)

1200 °C for 4 h with 103/120 MPa and uniform rapid quenching (Ref 83,
89, 91, 136)

1185 °C for 3-4 h with 170 MPa furnace cool to 980 °C for solutionizing
(Ref 137)

1120 °C for 4 h with 100 MPa (Ref 138)

1177-1200 °C for 4 h with 103/150 MPa (Ref 63, 95)

1185 °C for 3.5 h and 150 MPa (Ref 106)

1200 °C for 4 h and 150 MPa (Ref 139)

1160 °C for 2 h and 200 MPa (Ref 140)

1250 °C and 145 MPa (Ref 107)

1230 °C for 3 h with 120 MPa (Ref 141])

1420 °C for 30 min with 4 MPa (Ref 142])

1350 °C for 3 h with 103.4 MPa (Ref 143)

1162 °C for 3 h with 101.7 MPa (Ref 144)

1121 °C for 4 h with 103.4 MPa (Ref 110)

1100 °C for 2 h with 100 MPa (Ref 104)

1130 °C for 6 h with 100 MPa (Ref 145)

1150 °C for 2 h with 207 MPa, rapid cool to 900 °C or 200 °C (Ref 146)
485 to 525 °C for 2 h with 100 MPa (Ref 147)

1075 °C for 2 h with 206.84 MPa (Ref 148)

800-950 °C for 4 h with 100 MPa (Ref 149)
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Fig. 4 SEM image of NigAlyCr,Cog alloy fabricated by SLM with post-treatment of (a) aging at 1150 °C for 3 h at vacuum, (b) HIP at
1250 °C with 145 MP, and (c) Maximum allowable operating temperature versus compressive load for NiyAly;Cri,Cog alloy workpiece with a
lifespan > 100,000 h, accumulated plastic strain < 1%, and creep rate ¢ = 10~* s™! (Ref 107). Reprinted from Additive Manufacturing, Vol
31, Yu.Yu. Kaplanskii, E.A. Levashov, A.V. Korotitskiy, P.A. Loginov, Zh. A. Sentyurina, A.B. Mazalov, Influence of aging and HIP treatment
on the structure and properties of NiAl-based turbine blades manufactured by laser powder bed fusion, Article 100,999, Copyright 2020, with

permission from Elsevier

precipitations inside matrix grain (Fig. 4a and b) (Ref 107).
This significantly increases the maximum allowable operating
temperature of the alloy workpiece by ~ 80 °C (for 100,000 h
in the load ranging from 100 to 350 MPa) compared to aged
one, as shown in Fig. 4(c). Joseph et al. stated that HIP not only
eliminated the large pores (> 5 um), but also induced the
dissolution of grain boundary precipitates as well as grain
coarsening of globular FCC/BCC structure in DLF-deposited
AlxCoCrFeNi HEAs (Ref 108). Furthermore, HIP exhibits
effectiveness in reducing the thermal crack and thereby
enhancing the overall high-temperature strength of the SLM-
printed Hastelloy X sample (Ref 109).

As a result, pore closure, microstructure homogenization,
and densification occur simultaneously during HIP and thereby
improving the overall mechanical properties of the final part.
The elongation and plasticity can be greatly promoted because
of the reduction of pores and solid solution of the secondary
phase in the treated part. Owing to the reduced porosity and
dislocation density, as well as the grain growth, the tensile
ductility increases to more than 10-20% of the as-printed part,
leading to continuous stress—strain curves of the specimens.
Nonetheless, metallic components still can exhibit mechanical
properties on parity with those of wrought metals and alloys
(Ref 4, 110). Annealing twins can also be observed in the
microstructure after HIP.

HIP can be combined with other post-processing procedures
to achieve a comprehensive result with superior properties of the
AM part. For instance, the fatigue strength of machined
specimens after annealing following HIP can achieve more than
10 times higher (Ref 150). Also, with the sequence of HIP and
then chemical etching, the residual internal pores are closed or at
least significantly reduced by HIP, and the degree of the plate-pile
like stacking defects is reduced by chemical etching. Depending
on the duration, the chemical etching can have a slightly
detrimental or beneficial effect on the ductility of HIP samples.
More frequently, HIP is followed by traditional heat treatment,
like solutionizing and aging (STA), to achieve a better combi-
nation of properties of the material. Zhao et al. found that HIP
promoted both the tensile strength (5-10% increase to 1400 MPa)
with less scattering and ductility (10 and 17% elongation before
and after HIP) on LSF-printed Rene88DT specimens under
following treatment of STA (Ref 140).

In spite of the benefits that HIP can bring to AM metallic
structures, HIP has its limitations. The HIP-treated metallic
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specimen typically exhibits increased ductility with a certain
level of reduction in tensile strengths and sometimes even
fatigue resistance due to microstructure coarsening developed
during HIP. Although grain growth can be controlled by
lowering the processing temperature and holding time, the
coarsening of the grains and thereby the increased effective slip
length reduce the YS, UTS, and toughness (Ref 151). HIP
increases the grain size to 3 times greater than that of as-built
conditions for Ti-43.5A1-4Nb-1Mo-0.1B TNM-B1 alloy (EBM/
SLM) (Ref 121). The abnormal grain growth of WC and the
surface roughness are the two major issues in post-HIP of PBF-
built WC-Co and WC-FeNiZr alloys (Ref 142, 143). Besides
grain growth, phase transformation can be the other adverse
effect of elevated temperature in HIP. Due to grain coarsening
of B2 precipitate at grain boundary, HIP-treated DLF-deposited
AlxCoCrFeNi HEA samples exhibit brittle fracture and reduced
ductility in tension (Ref 108). The undesirable secondary
phases formed during HIP lead to a potential negative effect on
creep performance. Figure 5 shows fracture surfaces examined
in SEM for Inconel 718 specimen fabricated by SLM. HIP
specimens are dominated by intergranular cracks due to
excessive intergranular precipitations, while heat-treated and
as-built specimens contain less and little intergranular precip-
itations, respectively. As a result, the creep lifetime for HIP
specimens is only 25 and 40% as much as that of heat-treated
and as-built specimens (Ref 136). It is also noticeable that pores
with a close distance to the exterior surface are ineffectively
cured through HIP. The internal pores sometimes are not fully
cured (Ref 113). Many studies also report that post-heat
treatment could reopen certain number of closed pores cured by
HIP. Figure 6 demonstrates an illustration of reconstructed
pores through uSXCT technique on Ti6Al4V samples fabri-
cated by EBM. The f solution treatment of the HIPed sample
regrows the gas porosity with a factor as high as 200% in size
compared to those in HIPed status except for lack-of-fusion
pores (Ref 111). HIP generally impacts negatively on the
hardness of the treated part (Ref 116, 147). The hardness after
HIP is similar to that of the solution annealed condition, but
lower than that of the as-print and precipitation hardened
condition. When a well-engineered alloy composition is
presented during HIP, hardness can be improved. The disper-
sion hardening of 5 nm-sized Sc-rich fine dispersed and
coherent Al3Sc allows the specimen of AgMgZrSc alloy to
achieve higher hardness (Ref 130). Inhomogeneous distribution
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Fig. 5 SEM images of creep zone on the fracture surfaces of Inconel 718 specimen produced by SLM to show different fractures: (a) as-built,
(b) hot-rolled (sheet material), (c) heat treatments (homogenization, solution, age), (d) HIP treatment (1200 °C, 103 MPa, 4 h) (Ref 136).
Reprinted from Additive Manufacturing, Vol 24, Z. Xu, J.W. Murray, C.J. Hyde, A.T. Clare, Effect of post processing on the creep performance
of laser powder bed fused Inconel 718, Pages 486497, Copyright 2018, with permission from Elsevier
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Fig. 6 Porosity scanned by uSXCT in Ti-6Al-4 V ELI powder and samples fabricated by EBM with treatments: (a) powder, (b) as-built, (c)
HIP, (d) HIP + S solution treatment (Ref 111). Reproduced from Materials Research Letters under the CC BY 4.0 license

of certain elements in the build direction could not be
completely healed through HIP. The atmosphere adopted in
HIP also influenced the processed material. For example, when
nitrogen is used in the chamber, the nitriding and formation of
nitrides cause the specimen to lose plasticity significantly (Ref
152). Chemical transformation of nitriding lead to mass change
as well as increase in strength and brittleness of the specimen.
The existence of nitrides in the material is confirmed in
microstructure observation. The allowable size of the part that
can be treated in HIP is also restricted by conventional
equipment. Specialized ultra-large HIP apparatus for large-scale
production of AM specimen has been developed and utilized to
address that issue (Ref 153).

In a study of IN718 alloy printed by SLM, HIP is
experimented with temperature (500-1300 °C), pressure (500-
1500 MPa), and holding time (2-4 h) followed by natural
cooling in the furnace (Ref 154). HIP increases the relative
density from 99.92% in as-built part to 99.98%. As shown in
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Fig. 7, with increasing pressure and temperature in HIP, 100%
density cannot be achieved due to the entrapped inert gas at the
interparticle space. A critical temperature is identified to enable
efficient densification in HIP. Further increasing temperature
and pressure above 100 MPa does not achieve a lower porosity.
A higher HIP temperature leads to greater tensile elongation
and fracture stress due to larger grains. Moreover, HIP also
induces a drop of the fatigue life. Overall, the heat treatment
and cooling during HIP processing do not lead to age hardening
of the samples.

Through means of x-ray microtomography analysis, it is
confirmed that HIP significantly reduces internal porosity of
AM-built metallic part, but sometimes it is ineffective to close
pores connecting to the surface or gas entrapped pores (Ref
131, 155-158). Young’s modulus is usually slightly promoted
by HIP, while the elongation to failure (EL = 13.8%) of as-built
samples significantly affects after HT (EL = 16%) and HIP
(EL = 16.1%) (Ref 159). Poulin et al. demonstrated that HIP
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Fig. 7 Porosity changes of IN718 alloy samples fabricated by SLM
after HIP at different temperatures and pressures (Ref 154). Reprinted
from Additive Manufacturing, Vol 13, W. Tillmann, C. Schaak, J.
Nellesen, M. Schaper, M.E. Aydindz, K.-P. Hoyer, Hot isostatic pressing
of IN718 components manufactured by selective laser melting, Pages
93-102, Copyright 2017, with permission from Elsevier

also reduced the overall pore size in SLM IN625 sample (Ref
138). Beside isotropic behavior, both modulus and elongation
to failure are slightly improved compared to stress relieved
samples. HIP shows less effectiveness on improving ductility of
machined sample since pores removed in the as-built part have
a heterogeneous spatial distribution with subsurface defects.
The sample after HIP exhibits similar behaviors in tensile and
torsion tests compared to wrought Ti6Al4V despite the
microstructural transformation and thermal shrinkage (Ref
40). The HIPed specimen also shows less cyclic softening
during plastic deformation. The failure mechanism is also
insignificantly impacted by HIP. On EBM-fabricated IN718
sample, HIP does not induce considerable grain coarsening due
to the pinning effect from the high fraction of carbides at the
grain boundary (Ref 160, 161). This can also be observed in
SLM-built AgMgZrSc alloy, in which Fe-rich particles precip-
itate at the grain boundaries (Ref 130). HIP also can promote
the precipitation of Cr-rich carbides at grain boundaries in SLM
Hastelloy X part. As a result, the tensile behavior is improved
while the hardness and yield strength decrease after HIP (Ref
93, 132). HIP process has no significant influence on the
density and hardness of the print samples produced by BJAM
process, such as Stellite alloy (Ref 162). In addition, ultra-low
carbon steel is also insensitive to HIP regarding densification
(Ref 144). UAM-built 410 stainless steel (SS) can be enhanced
by HIP on shear strength and hardness through grain boundary
strengthening and formation of martensite (Ref 110). In
contrary, UAM-built Al-6061 H-18 alloy exhibits reduced YS
due to the recrystallization and the dissolution of strengthening
precipitates (Ref 131). Besides tensile strength, HIP can also
have an impact on thermal and electrical conductivity, such as
Cu alloy produced by BJAM (Ref 148, 163).

The microstructure of the as-built Ti6Al4V or other alloy
samples contain spherical pores (< 100 um) and non-melted
surfaces. HIP transforms the less ductile a-martensite structure to
the more ductile o- f phase. HIP greatly heals the anisotropy effect
in the microstructure by removing the process-induced defect and
directional flaws (Ref 107, 120). HIP leads to coarsening of the
alpha phase lamellae in the acicular microstructure. The o laths are
widened from ~ 1.0 um in an as-built status to 3-4 pm, while
there is no significant grain growth of the prior f§ grains since the
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temperature is below the f-transus (920 °C). In contrast, super-
transus HIP, which is conducted at temperature above 920 °C and
rapid quenching, can improve the strength and reduce the
anisotropy in the as-print microstructure compared to standard
HIP cycle for EBM-fabricated Ti6Al4V (Ref 117). The fine basket
weave structure with less degree of elemental partitioning and
slightly coarser o can be obtained to achieve higher tensile strength
with an isotropic behavior. The structure of CoCrMo alloy can also
be altered by HIP treatment with a high density of stacking faults in
the FCC Co-Cr grain matrix and more equiaxed grains. HIP at
1000 °C annealing temperature leads to a fully recrystallized fine
structure of ultra-low carbon steel with reduced microhardness.
For AlISi10Mg alloy fabricated by SLM, HIP leads to diffusion and
agglomeration of Si into coarse granular phases with disappear-
ance of grain boundaries and formation of needle-shaped inter-
metallic phase (Ref 126, 127, 129). Lee et al. reported that although
no significant grain size change was observed in the microstructure
of CM247LC alloy produced by SLM after HIP, different shapes of
7" phase were presented within the matrix y phase, which
considerably improved the tensile strength by 32% and elongation
by 3 times (Ref 63).

As mentioned, the pores formed during the printing process
act as crack initiation sites. As a result, the fatigue properties of
as-built part can be substantially improved by HIP treatment
(Ref 40). A higher fatigue limit can be achieved with up to 40%
increase than that of as-built SLM-Ti6Al4V samples (Ref 164).
The fatigue resistance and the number of loading cycles before
failure for the EBM-Ti6Al14V specimens after HIP can reach to
one to two orders of magnitude greater than those of untreated
specimens(Ref 115). However, without prior treatment to
remove the surface roughness like machining, HIP is statisti-
cally restricted on the promotion of fatigue properties of the as-
built part (Ref 165). HIP itself does not affect the surface
morphology and thus has no effect on reducing the surface
roughness (Ref 166). Many studies indicate that a non-
machined specimen has higher defect population on the
surface, whereas the machined specimen is dominant to initiate
cracks through internal porosity. A reduced fatigue strength,
only 2/3 of the wrought material, can be induced in as-built
samples due to the transition of microstructure and porosity
(Ref 167). HIP shows little impact on the fatigue performance
of IN718 and AlSilOMg alloy fabricated by SLM due to the
inclusions and brittle phases in the microstructure (Ref 168).
Molaei et al. performed HIP to 17-4 PH stainless steel by L-
PBF at 1120 and 105 MPa for 2.5 h, followed by solutionizing
(1050 °C and 70 MPa for 20 min) and cooling at a rate of
200 °C/min (Ref 169). It was found that entrapped gas pores
with a size of 70-80 um were shrunk to below 10-20 um after
HIP applied and were below a critical size limit for fatigue.
Consequently, the fatigue performance was improved by one
order at higher cycles. HIP may additionally change phase
structures in other alloy systems, which affects the fatigue
behavior. Wu et al. performed HIP (1000 °C/150 MPa, 1 h) to
a lattice structure fabricated by SLM and Ti6Al4V alloy,
followed by furnace cooling (Ref 56) and found that the less
ductile o/ - martensite phase transformed back to the more
ductile f phase while the untreated columnar f grains were
converted to equiaxed grains. The endurance limits and fatigue
strength at 10° cycles of the untreated and HIP-treated samples
were 0.3 and 0.55, and 43 and 55 MPa, respectively. The quasi-
static and dynamic studies of Ti6Al4V lattice structures show
that HIP treatment increases the fatigue strength at the same
surface condition of the lattice strut (Ref 61).
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Grell et al. reported that HIP increased the impact toughness
of print parts in all directions when the oxygen content level
was lower than 0.5 wt% in the as-built structure of EBM Ti-
6Al-4 V (Ref 170). HIP also increases the fracture toughness
with improved uniform response for EBM-printed Ti-48Al-
2Cr-2Nb alloy and stainless steel 316L specimen (Ref 120,
171). HIP typically promotes the corrosion resistance and
mechanochemical performance of a metallic part. For Ti-6Al-
4 V, HIP slightly improves the stability of passivation film and
optimizes the phase composition when 3.5 wt.% NacCl solution
and ambient temperature are applied (Ref 114), For CoCrMo
alloy, HIP homogenizes the structure by dissolving the Cry3Cq
carbide precipitates and eliminating corrosion sensitization
which is caused by Cr depletion from the formation of these
carbides (Ref 44). Wear resistance and hardness are both
deteriorated after HIP when a high processing temperature and
holding time are applied in SLM-printed TiB,/316 SS com-
posite (Ref 146).

In conclusion, the above-mentioned analysis indicates that
the alloy design and the selection of HIP temperature as well as
post-HIP cooling are crucial to the effectiveness of the HIP
post-treatment on the metallic AM part.

2.2 Sintering/Infiltration

Sintering is essentially a heat treatment step that densifies a
green body of powder compact to a solid with required
microstructure. Such process adopts heat to coalesce particles
without liquefaction of the particles. The sintering temperature
is normally raised just below the melting temperature of major
constituent of the material. Four categories of sintering can be
defined as solid-state sintering, liquid phase sintering, viscous
sintering, and vitrification. Sintering also includes hot pressing
and hot isostatic pressing, both of which are assisted from
external pressure. The driving force for this irreversible process
is the reduction of the free energy of the system, which is
associated with elimination of the internal surface area. The
mechanism of the process identifies the pattern of mass
transportation, for example, when referring to crystalline
particles, surface diffusion, lattice diffusion, vapor transport,
grain boundary diffusion, lattice diffusion, and plastic flow are
the six common patterns defined. The final microstructure is
required to be controlled against the coarsening of the grains,
which is significantly affected by the particle size, surface
condition, packing status, and grain boundary effect before
sintering.

Infiltration is a process to fill the pores of a sintered material
with a liquid metal or alloy that has a lower melting point.
Under capillary force, the molten infiltrant is drawn into the
interconnected pores of the skeleton and ideally fills the entire
volume. The driving force of infiltration is also the reduction of
surface free energy. Infiltration is promoted by a low wetting
angle of the liquid with the solid and a pressure gradient.
Highly alloyed infiltrants such as eutectic alloy AISiMg or
AlCu have been developed to enhance the final density of
aluminum alloy, but normally also cause a reduced ductility of
the infiltrated part (< 1%) (Ref 172). For one-step process, a
full furnace cycle of infiltration includes preheating for
lubricant burn-off, pre-sintering, and finally infiltrating when
the infiltrant compact is in contact of the sintered part within the
chamber. The double-step process requires sintering of the
target material first. The infiltration parameters are the infiltra-
tion temperature (reduction of the viscosity of the infiltrating
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liquid) and the dwell time above the liquidus of the infiltrating
liquid. Short times are preferred to limit extensive reaction of
the liquid with the skeleton. Infiltration can be advantageous
compared to liquid phase sintering when the liquid is insoluble
in the skeleton material. For a Fe-Cu system, the infiltrating
powder is consisted of copper alloy base plus a substantial
amount of iron, lubricant, graphite, nickel, manganese, etc.
Special element can be added in the infiltration system to lower
the surface tension of the liquid melt, thereby increasing the
infiltration rate and final density.

As mentioned in HIP process, porosity is not desired as it
causes stress concentration during loading and acts as crack
initiation sites. The porosity can be effectively reduced by
sintering and infiltration. Sintering induces bridging among the
metallic particles accompanied with reduced surface area and
energy, while infiltration introduces metallic materials in a
liquid form into the porosity (Ref 96, 98, 100, 173, 174). The
infiltration process uses chemical vapor for deposition or, more
commonly, a low melting metallic liquid to wet and infiltrate
into the porous and rigid ceramic or metallic structure at
ambient or elevated pressure. The infiltrated material forms a
new phase, sometimes through reaction, which greatly reduces
the porosity (Ref 175). The sintering and infiltration processes
can be used alone or in combination to reduce porosity and
improve mechanical properties.

The grain size of BJAM-built metallic structure after
sintering can be estimated through the following equation
(Ref 97, 176):

0.6 X Dijtial
2/1 _fs )

where Dyineer 18 the grain size after sintering, f'; is the fractional
density of the sintered material, and 0.6 is a coefficient of a
typical fractional green density of ~ 60%. The tensile strength
of porous material can be estimated using the equation as
follows (Ref 177):

o= o0oK <£) ,
Py

where ¢ is the tensile strength of the porous material, g is the
strength of the wrought material, p and p, are the density of the
porous material and its theoretical density, respectively, K is
equivalent to a stress concentration factor due to the pores, and
m is the exponential dependence of strength on porosity. Both
parameters depend on the processing conditions, and the
equation is valid in the absence of any microstructural
problems. Furthermore, the yield strength of a BJAM-built
specimen after sintering and infiltration can be estimated under
the assumption listed below:

(Eq 10)

Dsinter =

(Eq 11)

1. The yield stress is determined in bend test when speci-
men starts to fail,

2. The yield stress of the infiltrated material can be approxi-
mated by an iso-strain model.

Thus, the strength of the sintered skeleton in the sintered
material (¢55,) and the infiltrated material (c35) can be written

sint

as (Ref 12):

SS OTR

Ogint = (1 —P)’ (Eq 12)
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where atr is the transverse rupture strength, P is the porosity of
the sintered material, £, is the volume fraction of the infiltrant,
and iy is the yield stress of the infiltrant, which can be
estimated from the hardness (H) of the infiltrant using Tabor
relation (o ~ H/3).

The ductility of porous material has an expression in the
ratio to the wrought material (Ref 178):

(o) ¢<0.15
_ ) Tyl Bq 14
Z=9 " > 015" (Eq 14)
(1-0.152¢)" )

where Z is the relative ductility (ratio of elongation of porous
material to wrought material), ¢ is the porosity, and ¢ is a
coefficient representing the sensitivity of the ductility to
porosity for the material under consideration.

The kinetics of infiltration is explained by the Washburn
equation to estimate the infiltration time, which can be written
as follows (Ref 173, 179):

2
‘= zh— (Eq 15)
pr2 (2y,y cos O
En ( r gh)

where ¢ is the time, % is the height of the capillaries or height of
the specimen (assumption for simplicity), p is the density of the
infiltrating material,  is the average radius of the pores,  is the
viscosity of the infiltrant, v, is the surface tension between the
infiltrating material and solid preform, 0 is the contact angle,
and g is the gravitational constant. Dissolution kinetics can be
estimated using the Noyes-Whitney relationship shown below
(Ref 173):

dm D

o = A7 (G- G), (Eq 16)
where m is the mass, ¢ is the time, A is the surface area of
reinforcement material, D is the mixed diffusion coefficient, d
is the diffusion distance, C, is the concentration of saturated
solute, and C, is the initial concentration of solute. Equa-
tion 10, 11, 12, 13, 14, 15 and 16 describe the effect of
sintering and infiltration and their kinetics on treating porous
metallic structure.

A proper sintering practice can allow the green body to
reach a sintering density over 90, up to 99%, which can be
illustrated in reconstructed uCT scan images (Ref 9). Generally,
higher sintering temperature and time promote the mechanical
properties. Cordero et al. found that after bronze infiltration the
transverse rupture strength of the iron specimen produced by
BJAM is 4 times higher than that of the sintered structure (Ref
12). Cramer et al. conducted sintering (1600 °C, 4 h) and melt
infiltration of Co (1520 °C, held at 1 and 60 min separately) to
a WC preform by BJAM. The hardness of the as-printed
structure was 4.8 GPa and increased to 5.9 and 6.6 GPa by
sintering combined with infiltration for 1 and 60 min, sepa-
rately (Ref 173). Xu et al. printed 98 wt.% high alloyed steel
(HAS) microparticles and polylactic acid (PLA) in dichlor-
omethane (DCM) by extrusion, and performed sintering
(1165 °C, 6 h) followed by infiltration with 10 vol.% copper
liquids (Ref 99); apparent bridging was found among the
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metallic particles after sintering, and porosity was reduced from
15% to 0.2% after infiltration. As a result, the post-treated AM
structures greatly increased tensile modulus and strength.
Meanwhile, the sintering conditions may affect the final
mechanical properties of the AM metallic structure. The elastic
modulus increased from 3.1 to 196 and 195 GPa after sintering
and copper infiltration, respectively. Xie et al. prepared 316 SS
sample through SLS process with post-sintering from 300-
1300 °C in several isothermal steps. The sintering completely
removed the binder of ethylene—vinyl acetate copolymer and
reduced the total porosity to 28% (Ref 180). Vennilaa et al.
adopted copper alloy to infiltrate the SLS-produced stainless
steel part and studied the hardness improvement through
Taguchi method (Ref 181). Kumar et al. carried out a series of
experiments of bronze infiltration on SLS-built iron-based
alloy. The result showed that infiltration increases the density of
the sintered part from 5 to 19%, which is dependent on powder
composition and laser input power. The bronze-filtrated spec-
imen may exhibit higher hardness or bending strength as well
(Ref 182).

2.3 Traditional Heat Treatments

It is challenging to adjust the final microstructure by HIP or
sintering only, and infiltration treatments are relatively sophis-
ticated and costly with additional substances required (Ref
183). They are also incapable of fully solving other major
problems like residual stress, limited ductility, low fatigue
performance, and poor corrosion resistance. Heat treatments
(HT) can solve those issues and improve the performance of
AM metals. Therefore, HTs are more routinely used techniques
for post-treating AM metallic structures (Ref 66, 67, 81, 86,
184, 185).

HT allows the metallic structure subjecting to a definitive
time-temperature cycle that consists of heating, soaking, and
cooling. HT plays a positive role in improving the physical
properties, such as hardness, ductility, strength, corrosion as
well as fatigue resistance, and their consistency with less
deviation. However, heat treatments have limitations. HT is not
capable of eliminating internal nor surface pores. It shows a
negligible effect on further reducing porosity on specimens
after HIP. The resulting microstructural changes and/or coars-
ening after HIP can cause strength reductions, while subsequent
HT may lead to the reappearance of certain defects (Ref 186).
HT sometimes also is ineffective in promoting the tensile
strengths. In addition, it may cause a detrimental impact upon
the repeatability in mechanical properties of treated specimen
(Ref 187). Common alloy heat treatment methods include stress
relieving, solid solution (T4), aging (T5), and solid solu-
tion + aging (T6).

Annealing is the process of heating up and maintaining a
material at a specific temperature and then cooling it at a
suitable rate according to the application. The main purpose of
this process is to soften a material for improved machinability,
cold working or to enhance electrical or mechanical properties.
In general, annealing reduces porosity and residual stress.
However, annealing at low temperatures (often referred to as
aging) can induce precipitated reinforcing phases which
increase strength (Ref 188). Dislocations can also be preserved
at these low temperatures to maintain strength and hardness. In
contrast, annealing above the recrystallization temperature can
greatly “‘reset” grain structures, accompanied with grain
growth and largely reduced dislocation density (Ref 189),
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which consequently decreases the strength (Ref 190, 191).
Thus, annealing at specifically selected temperatures is crucial
for the final mechanical properties (Ref 69).

Steel is annealed and slow cooled to improve the ductility
and refine the grain structures. As one of the annealing
treatment, stress relieving only removes or reduces the internal
stresses of a material, which is usually achieved by holding
below the lower critical temperature. For steel, annealing has
several different types, including heating above the upper
critical temperature to form hypoeutectoid structure. Process
annealing softens the cold-worked ferritic grains of the steel
and recrystallization for further cold work. Spheroidizing
typically applied to high carbon steels to refine the pearlite
and form globular form of carbide in a matrix of ferrite.

Stress relieving (SR) is frequently used for AM manufac-
tured parts to reduce the residual stresses left in the part from
manufacturing and can have a significant impact on the
mechanical properties, surface quality and microstructure. SR
requires a protective atmosphere of inert gas or vacuum to
avoid the occurrence of chemical reaction at elevated temper-
ature. It is also suggested to be conducted on the part before
separating from the substrate. Residual stresses can be either on
the macroscopic scale affecting dimension and geometry of the
whole component or on the microscopic scale changing grains
size.

T4 treatment (solid solution) is the process that heating to a
sufficient high temperature causes one or more of the alloying
constituents to form a solid solution within the metal.
Solutionizing can reduce and eliminate the microsegregation,
dislocation networks, and promote recrystallization as well as
homogenization of microstructures in AM metallic parts. T4
followed by a rapid cool in steel alloy leads to a structure with
evenly distributed carbon phase and austenite. Both solution
treating and annealing reduce the work hardened condition and
undesirable impact from brazing, welding, and laser cutting for
further processing. T4 significantly improves ductility but
reduces YS. In addition, T4 treatment reduces susceptibility to
intergranular stress corrosion and embrittlement also to increase
high-temperature creep strength.

T5 (aging) treatment allows the metallic structure to be
subjected to a long lower temperature heat treat cycle to
develop an alloy specific microstructure. Aging increases
strength by producing precipitates of the alloying element
within the structure. It also enables precipitation hardening and
thus gives more control over hardness by uniformly dispersed
particles within grain structure to hinder the movement of
atoms, consequently limiting dislocation occurrence in the
materials. Typical T5 designations are H900 or H1075, which
specify aging at 900 °F for one hour and at 1075 °F for 4 h,
respectively. The T7 over-aging treatment aims at reducing
residual stress while increasing the performance of the alloy
with a higher processing temperature.

T6 treatment, which includes both solutionizing and age
hardening (STA), increases the UTS but reduces the YS and
ductility. After solution treating, the subsequent precipitation
age hardening allows controlled release of the constituents
either naturally (at room temperature) or artificially (at higher
temperatures). Precipitation strengthens materials by generating
precipitate clusters which significantly enhance the strength of
the component. STA also improves the mechanical behavior
and corrosion resistance at elevated temperature. Between
solution treating and age hardening, austenite conditioning
treatment and fast cooling can be adopted as intermediate
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processing steps to treat metastable alloys to achieve desired
properties. Such comprehensive STA treatment ensures the
transformation from austenite to martensite in alloys.

For steels and nickel alloys, STA is normally performed
under vacuum or in inert gas with rapid cooling. The STA-
treated samples exhibit higher hardness and toughness than the
sintered samples, which is attributed to the carbide precipitates
dissolved by the solutionizing and formation of intermetallic
precipitates during the aging process. While for aluminum
alloys, solution treating is typically performed in air, followed
by rapid quenching into various cooling medium. Fully
annealing and slow cooling are required before STA for
aluminum alloys. STA dissolves any precipitates present in the
material and forms a single phase before re-precipitating
desired secondary phases.

There are other thermal treating approaches. Normalizing is
done on ferrous metals that undergo manufacturing processes to
relieve the internal stresses by heating to a specific temperature
higher than STA and cooling in open air. Normalizing provides
uniformity in grain structure and maximum toughness. Tem-
pering reduces the brittleness and internal stress especially for
quenching by heating to a temperature below hardening and
cooling in still air. A higher tempering temperature is benefit for
resuming the ductility and build toughness. Typical HT
approaches used for AM metal parts are listed in Table 3.

Heat treatment as post-processing for different AM tech-
niques varies intrinsically. For example, EBM typically does
not require a stress relieving heat treatment due to the elevated
temperature for fully melting of the powder (Ref 192). The
residual stresses that develop during SLM promote the
formation of equiaxed grains during heat treatment-induced
recrystallization reactions (Ref 193). Post-spray heat treatment
(PSHT) is specifically developed as a post-thermal treatment
for CSAM. PSHT can increase the density of the printed
component by eliminating pores and diminishing the anisotropy
in the microstructure. It also improves the strength as well as
the ductility. Overall, optimization of the post-processing HT
can control the microstructure, grain size, and distribution of
precipitate for hardening and improve strength and creep
properties, as well as fatigue, long-term stability, and hot
corrosion resistance properties of the AM manufactured part.
Typical process parameters of HTs for different metallic
materials produced in AM are listed in Table 4.

Traditionally, when heat treating of Ti6Al4V for SR,
temperature could be as low as 675 °C for holding and a
cooling rate could be at less than 2.5 °C/min to maintain the
achieved microstructure. A typical subcritical annealing or
stress relieving leads to the transformation of the
metastable martensite into a duplex o-ff matrix, which increases
ductility up to 30% with slightly reduced strength (Ref 6, 211).
SR at a lower temperature does not change the microstructure
significantly but may lead to fatigue crack growth (Ref 197).
When SR is applied on SLM Ti6Al4V samples, it minimizes
residual stress generated from the high cooling rates (Ref 194,
195). The annealing procedure should be performed in vacuum
furnace to avoid oxidation and at a temperature close to the f3-
transus temperature of 1000 °C. Isothermal annealing is studied
by applying to Ti6Al4V at 900, 920 and 950 °C (Ref 212). At
900 °C, a-platelets phase starts to form at the grain boundaries
from the metastable o’ phase. Sub-transus annealing at 920 °C
obtains a dual-phase o + o’ microstructure when the tempera-
ture is increased to 950 °C, and the microstructure evolves to a
composition with an increasing portion of coarsen o-platelets
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Table 3 Description of typical heat treatment methods for post-treating AM metallic structures

HT method

Description and effect

Process temperature

Annealing (Stress relieve)

STA

Process annealing (recrystallization)

Homogenization annealing

Soften the structure to free internal stress,
promote a homogenous chemistry,
equiaxed microstructure, and uniform
mechanical properties

Annealed to form an oversaturated solu-
tion, followed by aging to obtain reinforc-
ing precipitates

Annealed at high temperatures to induce
recrystallization and grain growth, reduce

Below the lower critical
temperature and slow
cooling

Above solutionizing
temperature

Above recrystallization
temperature

porosity and defects, and eliminate dislo-
cations

Annealing at high temperatures for a long Below  solidus line,
period and subsequent cooling allowing atom diffusion

Table 4 Typical heat treatment parameters for different metal-based materials

Material Heat treatment Heat treatment process
Ti-6Al- Stress relieving #1 820 °C in 4 h, hold for 1.5 h, and slow cooling to 500 °C (Ref 164)
4V Stress relieving #2 730-750 °C for 1-2 h
Stress relieving #3 480 °C for 2 h (Ref 118)
Stress relieving #4 800 °C for 2 h furnace cool (below B-transus) (Ref 194)
Stress relieving #5 550 °C for 2 h
Stress relieving #6 700 °C for 1 h and air cool (Ref 195)
Annealing #1 913 °C for 2-4 h and furnace-cooled below 427 °C
Annealing #2 927 °C for 2 h with 5 °C/min heating and cooling rate (Ref 118)
Annealing #3 920 °C, for 2 h, followed by water quenching (Ref 196)
Annealing #4 1050 °C for 2 h furnace cool (above B-transus) (Ref 197)
Annealing #5 700 °C for 1 h and free convection cooling to room temperature (Ref 40)
Annealing #6 800 °C for 2 h furnace cool (below b-transus)
Annealing #7 870 °C for 36 h/650 °C for 8 h/1000 °C for 3 h (Ref 20)
Duplex annealing #1 910 °C for 8 h and water quenching, then 750 °C for 4 h and furnace cool
Duplex annealing #2 920 °C for 1 h and air cool, then 1100 °C for 1 h and air/furnace cool (Ref 198)
STA 967 °C for 1 h and water quenched, then aged at 595 °C for 2 h air-cooled (Ref 118)
B solution treat 1050 °C for 10 min
Inconel Stress relieving 1065-1066 °C for 1.5 h and furnace cool (Ref 134, 199)
718 Homogenizing #1 1177 °C for 1 h with 0.2 MPa and cooling at 38 °C/h to below 538 °C (Ref 199])
Homogenizing #2 1093 £ 14 °C for 1-2 h, air cool (Ref 136)
Annealing 980 °C for 1 h and air cool (cooling rate of 100 °C/min)
Aging 720 °C for 8 h and furnace cool to 620 °C in 2 h, then hold for 8 h and air cool (cooling rate of
100 °C /min) (Ref 168)
STA #1 1066 °C for 1 h and argon quenched to 65 °C, then 760 °C for 10 h and furnace cool, then
650 °C for 8-10 h and argon cool to room temperature (Ref 83, 90, 91, 134, 200)
STA #2 980 °C for 1 h with 157 MPa rapid cool to room temperature, then 740 °C for 8 h with
138 MPa furnace cooling, then 635 °C for 10 h with rapid cooling (Ref 137)
STA #3 980 °C for 1 h and air cool, then 720 °C for 8 h and furnace cool 620 °C (Ref 89)
STA #4 980/1120 °C for 2 h, then 720 °C for 8 h, then 620 °C for 10 h (Ref 160)
STA #5 982 °C for 1 h and argon fan cool to < 149 °C, then 718 °C for 8 h and furnace cool to
621 °C holding for 18 h, then argon fan cool to < 149 °C (Ref 134, 136, 199)
STA #6 1030 °C for 1.5 h and water quench, then 780 °C for 7 h and air cool (Ref 92)
High-pressure HT 1185 °C for 4 h with 170 MPa and argon quench to 1030 °C for 1.5 h with 145 MPa and
argon quench, then aging 780 °C for 7 h and air cool(Ref 92)
Inconel Stress relieving 870 °C for 1 h (Ref 138)
625
CM247LC STA 1177/1232/1260 °C for 2 h and oil quench, then 1079 °C for 4 h and air cool, then 871 °C for

20 h and air cool (Ref 95)
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Table 4 continued

Material Heat treatment Heat treatment process
Haynes 282 Solution treat 1120 °C for 2 h followed by water quench (Ref 106])

Aging 1000 °C for 2 h and furnace cool, then 788 °C for 8 h and furnace cool
CMSX-4 STA 1300 °C for 15 min and water quench, then 1140 °C for 2 h and water quench,

then 870 °C for 4 h (Ref 201)

Hastelloy X STA #1 1172 °C for 30 min and water quench, then 745 °C for 6 h water quench
(Ref 93)
STA #2 1100 °C for 1 h, water quench, 720 °C for 8 h, 620 °C for 10 h, air cool
(Ref 202)
DZ125 STA 1180 °C for 2 h, then at 1230 °C for 3 h and rapid cool, then 7’ precipitation
aging at 1100 °C for 4 h, then 870 °C for 20 h and rapid cool (Ref 94)
Niy Al Cr5Cosg Aging 1150 °C for 3 h (Ref 107)
Al sCrMoNbTa 5 Homogenizing 1000/1300 °C for 24 h (Ref 203)
FeCrCoMnNi Annealing 500/700/900/1100 °C for 4 h and furnace cool (Ref 72)
CoCrW Solution treat 1100-1200 °C for 1 h (Ref 204)
CoCrMoW Stress relieving 450 °C in 1 h and hold for 45 min, then heat to 750 °C in 45 min hold for
60 min, then natural cool to ~ 600 °C, then air cool to ~ 300 °C (Ref 205)
NiFeMo Aging 550 °C for 1 h, then 1150 °C for 4 h, then slow cool to 200 °C (Ref 141)
Steel Stress relieving 650 °C for 8 h (Ref 145)
Annealing #1 1050 °C for 0.5 h and air cool, then 552 °C for 4 h and air cool (H1025)
Annealing #2 727 °C for 1-2 h
Annealing #3 950 °C for 4 h and furnace cool (Ref 206)
Hardening and Tempering Austenitize in vacuum at 1020 °C for 70-75 min and quench by nitrogen, then
Twice temper at 585 °C for 2.25-3 h (Ref 145)
Isothermal treat 500-700 °C for 1 h (Ref 158)
Solution treat #1 900-1000 °C for 1 h and water quench (Ref 207)
Solution treat #2 1000-1200 °C for 1 h and water quench, then 1200 °C for 4 h and WQ
(Ref 71)
Al alloy T5 #1 285-300 °C for 2 h and air cool (Ref 128)
T5 #2 190-200 °C for 2 h and air cool
Annealing #1 240 °C for 6 h and furnace cool (Ref 208)
Annealing #2 200 °C/300 °C
T6 #1 520-530 °C for 1 h and water quench, then 160 °C for 6 h
T6 #2 540 °C for 8 h and water quench, then 160 °C for 10 h and oil bath (Ref 127)
T6 #3 520 °C for 5 h and water quench, then 160 °C for 12 h and air cooling
Solution treat 530 °C for 1 h or 5 h and water quench (Ref 209)
Aging 160 °C for 10 h
Fe-Al alloy Stress relieving 500 °C for 6 h (Ref 210)

and an intersected  matrix, which shows the sensitivity of the
martensitic microstructure to annealing temperature. Specifi-
cally, annealing at 500 °C leads to a significant increase of the
mechanical properties due to the strengthening of the dispersed
fine B precipitates in the metastable o martensite (Ref 196).
Statistically, annealing or SR has little impact on the fatigue
behavior of the EBM-produced Ti6Al4V parts but only further
coarsens the microstructure (Ref 165). As shown in Fig. 8§, both
HT and HIP increase the elongation, but have insignificant
impact on YS and UT. Meanwhile, HT samples show almost
identical fatigue behavior and S-N curves while HIP promotes
the maximum fatigue strength from ~ 450 to ~ 600 MPa at
107 cycles to failure (Ref 156). Annealing at an excessive
temperature, especially above the f-transus, is not recom-
mended since it can result in undesired overgrowth of the a-
platelets. High annealing temperatures fully decompose the
martensite to fine lamellae f§ phase and coarsen the microstruc-
ture, which leads to 6-7% decrease in strength while little
improvement in ductility compared to as-built parts (Ref 118).
Only super-transus annealing can transform columnar grains to
equiaxed prior-f phase grains, and meanwhile turn bas-
ketweave o to lamellar microstructure (¢ lamellae within
prior-f§ grain) (Ref 198). Fast cooling in air post-super-transus
annealing results in fine colonies and laths with greater strength
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than that of sub-transus. Super-transus air-cooled sample shows
limited deformation and ductility with intergranular fracture,
while the furnace-cooled sample has improved ductility. STA
treatment for Ti6AI4V components involves firstly solution
treating to develop a larger f-phase fraction followed by
quenching and subsequent aging to decompose the unstable 3
phase. Normally, STA treatment refines the microstructure of
AM-fabricated Ti6Al4V, promoting the strength up to more
than 10% but with ~ 30% decrease in ductility. Figure 9
illustrates a summary of yield strength vs. total elongation to
failure for Ti6Al4V specimen fabricated by SLM, EBM, and
DED with post-processing of HT and HIP. HIP on SLM-
produced Ti6Al4V eliminates the defects such as porosity and
lack of fusions and transforms martensite into lamellar, while
for EBM as-built Ti-6Al-4 V, HIP mainly removes all the pores
and other defects but only coarsens the lamellar microstructure.
DED produced Ti6Al4V specimens exhibit more scattering in
tensile properties and low ductility with moderate strength. Xu
et al. performed annealing treatments to SLM-built Ti6Al4V
alloys under 700, 750, and 799 °C for 4 h followed by air
cooling (Ref 65). Transformation from o to o+ f precipitate
increases with annealing temperature, reducing the o/f inter-
face areas that are vulnerable sites for corrosion. Also, f§ phase
has higher corrosion resistance due to its ability to form a more
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Fig. 8 The measured YS, UTS, elongation, and S-N curve for EBM-built Ti6Al4V alloy specimen at as-built, HT (920 °C, 2 h), and HIP
(920 °C, 100 MPa, 2 h) conditions (Ref 156). Reprinted from Materials Science and Engineering A, Vol 680, Xiaoli Shui, Kenta Yamanaka,
Manami Mori, Yoshihiko Nagata, Kenya Kurita, Akihiko Chiba, Effects of post-processing on cyclic fatigue response of a titanium alloy
additively manufactured by electron beam melting, Pages 239248, Copyright 2017, with permission from Elsevier
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Fig. 9 Yield strength vs. total elongation to failure for Ti-6Al-4 V
manufactured with different AM process and post-processing
approaches (Ref 213). Reprinted from Acta Materialia, Vol 125, W.
Xu, E.W. Lui, A. Pateras, M. Qian, M. Brandt, In situ tailoring
microstructure in additively manufactured Ti-6Al-4 V for superior
mechanical performance, Pages 390-400, Copyright 2017, with
permission from Elsevier

stable oxide film, and it increased from 2.1 to 6.6, 8.5, and
9.4% for the as-printed sample with increasing annealing
temperatures.

Most AM-produced Ni-based superalloys exhibit a substan-
tial degree of inter-dendritic segregation and other undesirable
intermetallic phases. As a result, a two-step treatment of
HIP + STA is developed and adopted to reduce the defects and
create the optimum size and fraction of precipitates for high-
temperature applications (Ref 214). IN718 specimens fabri-
cated by EBM is subjected to STA and a combination of
HIP + STA (Ref 83, 160). Solution treating at 1120 °C for 2 h
is sufficient to dissolve d-needle phase without significant
coarsening. A complete STA treatment enables precipitation of
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J-needle phase in a relatively small size, promotes little grain
growth, and increases the hardness compared to as-built
condition. After HIP + STA, the size distribution and volume
fraction of the NbC precipitation remain unchanged. Significant
difference in phase composition is also observed after STA
(980 °C, then 720 °C, then 620 °C) and HIP (1200 °C) + ag-
ing (720 °C, then 620 °C) (Ref 89). STA sample contains more
0 and y” phases, while HIP sample has a greater amount of
carbide and y’ phases. HIP sample also exhibits a higher degree
of oxidation resistance at 900 and 1000 °C. The HIP + STA
homogenizes the precipitate phase and retains the columnar
grain structure, leading to the improvement in YS, UTS and
fatigue strength at both room temperature and 650 °C (Ref 90).
SR alone can homogenize the microstructure of IN718 samples
and lower the compressive residual stress that attributes to the
evolution of the phase composition. A combination treatment
of SR, homogenization, and STA substantially reduces the
anisotropy but promotes the strength due to formation of
coherent twins and 7’/y” precipitates as well as increased
equiaxed grain morphology (Ref 199). Such combined treat-
ment also significantly increases the maximum strength of the
specimen during cyclic loading and leads to strain heterogene-
ity as well as localization. A comprehensive study of IN718
fabricated by SLM, BPD, and WAAM shows that the YS and
UTS for all three types of printed parts are similar in value in
spite of the slight difference in as-built status and heat treating
details (Ref 134). HIP eliminates the concentration gradient,
while a lower solution treat temperature leads to finer grain size
and greater elongation to failure for all the samples. IN718
EBM part after HIP + STA treatment has a better creep
performance when it is dominated by columnar grains rather
than equiaxed grains in microstructure (Ref 91). HIP and heat-
treated specimens yielded a mean of 20 h and 90 h creep
lifetime at conditions of 650 MPa and 650 °C compared to
55 h of as-built condition (Ref 136). The excessive intergran-
ular precipitation after HIP causes the shortest creep lifetime
due to intergranular cracking under creep condition. The
measured hardness of the specimen can be ranked from high to
low at the conditions of STA, high-pressure HT + aging,
HIP + STA, and HIP + aging (Ref 92). STA promotes the
portion of retaining 7" in comparison to the as-built material
and thereby resulting a higher microhardness of the print part.
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Fig. 10 Grain structure of Inconel 625 alloy specimen printed by SLM and LMD at annealed conditions of (a) 700 °C, (b) 900 °C, (c)
1100 °C (SLM), and (d) 1100 °C (LMD) for 1 h (Ref 68). Reprinted from Materials Science and Engineering: A, Vol 764, J. Nguejio, F.
Szmytka, S. Hallais, A. Tanguy, S. Nardone, M. Godino Martinez, Comparison of microstructure features and mechanical properties for additive
manufactured and wrought nickel alloys 625, Article 138,214, Copyright 2019, with permission from Elsevier

Defects like porosity and grain structure show little variation
except for coarsening after STA treatment (Ref 137). Gallmeyer
et al. performed solution annealing (1020 °C, 15 min, water
quench), followed by aging (720 °C, 24 h) applied to IN 718
samples produced by L-PBF (Ref 79). Due to the precipitation
of the strengthening " and y” phases, the treated sample had a
yield strength, ultimate tensile strength, and elongation of 1245,
1640 MPa, and 16.6% separately, compared to 760, 1335 MPa,
and 21.3% in the as-printed sample. Raza investigated the
effect of solution treat, STA, and HIP on SLM-built IN718
plate (Ref 62). STA (954 °C, 1 h + 760 °C, 5 h + 649 °C, 1 h)
increases the microhardness 470 HV compared to 300 HV of
as-built condition, while solutionizing and HIP show little
impact on the hardness. STA shows less susceptibility to crack
than that of solution treating alone, while HIP samples exhibit
similar crack susceptibility compared to wrought materials.
Stress relieved IN625 sample printed by SLM shows
considerably higher UTS, YS, and fatigue crack propagation
threshold values than those of as-built sample, but also causes
strong microstructure anisotropy (Ref 138). Nguejio et al.
prepared an IN625 alloy structure by SLM/LMD, and per-
formed annealing at 700, 900 and 1100 °C in a furnace for 1 h
followed by cooling in air (Ref 68). As shown in Fig. 10,
annealing at temperature over 900 °C causes the recrystalliza-
tion to transform the dendritic microstructure to equiaxed grains
with annealing twins. However, annealing at 1100 °C for 1 h is
not sufficient to form a fully homogeneous microstructure. The
7" phase precipitated from the matrix (Fig. 10a) at 600 °C and
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provided strengthening effects. Moreover, 7" precipitates

dissolved into the matrix when annealing over 900 °C. As a
result, the yield strength, and elongation were 422, 495, 451,
230 MPa, and 10, 13, 14, 28% in the as-printed sample,
respectively. When EBM-fabricated Ni-based superalloy
DZ125 containing Hf is treated with HIP and STA, the
unwanted size gradient in ) columnar grains in the as-built
condition can be eliminated (Ref 94). Nonetheless, the
reappearance of intergranular cracks with a wide opening
width after HIP + STA is caused by the effect of y’ dissolution
and re-precipitation of fine 7" during the cooling stage of STA.
Similarly, CM247LC is treated with thermal post-processing, in
which the aging study shows that normal recovery is taken
place when temperature is below 700 °C (Ref 215). Precipi-
tation of )’ and carbides increases the creep resistance by
suppressing the low-temperature creep mechanisms like the
grain boundary sliding. Microcracking increases at high
temperature (> 900 °C), which is driven by the high residual
stresses from the rapid cooling. The low-temperature annealing
(< 700 °C) leads to increased microcracking. In another
CM247LC study, Divya et al. found that the large amount of
fine intercellular and intracellular y’ precipitates and disloca-
tions were coarsened and reduced, respectively, by partial
recovery and recrystallization through annealing at 1230 °C for
2 h followed by air cool (Ref 77). A super-solvus solution at
1232 °C followed by two-step aging can achieve a long-term
microstructural stability with no deleterious phase under
1000 h exposure at 871 °C on a new Ni-based superalloy
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(Ref 95). However, a sub-solvus HIP + STA can generate a
fully dense fine-grain microstructure with a bimodal distribu-
tion of ' precipitates. Aging at 1000 °C and HIP both can
enable strengthening of the )’ phase on Haynes 282 fabricated
by SLM (Ref 106). A higher fraction of 7’ phase leads to
enhanced mechanical properties. Further aging shows no
significant coarsening of the 7’ grains. When HIP and STA
are applied to CMSX-4, a holding time of 15 min at 1300 °C is
sufficient to homogenize the alloy (Ref 201). A short aging for
2 hat 1140 °C and 4 h at 870 °C is sufficient to develop a fine
/7" microstructure with a unimodal y’-precipitate size distri-
bution. Two topologically close-packed phases (TCP), laves
and Ta/Ti carbides, precipitate at the grain boundaries and at the
edges of the specimens, respectively. When HX superalloy is
treated by HIP + STA, HIP firstly dissolves the intergranular
filament of carbides and to control the carbide re-precipitation
as well as formation (Ref 93). A subsequent STA can dissolve
the film of carbides at grain boundaries and form equiaxed
grains. Such two-step heat treatment can tailor the microstruc-
ture of AM part of HX alloy for high-temperature applications.

FeCrCoMnNi HEA is heat-treated after printing through
LMD to improve the tensile strength and ductility (Ref 72). When
it is annealed above 700 °C, recrystallization occurs in the
microstructure and meanwhile the microhardness decreases with
increasing temperature. Furthermore, annealing at 1100 °C
reduces the segregation and homogenizes the distribution of
different elements in HEA. The EBSD and pole figure plots also
indicate the promotion of grain growth, and residual stress is
more relieved with increasing temperature. NigAly;Cr,Cog
alloy does not show significant improvement in mechanical
properties and performance at elevated temperature after aging
treatment alone (Ref 107). CoCrW alloy printed by SLM is
solution treated for 1 hat 1150 and 1200 °C with water quench to
fully dissolve the diamond-like pattern structure and precipitates
at grain boundaries (Ref 204). Solutionizing at 1150 °C and
furnace cool lead to a great number of large ¢ phase precipitations
dispersed in grains and at grain boundaries. In contrast,
solutionizing at 1100 °C with water quench shows fine M,;Cy¢
precipitations while solutionizing at 1150 and 1200 °C with
water quench reveals fine-grain structure with point-like M»3Cg
precipitates and annealing twins, which represents the martensite
transformation from 7y-phase to e-phase and results in slightly
lower tensile strength (1160 to 1110 MPa) but much greater
elongation to failure (10 to 20%) compared to as-printed
specimens. A higher solutionizing temperature leads to a higher
elongation value and a high cooling rate benefits the formation of
¢ martensite. Furnace cooling also increases UTS and Y'S more
significantly than those of water quenched samples. When
CoCrMoW alloy is stress relieved and further treated between
450 and 945 °C, the ¢-Co (hep) martensite phase is stabilized
with coarsened grains and higher volume fraction (Ref 205).
Thus, UTS and hardness are little affected while ductility is
greatly degraded due to the coarsening of precipitates. Al0.5Cr-
MoNbTa0.5 samples fabricated by EBM are treated at 1000 and
1300 °C (Ref 203). Homogenization treatment improves the
microstructure but has little impact on the porosity. The study of
WC-17Co MMC fabricated through SLM shows that annealing
from 400 to 1000 °C with furnace decreases the amount of cracks
and increases the hardness (Ref216). With increased temperature
above 600 °C it shows no significant improvement on hardness
and fracture toughness. The WC phase is consumed at higher
temperature and transforms to other brittle phases, resulting in
lower wear resistance and toughness. In addition, HT at ambient

7090—Volume 32(16) August 2023

atmosphere is applied to MMC of AlISil0Mg matrix with WC
reinforcement to minimize the thermal and residual stress (Ref
208).

For steel, austenitic stainless steels are not typically heat-
treated after fabrication. For example, the duplex stainless steel
requires a post-build heat treatment to obtain the duplex
structure and therefore to obtain the combinations of strength
and stress corrosion cracking (SCC) resistance (Ref217). When
isothermal heat treatment is conducted in air at 400, 800, 600,
and 1000 °C, recrystallization is found to be complete at
800 °C and meanwhile the hardness drops significantly (Ref
144). The grain size after annealing at 400 °C or 600 °C is
slightly increased compared to that of the as-built sample.
Further grain coarsening and reduced hardness are obtained
after annealing at 1000 °C. Another isothermal study (500—
1300 °C) on 316L stainless steel samples by SLM shows that
high temperature (over 800 °C) diminishes the original cellular
structure and prevents the formation of passive film, which
causes a decrease in microhardness and open circuit potential
due to recovery, recrystallization, and grain growth (Ref 158).
When heat treating H13 tool steel printed by SLM, stress
relieving and a microstructure of prior austenite, carbides, and
ferrite result. The heat-treated steel exhibits lower strength and
hardness but its elongation varies due to porosity (Ref 145).
Hardening and tempering enable the formation of tempered
martensite with fine, round, and randomly distributed carbides
along martensite needle boundaries and therefore greatly
increase the strength and hardness. Furthermore, HIP + hard-
ening and tempering can achieve the highest strength and
hardness, as well increase in elongation with lower scattering in
values. When solution treating above 1100 °C is performed to a
SLM-fabricated 316L SS sample, a substantial decrease of
pitting corrosion resistance can be observed compared to its as-
built condition (Ref 207). Such high temperature T4 transforms
typical manganese silicate inclusions to manganese chromite
inclusions and enables the formation of a considerable amount
of MnS inclusions, which mainly causes the decrease of pitting
corrosion resistance. However, another study of SLM-316L SS
also reports that solution treating at 1200 °C for 4 h provides
the best corrosion resistance with full austenitic microstructure
(Ref 71). Subcritical annealing at 950 °C for 4 h on 316L SS
can enable the transformation of cellular substructures from
high-energy high-density dislocation wall to a low-energy
subgrain boundary and therefore achieve the best corrosion
resistance and mechanical properties (Ref 206). Higher tem-
perature annealing triggers recrystallization and significantly
reduces the low-angle grain boundaries (LAGB). For 4130
steel, long annealing treatment (10 h) causes abnormal grain
growth, while annealing for 1 h on Ni foil (an interlayer for
steel deposition using UAM) also leads to significant grain
growth (Ref 218). Annealing at 727 °C for 10 h maximizes the
shear strength, which decreases with lower annealing temper-
ature. Longer annealing time also leads to reduced heterogene-
ity in the mechanical properties and higher energy absorption of
the steel matrix from co-deforming of Ni-rich region. Yin et al.
performed recrystallization annealing (by air and furnace at
1000 °C for 4 h separately) and HIP (1000 °C at 0.1 MPa, 4 h,
and 150 MPa, 4 h) to a 316L stainless steel deposited by
CSAM (Ref 183). Figure 11 shows that the porosity was
reduced by annealing and eliminated after HIP. Due to
recrystallization (the polygon grain shown in Fig. 11b and c)
and elimination of dislocations, both annealed samples (~ 160
HV,.5) and HIPed samples (~ 175 HV, 5) had lower hardness
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Fig. 11 Microstructure evolution of the 316L deposits before and after post-treatments: (a) as-fabricated, (b) air-annealed, (c) vacuum annealed
and (d) HIP-treated. The formed annealing twins are marked by white arrows (Ref 183). Reprinted from Surface and Coatings Technology, Vol
370, Shuo Yin, Jan Cizek, Xingchen Yan, Rocco Lupoi, Annealing strategies for enhancing mechanical properties of additively manufactured
316L stainless steel deposited by cold spray, Pages 353-361, Copyright 2019, with permission from Elsevier

than the as-printed ones (250 HV, 5). Nevertheless, due to the
enhanced inter-particle bonding, increased ductility was
achieved by 0.5, 17, and 13% with UTS of 39, 449 and
442 MPa for as-built, annealed, and HIP samples, respectively.
Junker et al. applied age hardening and tempering to hot work
tool steel X37CrMoV5-1 fabricated by SLM and concluded
that both treatments have no significant impact on the Vickers
hardness, while YS and UTS are greatly promoted especially
after tempering from 800 and 1710 MPa to 1630 MPa (103%
increased) and 2130 MPa (25% increased), respectively (Ref
184). In another work, SLM-built 24CrNiMo alloy steel was
treated by tempering and annealing and exhibited decreased
hardness (365-385 HV, s to 310-330 HV, ), decreased yield
strength (1053 to ~ 1000 MPa), and increased elongation
(10.7 to ~ 12%) (Ref 75). The result also shows that the
high-temperature friction and wear properties are considerably
improved. Wang et al. investigated the effect of quenching and
tempering treatment on 12CrNi2V alloy steel and found that its
grain size is refined and the microhardness is improved (Ref
185). Tempering treatment alters the preferential orientation of
the grains and increases the HAGB content, which leads to
higher tensile properties and microhardness. Shi et al. reported
that the normalization and subsequent tempering treatment
decreased the tensile strength of LENS-deposited steel part due
to the coarsening of quenched fine-grain martensite lath (Ref
219). However, such heat treatment also increased the plasticity
and eliminated the anisotropy in tensile properties since new
equiaxed austenite grains formed.

For aluminum alloys, the general effect of all these annealing
treatments is to alter the distribution of Si-rich phases. Stress
relieving results in eutectic Si particle coarsening and precipi-
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tation of Si in the primary o-Al phase. It also decreases the UTS
and increases the ductility. When stress relieved at 200 °C instead
of 300 °C (standard T5) for 2 h, the SLM-printed AlSil0Mg
specimen shows a 64% increase in YS due to the formation and
dispersion of nanosized Si precipitates from the 200 °C super-
saturated solution (Ref 128). T6 STA treatment, typically used for
6000-series Al alloys to develop additional strengthening, may
improve the strength level of the HIP-material but also increase
residual stress. T6 peak hardening has been designated as
artificial aging at 160 °C for 6 h. The only other common
artificial aging treatment is T7. T7 over-aging is specified as
artificial aging at 205 °C for 3-6 h. Quench rate in the Al-Si
systems is also critical, which includes forced air cool (by fan),
near boiling water (95-100 °C), 100% ethylene glycol, and room
temperature (20-25 °C) water. An increase in hardness directly
correlates to an increasing quench rate (Ref 220). SLM-produced
AlSi10Mg part is applied with two-step treatment of HIP and T6
STA (Ref 127). T6 treatment results in dissolution of the Si
particles, precipitation, and coarsening to a large size (~ 4 um)in
the elongated Al grain structure with slight reduced hardness and
tensile strength (Ref 129). After solution treating, homogeneity in
microstructure can be achieved with refined grains while
hardness is reduced, while the HIP causes much finer Si particles
due to a solid solution temperature and slow cooling. The
HIP + T6 specimens exhibit similar strength, elongation to
failure, and toughness. In another case, T6 treatment not only
eliminates the anisotropy but also increases the hardness with
formation of Mg,Si and AlsFeSi precipitates (Ref 209). He et al.
noticed that natural aging (T4) treatment increased the micro-
hardness of AlZnMg alloy specimen fabricated by underwater
friction stir AM from 85 to 105 HV oo (Ref 88). Natural aging
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also improves the YS and UTS with no significant change on
elongation.

3. Surface Treatment and Modification

In contrast to HTs that are effective in improving the bulk
properties like modulus, strength and ductility of as-printed AM
structures, surface treatment is used to mainly achieve a
uniform surface finish or modify the surface properties. It
provides a minimal surface roughness and certain degree of
hardening on the surface to significantly improve the fatigue
and corrosion resistance. The effects of major surface variables
on the fatigue and corrosion resistance are summarized in
Table 5.

Different applications of AM components require different
criteria. on degree of surface finish and tightness of part
tolerance. The ultra-smooth finish on certain bearing applica-
tion is expected to have a roughness R, value lower than that of
common mechanical application. On the other hand, biomed-
ical applications generally demand a roughness R, that benefits
the osseointegration. However, surface roughness and geomet-
ric tolerances cannot be addressed by in-process control and
needs optimal post-processing strategies. The adopted post-
processing techniques can contribute to the variance of the
surface roughness when uncontrollable parameters are pre-
sented (Ref 221). Conventional surface finish methods like
machining and non-traditional approaches such as sand blast-
ing, shot/laser peening, chemical etching, abrasive fluid
machining (AFM), laser polishing/ablation, rotary ultrasonic
machining (RUM), vibratory bowl abrasive finishing, electro-
plating, or micro machining process (MMP) can all achieve a
low roughness Ra and increase fatigue life. Surface treatment,
modification, and thermal post-processing can be applied in a
designed sequence to relieve the residual stresses, enhance
microstructure, promote the mechanical properties, and enable
special functionality. For example, polishing alone to relieve
the residual stresses at the near surface may be insufficient to
heal the induced deeper internal stresses and part distortion.

Surface roughness is one of the most important features of
intricate AM components. Surface roughness is measured using

a profilometer or analyzing the surface morphology using SEM.
On the surface the height of a peak or the depth of a valley (f',)
is measured at N locations along the profile length L. The
average surface roughness (R,) is numerically calculated as
(Ref 222):

1 N

The surface roughness caused by ‘stair step effect’ is due to
the stepped approximation by layers of curved and inclined
surfaces. A second mechanism for forming rough surfaces is
improper melting of powder particles and balling phenomenon.
The average surface roughness (R,) depends on the layer
thickness (¢;) and the build angle (h) and can be represented by
the following equation (Ref 223):

(Eq 17)

R, = 1000¢ sin (9 ) tan(90 — 0), (Eq 18)
where R, is the arithmetic mean of the surface roughness of a
region with a particular build angle. Surface roughness
increases with the increase in layer thickness. Therefore, the
common AM obstacle of balancing the tradeoff between
intricacy and build time arises in the case of surface roughness.
The relationship between the geometry of the notch and the
microstructure of the material can be described by the equation
below (Ref 224, 225):
nom __ a®P
;" = 7 (Eq 19)
where ¢®P is the applied stress, 7™ is the distribution of the
nominal stress ahead of the notch root as a function of the
distance from the notch i, mapped as i = 2a/D, and Z; is the
notch factor given by:

1/2
Z; :_\ﬁ— + )
o+ p 1+

=l
|

(Eq 20)

&

Table 5 Effects of sample surface variables on the corrosion and fatigue resistance

Effects of the variable on fatigue
resistance

Variables of sample surface

Effects of the variable on corrosion
resistance

Roughness
reducing fatigue resistance

Surface porosity and defects

Higher roughness causes higher stress concentration
and probability of crack initiation, therefore

Higher roughness, porosity and
defects create more difficulty

to form a protective oxide film
and reduce corrosion resistance

Porosity and defects with higher density/number

and sizes are potential sites for crack initiation,

reducing the fatigue resistance

Higher surface crystallinity promotes crack
propagation along preferential crystallographic
directions, reducing fatigue resistance

Surface crystallinity

Higher crystallinity results in better
corrosion resistance due to reduced
diffusion of water

7092—Volume 32(16) August 2023

Journal of Materials Engineering and Performance



hi = o@%ﬁz [“\/ (2 +iD/2)"~o + 7 — fla+iD/2) |,

(Eq 21)

where i = 1, 3, 5... The parameters & = 20/D and = 2/D
represent the notch depth o and the notch half width f in a
dimensionless form. The parameter D represents the distance
between two successive barriers. In the case where grain
boundaries are considered being the dominant barrier, D is
regarded as the grain diameter. The elastic stress concentration
factor, K;, can be expressed as (Ref 226):

K,:1+2\/§,
p

where p is the is the radius at the root of the notch. It indicates
that a greater depth and a smaller root radius will lead to a
higher value for K,. Thus, a semi-empirical equation to relate
the surface stress concentration factor with roughness param-
eters R, is described below:

(Eq 22)

R,
K o=1+n /1= (Eq 23)
p

where R; is the 10-point surface height, » is a constant that is
equal to 1 for a mechanically processed surface, and A is the
ratio between the width and the height of the notch. The
estimation of the intrinsic surface roughness of an additive
manufactured metallic part and its corresponding effect on the
mechanical behavior can be described mathematically by
Eq. 17, 18, 19, 20, 21, 22 and 23.

AM processes also generate surface texture features on
article that are undesirable or a specific feature of the surface
structure that is required to be modified for functioning or
performance. For instance, the goal of modifying the surface of
a biomaterial is to create a specific chemical and physical
environment that offers a favorable cellular response in hard or
soft tissues (Ref 145). Surface modification by introducing
texture change and residual compressive stresses within a thin
outer layer has been shown to significantly enhance the
mechanical properties of the part. The processed materials
exhibit higher hardness, enhanced corrosion properties, crack-
ing resistance, fatigue strength and lifetime, as well as
extraordinary tribological properties. Surface engineering tech-
niques consist of physical and chemical approaches. Shot
peening, ultrasonic shot peening, laser shock peening, cavita-
tion peening (CP), deep cold rolling, surface mechanical
attrition treatment, ultrasonic impact treatment, and barrel
finishing all physically modify the near-surface layers through
severe plastic deformation (SPD) and accumulating energy on
the surface. For example, introducing residual compressive
stresses to the thin outer layer significantly enhances the
mechanical properties of the part such as corrosion resistance,
fatigue strength, and extraordinary tribological properties.
These physical approaches also introduce microrelief in the
near-surface and reduces surface roughness.

Chemical post-process methods are preferred for AM part
due to their features such as improving the surface quality,
promoting better dimensional and geometric stability, corrosion
resistance, modifying the surface roughness, increasing abra-
sion resistance, and more (Ref 227). Chemical modification
post-processes include plasma and chemical vapor deposition,
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atomic layer deposition, and electrochemical deposition, which
result in oxidizing/nitriding/carburizing surface or incorporat-
ing elements that self-passivate (Ti, Cr, Al) to a surface to form
surface functionalization, ion infusion, single layer coatings, or
coatings comprising many layers of different compositions.
There are other chemical post-treatments such as chemical
etching, nanotube formation, chemical polishing, electrochem-
ical polishing, and electroplating that promote the surface
roughness and surface topography.

Abrasive finishing includes abrasive fluidized bed (AFB)
(Ref 228), centrifugal finish (CF) (Ref 229), linishing (Lin)
(Ref 229), tumble finish (TF) (Ref 230, 231), ultrasonic
cavitation abrasive finishing (UCAF) (Ref 232), abrasive
blasting (AB) (Ref 85, 221, 233-235), abrasive polishing
(AP) (Ref 233), drag finish (DF) (Ref 236), vibratory finish
(VF) (Ref 221, 236), and barrel finish (BF) (Ref 237). Table 6
gives a fundamental description and comparison among various
surface treatments commonly adopted as post-process for AM-
built metallic structures.

3.1 Traditional Surface Treating

Traditional surface treatments include milling, grinding,
vibratory grinding, polishing, blasting with ceramic media,
micro machining, etc. Due to the generally complex shape of
the AM metallic structures, traditional mechanical treatments
are not suitable for treating their surfaces. For example, it can
be difficult for mechanical polishing and rolling to reach some
corners and cavities of the structure, especially weak and thin
structures (Ref 294). Traditional machining, firstly, could cause
severe material waste and become inappropriate when tolerance
is tightly met. Secondly, milling and grinding flatten and
enhance the surface but induce tool marks and compressed
residual stresses due to the deformation. It also has no
capability of treating complex geometry and internal faces. In
additional, traditional machining performs inefficiently on work
hardening materials such as superalloys.

For flat or simple curved surfaces, finishing process
typically uses a depth of cut less than 1.0 mm to decrease the
roughness on the specimen surface. A common polishing
process using microgrinder on titanium alloy Ti6Al4V, stainless
steel 316L/17-4 PH, and cobalt chromium alloy shows that the
surface roughness R, of all the specimens reaches in the range
of 0-2 um (Ref 295, 296). Traditional machining and polishing
are also used to treat the tensile specimen of bulk HEA
(CrMnFeCoNi, Ni6CrdWFe9Ti) fabricated by SLM (Ref 297,
298). Other studies reported that polishing to 1200 grit or more
on Ti6Al4V sample can achieve a surface roughness ~ 0.2
um in terms of R, (Ref 114, 164). Bagehorn et al. reported that
with simple milling the R, value was reduced up to 98% to 0.3
um for SLM-built Ti6Al4V (Ref 239). Tool machining can also
achieve 0.2 um of S, for surface roughness (Ref 230).
Conducting a fine abrasive finishing (FAF) on specimen of
EBM-fabricated Ti6Al4V reduces the surface roughness even
lower to an average value of 0.045 um (Ref 299). Machining
and fine abrasive finishing lead to 98.1 and 99.82% decreasing
in surface roughness, respectively.

Finish machining (FM), drag finishing (DF), and vibratory
surface finish (VSF) are applied to enhance the surface of the
specimen in SLM Inconel 718 alloy (Ref 236). FM is
conventional turning operation with specific operational param-
eter setting. DF uses a media of Kaolin and alumina to straight
cut with F-triangle. In VSF operation, brown fused alumina is
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Table 6 Description of typical surface treatments for post-process AM metallic structures

Roughness  Internal Surface
Surface treatments R,, um face composition Note
Machining, grinding, pol- No Little impurities
ishing (Ref 230, 234,236, ~ 0.1
238-240)
Shot peening (SP) (Ref 59, No No impurities
76, 85,212, 230, 234, < 4.0, up to Significantly  improved fatigue
238, 240-243) 60% reduced properties, hardness, and surface
compressive stress
Laser shock peening (LSP) No No impurities
(Ref 238, 244-251) < 3.0 Improved high-temperature oxida-
tion resistance
Laser polishing (LP) (Ref No No impurities
86, 228, 252-259) ~ 0.1, up to Improved fatigue properties and
99% reduced hardness
Chemical polishing (CP) Yes No impurities, create passivate layer
(Ref 260-262) < 0.5, up to No significant impact on fatigue
92% reduced properties; preferential dissolution
element; reduced modulus and sur-
face compressive strength
Chemical etching (CHE) Yes No impurities, removal of oxide layer
(Ref 235, 263-266) < 6.0 Increased stiffness-to-density ratio,
no significant impact on fatigue
and tensile properties
Electrochemical polishing Yes No impurities, create passivate layer
(ECP) (Ref 235, 240, ~ 0.01, wup Reduced modulus, hardness; im-
262, 264, 266-278]) to 98% re- proved fatigue properties, UTS,
duced elongation, corrosion resistance;
more effective on external features
Electrospark deposition Yes Target material
(ESD) (Ref 202, 279) < 2.0, up to Reduced near-surface porosity,
82% reduced form intermetallic coating
Sputtering (Ref 280, 281) Yes Target material
< 10.0 Improved modulus, hardness, wear
resistance, tribological properties
Hot working (Ref 69, 136, No Little impurities
282) Improved YS, UTS, and elongation
Ultrasonic nanocrystal sur- No Little impurities
face modification < 0.06, up Improved fatigue, corrosion, wear
(UNSM) (Ref 283-286]) to 88% re- resistance, and compressive stress,
duced reduced friction condition
Friction stir processing No No impurities
(FSP) (Ref 87, 287-293) < 0.03 Achieve ductilization with nanos-
caled equiaxed grains and high-
angle grain boundaries (HAGB)
Abrasive finish (Ref 85, Yes Little impurities
228-237) 2.0-20.0 Improved fatigue properties and

hardness

used for cutting. As a baseline, the average roughness of as-
built SLM Inconel 718 ranges from 19 to 24 um. FM, DF, and
VSF result in reduction of surface roughness up to 96, 73, and
88%, and they promote the hardness by 21, 10, and 10%,
respectively. DF and FM also decrease the wear rate with 7 and
12%, respectively. The milling finishing of dry cutting on SLM
Inconel 625 not only improves the surface quality but also
greatly reduces the wear rate (~ 50%) (Ref 300).

3.2 Peening

Peening is a process that plastically compresses material
normal to a surface and results in transverse expansion and
furthermore a local build-up of compressive stress. Peening
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techniques includes shot, laser, ultrasonic peening, etc. The
investigation by Soyama et al. revealed that cavitation peening,
shot peening, and laser peening were all capable of reducing the
surface roughness and promoting the fatigue strength (Ref 238).
The improved fatigue strength after mechanical surface treat-
ment such as peening can be estimated:

1
O'} :af‘i'aﬁqf'_'_bAHRlSqu'i_CAgR (Eq 24)
AR. = (R. — R)/R., (Eq 25)
AHpisy = (Hrisy — Hpysy) /Hrisy, (Eq 26)
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Fig. 12 The distribution of residual stress along the depth of
wrought and SLM-produced IN718 with treatment of STA (H), HIP,
and shot peening (SP) (Ref 168). Reprinted from Additive
Manufacturing, Vol 36, Dennise Tanoko Ardi, Lim Guowei, Niroj
Maharjan, Bisma Mutiargo, Seng Hwee Leng, Raghavan Srinivasan,
Effects of post-processing route on fatigue performance of
laserpowder bed fusion Inconel 718, Article 101,442, Copyright
2020, with permission from Elsevier

Acp = (GR — 0&)/0;3, (Eq 27)
where oy is the fatigue strength of the reference condition, R. is
the surface roughness, Hgisy is the surface hardness measured
at an applied load of 15 kgf, o is surface residual stress, X’ is
the difference of the property between the reference condition
and the estimated condition. Equation 24, 25, 26 and 27
describe the relationship between surface roughness, hardness,
and strength and are used to evaluate the fatigue performance
based on surface condition of the metallic structure.

3.2.1 Shot Peening (SP). Shot peening allows a specimen
to be treated with high-speed bombardment (small, spherical,
hard particles of metallic, glass, or ceramic) on the surface. The
impaction of these particles with sufficient velocities creates
plastic deformation with little heat generated. It requires
multiple impacts for 100% coverage due to the spherical nature
of the impacts. The shot generates transverse and normal forces
and increases the hardness. Shot peening can generate a
compressive stressed layer of up to 400 um on the surface of
IN718 article fabricated by SLM (Ref 168). Figure 12 demon-
strates the distribution of compressive stress generated by shot
peening on wrought and treated SLM-produced IN718 com-
ponents.

When shot peening with steel balls (S110, utilizing an
Almen intensity of I = 5”A) or ceramic balls (Z210, utilizing
an Almen intensity of I = 12.2”’N) were applied on SLM-built
AlSi10Mg samples, the nanohardness distribution along the
depth of the sample surface shows little difference (Ref 240).
Sawicki et al. conducted a study involving two-stage shot
peening treatment with steel and glass beads on an Al alloy
(AIMg5Mn1Sc0.8Zr0.4) (Ref 241). The duplex peening can
further reduce the roughness R, by 50% compared to single
steel peening. Abrasive blasting, shot peening, and mechanical
polishing are examined for their effect on surface texture and
tribological behavior of AlSi10Mg alloy samples fabricated by
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SLM (Ref 234). The surface roughness R, reduces from an as-
built status to 18.71, 5.39 and 1.39 um after shot blasting, shot
peening, and polishing, respectively. Jebaraj et al. performed
shot peening to a AISI 316L stainless steel sample produced by
direct laser sintering, and the corrosion current dropped from
0.29 to 0.10 mA/cm? (Ref 301).

Shot peening is an effective approach in improving the
fatigue strengths of AM-fabricated metallic structures, i.e., Ti-
6Al-4 V, due to the introduction of a compressive residual
stress layer (Ref 302). The effects of shot peening on fatigue
performance were found to be strongly dependent on the
microstructure as well as defects within the alloy prior to shot
peening. Shot peening after STA significantly improves the
fatigue life while HIP has negligible impact on fatigue behavior
on STA samples. Denti et al. applied tool machining, tumble
treatment (TB), and tumble + shot peening (TB + SP) to
improve the surface finish for SLM-built Ti6Al4V alloy (Ref
230). The resulting surface roughness S, is measured as 21.5,
18.9, and 4.83 um for as-built, TB, and TB + SP conditions,
respectively. Therefore, the TB-treated samples show a similar
fatigue life compared to as-built one (2.4-2.6 x 10* cycles at
maximum stress of 400 MPa). While the TB + SP treatment
promotes the fatigue life to 1.5 times greater than that of as-
built condition (2.4 x 10* cycles at maximum stress of
600 MPa). Uzan et al. reduced the surface roughness of a
SLM-fabricated AlSil0Mg sample from 30 to 4.6 um by shot
peening, which greatly increased the fatigue limit from 50 to
110 MPa at a 107 cycle. Bagherifard et al. compared the sand
blasting (SB) and SP treatments on SLM AlSi10Mg and found
that both greatly increased the fatigue strength from 50 MPa of
as-built to 173 and 185 MPa, respectively (Ref 85). When
treated after T6 STA, both SB and SP showed reduced fatigue
performance, especially for SP (102 MPa of fatigue strength).
Damon et al. applied SP with S170 steel (0.4 mm, HRC 56,
0.1 MPa, Almen intensity = 0.2) to enhance SLM-built
AlSi10Mg specimen (Ref 243). The SP treatment reduced the
overall porosity by 0.1-0.3% in the surface area with up to 500
pm depth and promoted the fatigue strength at 107 cycles from
60 to 80 MPa (33.3% increase). Surface mechanical attrition
treatment (SMAT), which is a peening-like system adopting
steel balls driven by sonotrode, is used to impact the surface for
inducing SPD. Portellar et al. concluded that SMAT can achieve
a surface roughness to < 0.1xm with up to 94% of reduction
and promote the microhardness to > 330HV, s with up to
45% increase (Ref 303). Both YS ad UTS were improved from
527 to 624 MPa and 611 to 676 MPa, respectively, while the
elongation was reduced from 29 to 16%.

Shot peening (SP), ultrasonic shot peening, barrel finishing,
ultrasonic impact treatment are used to evaluate the surface
improvement for SLM-fabricated IN718 turbine blade test parts
(Ref 237). The barrel finishing (BF) is conducted in a rotating
system consisted of a hexagon barrel, metal or ceramic shot
media, and motor. In the process, the specimen surface is
impacted continuously by the numerous high-speed collisions
of the spherical shots with accumulated impact energy and
plastic deformation. The USP (ultrasonic shot peening) utilizes
the mechanical ultrasonic vibrations to bombard particles to
generate severe plastic deformation on the surface of the
specimen. Ultrasonic impact treatment (UIT) applies severe
plastic deformation to the near-surface layers through impact
loading from ultrasonic vibration of multi-pin head. Pins
acquire their kinetic energy from the ultrasonic horn tip and
produce impacts by the treated surface providing the normal
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Fig. 13 EBSD plot of 17-4 stainless steel specimen fabricated by
DMLS process in the as-built and shot-peened conditions (Ref 304).
Reprinted from Materials & Design, Vol 110, Bandar AlMangour,
Jenn-Ming Yang, Improving the surface quality and mechanical
properties by shot-peening of 17-4 stainless steel fabricated by
additive manufacturing, Pages 914-924, Copyright 2016, with
permission from Elsevier

(vertical) component of load. The BF, USP, and UIT processes
reduce the surface roughness (S,) from 5.27 pm of the as-built
status to 79.4, 73.8 and 42.6% of the current S,. The residual
porosity level is decreased by 23.1, 40.6, 55 and 84% of the as-
built level (0.697%) after the BF, SP, USP, and UIT processes,
respectively. BF, USP, UIT, and SP promote the surface
microhardness by 14.2, 23.8, 50, and 66.5% of as-built
hardness (390 HV). They also alter the tensile stresses on the
surface of the as-built specimen (+ 120 MPa) to compressive
stresses as — 201.4 MPa (BF), —510.7 MPa (SP), — 313.8
MPa (USP), and — 428.7 MPa (UIT).

A combination of aluminum oxide and glass beads are
utilized in shot peening post-process to improve the surface of
the 17-4 stainless steel article printed by SLM (Ref 304). SP
achieves a reduction of ~ 70% on the S, value (1.2 pm)
compared to that measured before SP (4.0 um). In addition, SP
induces an austenite-to-martensite transformation and grain
refinement in the treated samples due to plastic deformation
(Fig. 13). Refined grain structure (~ 50% lower in crystalline
size) is caused by work hardening during SP. After the peening
process, the specimen exhibits a residual compressive stress
of ~ 700 & 3 MPa in contrast to the as-built sample with a
residual stress of ~ 119 £ 18 MPa. The plastic deformation is
regionally inhomogeneous, indicating that repeated mechanical
loads on the material surface are statistically concentrated in
certain directions. The region consists of fine grains with high
dislocation densities as well as random directions, and hence
the area has a very low lattice strain. The exchange of intrinsic
stress might also promote the transformation from subgrains to
finer structures. Furthermore, grain refinement could result
from the shear deformation induced by localized concentrated
stress. The SP layer consists of a mixture of ultrafine grains (20-
200 nm) along with sub-micrometer grains. The yield strength
of the shot-peened specimen is notably increased by ~ 40%
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relative to that of the as-built sample, which is because of the
high dislocation density, grain refinement induced by SP (Hall-
Petch relation), and the strong and fine-structured surface
layers. The wear performance of the shot-peened parts is
significantly enhanced through the improved grain refinement
effect and the formation of fine-structured surface layers,
stronger surface layer, lower surface roughness, and higher
microhardness.

3.2.2 Laser Shock Peening (LSP). Laser shock peening
(LSP) is known for inducing compressive stress to the
subsurface of a material and creating transverse compressive
stress field as well as small amounts of cold work (3-5%) with
little change on the bulk properties of the treated material (Ref
244). The depth of LSP-induced compressive stress can reach
to approximately 1 mm of the treated surface, which is one
order of magnitude higher compared to that induced by SP.
Curvature and stretch can be achieved on heavy section after
the treatment of plastic straining. In the LSP process, short
intensive laser pulses strain the material, create a plasma on the
surface of the specimen, insert dislocations deep into the
material, generate pressure pulses that create local plastic
deformation, strain hardening, and deep compressive stresses
(Fig. 14a). The plasma pulse propagates as a compressive stress
wave inducing cold working into the surface of the component.
Typical LSP requires aluminum or iron foils to protect the
workpiece from thermal effect. LSP without coating (LPwC)
has been developed to better serve applications for mainte-
nance. Karthik et al. summarized the surface roughness and
compressive residual stress after LPwC treatment for various
alloys (Ref 305). The increase in fatigue strength and fatigue
life, as well as the decrease in corrosion current are all reported.
New derivatives of LSP have been developed and adopted in
applications and studies, such as warm LSP (WLSP), cryogenic
LSP (CLSP), femtosecond LSP (FLSP), and also hybrid-
techniques like electropulsing-assisted LSP (EP-LSP). More
details of the mechanism of LSP and the effect of LSP on
mechanical properties on materials such as ceramics and
metallic glasses can be obtained from the recent review work
by Zhang et al. (Ref 306).

LSP can generate 100% coverage with multiple impacts per
beam spot. Laser-peened materials resist crack initiation and
growth and typically demonstrate higher cracking and corro-
sion resistance thereby supporting enhancement in fatigue
strength and lifetime of treated components. LSP enables
higher levels of tensile fatigue loading before the fatigue limit is
reached. The whole process can be engineered precisely in a
spot-by-spot manner. When LSP is applied strategically to
localized high stress areas, a deep level of plastic deformation
provides superior fatigue enhancement. LSP imparts a deeper
level of residual stress as it produces little cold work and thus
minimally changes material hardness and yield strength. LSP
would be especially beneficial for applications where geometry
requirements create areas of increased stress such as in fillets
and notched areas leading to local stress risers. Generally, the
plasma at elevated temperature is generated by the confined
area at the sample surface. Thus, the induced shock wave
propagates into the sample within the constrained layer. The
peak pressure P can be written as (Ref 294, 307):

o
P =0.01,/~——/7ZI
2043V

(Eq 28)
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Fig. 14 Laser peening: (a) schematic view of peening mechanism and stress distribution, (b) fatigue lifetime test result vs. stress loading for
AM 316 L stainless steel (Ref 244). Reproduced from Additive Manufacturing under the CC BY 4.0 license

where P is laser-induced pressure in GPa, Z is the reduced
shock impedance between sample and confinement layer in
gem?s™!; and o is the efficiency of the interaction, which
represents the constant fraction of the internal energy as thermal
energy. Since strain rates exceed more than 10° s~! within the
target material in LSP, Hugoniot elastic limit (HEL) model can
be adopted to describe the dynamic yield strength under
uniaxial strain condition assuming that yielding occurs when
the stress in the direction of the wave propagation reaches the
HEL with Poisson ratio v (Ref 308, 309). Thus, the dynamic
yield strength under uniaxial strain condition was defined by
Braisted and Brockman (Ref 310):
1—2v

Gayn = HEL 5.

(Eq 29)

The load stress g, applied to the material can be described
with strain ¢, (Ref 311):

GL:{

where K is the material bulk modulus and G is the material
shear modulus. Equation 28, 29 and 30 evaluate the pressure
and stress induced by laser on a material.

LSP was first studied by Fairand et al. on the enhancement of
tensile properties for 7075 aluminum coupled with solutionizing,
T73,and T6 (Ref312). Hackel et al. compared the effects induced
by SP and LSP. They found that at a stress loading of 501 MPa,
the cycles to failure of AM 316 L stainless steel samples with
notch increased by 1.9 times by SP while 6.3 times by LSP
(Fig. 14b) (Ref 244). The higher effectiveness of the LSP is
attributed to its development of more plastic deformation against
localized high stress areas. Lu et al. studied the LSP treatment
through FEM simulation and experiment on 316L stainless steel
(Ref 294). The hardness distribution along the depth of the
specimen surface shows that approximate 20% of increase is
induced by LSP (1 Hz, 1064 nm, 20 ns, 3-mm spot size, 50%
overlapping rate, pulse energy 7 J) within the depth of 2.0 mm.
The yield strength has an increase of 16% after LSP (400 to
460 MPa) while little change is observed for tensile strength and
elongation. Chen et al. applied LSP up to 3 times of impacts to
SLM-built TiC/IN625 nanocomposite material (Ref 245). LSP
reduces the porosity from 1.71% in the as-built specimen to
0.12% after treatment and increases the microhardness from 405
to 462 HV. In high-temperature oxidation test, the mass gain per

(K + %G) EL,0L < 11:22, Odyn

> 1

- ; (Eq 30)
12y %dyn

2
Kep +30vys,01L
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unit area of the treated sampleis 2.61 mg/cm? compared to 7.23
mg/cm? of as-built one, which is due to the high magnitude of
residual stress, formation of dense continuous layer of Cr,O5 and
Ni(Cr, Fe),04 spinel, and the cellular grain structure with high-
density of dislocations. Jin et al. studied the effect of LSP on
Ti6Al4V samples produced by EBM using a Nd: YAG laser (1064
nm, 1 Hz, 25% overlapping rate, 11.89 GW - cm~2) (Ref 247).
LSP increased the hardness from 315 to 355 HV (11% increase up
to 900 pum under surface) and the fatigue strength from 600 to
700 MPa at 2 x 107 cycles (16% increase). Lan et al. also
employed LSP to treat EBM Ti6Al4V to analyze the microstruc-
ture evolution (Ref 250). Before LSP, the microstructure consists
of the o and f§ lamellar structure (Fig. 25a) with tensile stress
(45 MPa) on the surface layer. After LSP, « lamella was refined as
nanoequiaxed, nanodeformation twins and submicroequiaxed
grains (Fig. 25d) with residual compressive stress (— 380 MPa)
on the surface layer.

Nalla adopted both deep rolling and LSP to enhance the
Ti6Al4V specimen and reports that deep rolling is more effective
on generating compressive residual stress as well as improving the
HCF/LCF fatigue strength with higher work hardening at both
ambient and elevated temperature (Ref 313). Jinoop conducted a
parametric study of LSP on IN718 (Ref 251). The microhardness
and affected depth both increased with increasing number of shots
and laser power, while the wear rate decreases with increase in laser
power and number of shots. Kalentics et al. also investigated the
LSP treatment on SLM Ti6Al4V and found that the distortion was
partly healed by LSP (Ref 248). Based on the works done,
Kalentics’ group submitted the patent on a hybrid additive
manufacturing process which combines LSP and SLM. They also
concluded that LSP enhanced the microhardness up to 35% (290 to
390 HV) on an austenitic, nickel-chromium stainless steel (Ref
249). The following annealing substantially increased the recrys-
tallization rate in the LSP affected zone and thereby achieving a
finer equiaxed structure after LSP + annealing. Chi et al. inves-
tigated the effect of combining annealing and LSP treatment
employed to enhance the Til7 alloy fabricated by WAAM (Ref
246). Although annealing coarsened the as-built grain structure,
the subsequent LSP induced the grain refinement with high density
of dislocation and twins caused by severe plastic deformation.
After HT and LSP, the surface compressive residual stress reached
to — 600 MPa, while the microhardness increased from 410 to
460 HV (Fig. 15). The YS, UTS, and elongation were all improved
after the HT + LSP treatment. When LSP was applied to Al-Zn-
Mg-Cu after solution treatment and re-aging, both the depth and
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Fig. 15 Microhardness profile and corresponding microstructure as well as tensile properties of WAAM Til7 specimen with base material
(BM), post-treatments of HT (annealing 600 °C, 4 h, vacuum, furnace cool), and LSP (1064 nm, 15 ns, 20 J, 4 mm spot size) (Ref 246).
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coverage of the corrosion pits in chloride solution, as well as the
depth of intergranular corrosion and the width of the intergranular
cracks were all reduced for treated ultra-high strength Al-Zn-Mg-
Cu alloy part. LSP introduced dislocations, stacking faults, slip
lines and subgrain boundaries as sites that enabled the formation of
continuous passive film.

3.2.3 Cavitation Peening. High-pressure water stream
can be applied to treat the surface of AM part (Ref 314). When
awaterjet impacts a material surface, it causes either cutting of the
target material or plastic deformation in the deep surface layer.
Above a certain impact stress threshold, the impact process
induces compressive residual stresses which improve fatigue life.
Cavitation peening results in improved microhardness compared
to dry shot peening. It can be highly beneficial as AM parts are
typically complex with narrow internal and external features
which are easy to access with pure waterjets. A cavitating jet is
normally produced by the flow of a water jet into a water-filled
chamber. The advantages of waterjet-prepared surfaces are:
higher bond strength, possible adjustable surface finish, no dust,
possibility for automation and scaling up, surface cleaning, and
accessibility to tight area. Unlike grit blasting which results in the
entrapment of particles, waterjet profiling cleans the surface. It is
hypothesized that waterjet roughening produces a favorable
surface morphology for bonding because it creates undercuts
which help locking in the coating. Ultra-high pressures (UHP)
waterjet cutting and derivatives of waterjet-air jet (WAJ),
abrasive waterjet (AWJ), and abrasive slurry jets (ASJ) are all
potential techniques that can be used for support removal and
surface finishing (Ref 315).

3.2.4 Ultrasonic Nanocrystal Surface Modification
(UNSM). UNSM utilizes low-amplitude ultrasonic frequency
vibrations to strike a tungsten carbide ball and scan over the
surface of the specimen to induce high strain rate plastic
deformation to improve the mechanical properties, enhances
the resistance to fatigue, corrosion, as well as abrasion/contact
failures by introducing residual stresses on the surface layer.
The impact of ultrasonic vibrations induces surface severe
plastic deformation (S?’PD) and refines the structure.

Kim et al. treated the LMD-built ANSI M4 tool steel specimen
with UNSM and found that the hardness was improved 25%
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from ~ 780 to ~ 920 HV due to the formation of martensite
phase (Ref 283). The UNSM treatment can also reduce the
surface roughness R, from 0.5 to 0.06 um with an 88%
reduction. It also enables of significant enhancement on wear
resistance (85% reduction on wear rate). With a vibration
frequency of 20 kHz, a static load 10 N, and scanning speed
2400 mm/minute, UNSM can reduce the surface roughness R, of
the AlSi10Mg alloy from 18 to 3.5 um (Ref 284). Applying
similar UNSM treatment to NiTi alloy can only reduce the R,
from 12.1 to 9.0 um, while a hardened layer of 125 um was
formed with 34.2% increasing in hardness from 304 to 408 HV
(Ref 285). In addition, the improvement in corrosion and wear
resistance can be observed in Fig. 16. Ultrasonic burnishing
(UB), similar to UNSM, is an automated finishing technique that
generates local plastic deformation using a spindle head and a
wolfram-carbide ball with lubricant. Ultrasonic burnishing
reduces the average surface roughness R, of CoCr alloy and
316L SS specimen to 0.18 and 0.55 um, respectively (Ref 316).
Meanwhile, the average hardness of CoCr alloy and 316L SS has
an increase of 47.4% to 551.07 HV and 70.7% to 338.17 HV,
respectively. The improvement made by ultrasonic burnishing on
surface roughness and hardness is better than those of a typical
milling process. Zhang et al. applied a direct current during the
UNSM to enhance the surface of SLM-built Ti6Al4V sample
(Ref317). With the assist of electrical current, the sample is held
at 426 °C when treating with UNSM under a static load of 30 N,
an ultrasonic vibration amplitude of 24 um, a frequency of
20 kHz, a scanning speed of 2000 mm/minute. After the
treatment, the surface roughness R, reduced from 10.6 to 1.3

um, while the hardness increased from 360 to 485 HV. Zhang
et al. reported a surface pore reduction and a decrease in the
surface roughness R, from 10.6 um to 5.9 um for DMLS-
prepared Ti6Al4V alloy part after UNSM treatment (Ref 318).
With the increased microhardness (372.4 to 422.3 HV) and
compressive residual stress, the fatigue behavior of treated
specimen in rotary bending test was improved with an increase in
cycle number to failure from 2 x 10°to 6 x 10° at 250 MPa.
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3.3 Laser Surface Modification LSM is different from laser peening which utilizes a
compressive wave. It directly melts the top layer of the metal
surface at the peaks and the relocation during the liquid phase
to the valleys. Any un-melted metal particles on the surface are
also melted and re-flow into surface valley areas. Beam
wobbling in a prolate trochoid decreases the overall processing
time on the polishing surface (Ref 319). Ablation method is the
other process using a laser that can evaporate the materials and
remove the defected layer. The laser processing of AM parts
can considerably improve the roughness, wear and corrosion
resistance, microstructure, and porosity. The laser processing
leaves an excellent surface finish of about 1 nm which
eliminates the need for sanding. When post-laser treatment is
applied to Ti alloy, three different zones from the top surface
toward the substrate are formed i.e., the treated zone (TZ), the
heat-affected zone (HAZ), and the base material (BM). A
titanium oxide layer is generated in the TZ. The HAZ includes
lamellae of coarser grains and small equiaxed grains due to the
induced recrystallization.

The energy transportation during laser polishing can be
quantified as (Ref 252, 254, 256):

Laser surface modification (LSM) is an applicable and
flexible approach to improve the surface through means of
scanning optics. Schematic diagrams of the laser scanning
system, laser radiation and its interaction with the material
under protective atmosphere, as well as the scanning pattern
with key process parameters are shown in Fig. 17. The most
common solid-state laser used in the industry is the
neodymium-doped yttrium aluminum-garnet, or Nd:YAG.
Copper vapor lasers and excimer lasers have also found wide
use in materials processing applications. Copper vapor lasers
have also proven their use in high accuracy micromachining,
which have excellent beam quality and can usually produce a
diffraction-limited spot on the substrate with only simple
external beam steering optics. Nevertheless, copper vapor lasers
have a shorter service life and require more maintenance than
Nd: YAG lasers. Two different operation modes, continuous
wave emission and pulsed radiation, can be used for laser
polishing. Laser treatments can also be designated into different
terminologies including laser polishing, laser micromachining,
laser machining, etc.
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(Eq 31)

where E is the energy density, P is the laser power, Dy is the
focus diameter, and v, is the processing speed. When laser
energy induces the material displacement on the surface of the
treating specimen, the smoothening effect on the topography is
determined by the attenuation of the high frequency waves as
material flows. Such equivalency of laser interaction with
material can be identified by the critical attenuation of
frequency as (Ref 256, 321):

_ P
ﬁr_ 87T2/ltm’

where f., (1/mm) is the critical attenuation frequency, p is
dynamic viscosity, and t,, is the melting time. Equations 31 and
32 calculate the key parameters for laser polishing.

3.3.1 Laser Polishing (LP). In laser surface treating, an
optical beam imparts energy onto the substrate material to
conduct the ablation process. With sufficiently high intensities,
the heating can be concentrated enough to first melt the
substrate material within a localized zone, and then vaporize as
well as ionize to form gas phase under the radiation.
Meanwhile, the plasma and plume are also generated in the
process due to the breakage of chemical bonds of the material
through direct photon absorption. When the photon energy is
adsorbed mainly by the chemical bond scission, the HAZ is
controlled in size with reduced transient thermal stresses.
Therefore, laser treatment is capable of applying a surface
finish with little effect of bowing, warping, delamination, or
edge melting but precise dimension control. Typical laser
surface treatment reduces the roughness of an AM surface by
remelting a layer of material approximately 50-200 um in
depth of the surface peak to fill the valley. Laser surface
treatment using CO, and Nd:YAG laser system can obtain a
reduction in R, roughness up to 80% in average. Yung et al.
applied LP to CoCr alloy fabricated by SLM and greatly reduce
the surface roughness up to 93% from 4.6 to 0.4 um with 8%

(Eq 32)
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increase in Vickers hardness (Ref 253). Tian et al. found that
LP is capable of achieving a surface roughness S, at 0.51 um
from 21.5 pum before processing on EBM-fabricated Ti6Al4V
samples, as shown in Fig. 18 (Ref 322). The microhardness has
a 15% increase, up to 5.3 GPa as maximum, within the first 300
um depth from the surface compared to as-built one. LP
induces melting and quick solidification occurred in laser
polishing and generates reinforcing precipitates. For example,
7 and )" precipitates were generated by laser polishing on
SLM-built Inconel 718 alloy (Ref 323). Hard martensite phase
can be observed on the LP-processed surface of 316L SS
specimen (Ref 259). LP reduced the R, from 7.5 to < 0.1 um
and increased its hardness from 345 to 440 HV. Hofele et al.
studied the LP treatment on SLM-built AISi10Mg alloy using
both pulse and continuous laser modes (Ref 257, 258). The
result reveals that the surface roughness R, can be reduced from
12.22 to 0.145 um but with increased surface porosity from 0.3
to 4.6%. Multi-pass LP treatment exhibits the process stability
regarding varying initial surface roughness, although the size of
remelting zone can be affected (Fig. 19). Xiao et al. tested the
continuous wave laser polishing with the assistance of a steady
magnetic field and found that it can achieve a surface roughness
level of R, = 0.168 um and more than 100% increase of the
microhardness on S136H steel (Ref 324). Temmler et al.
summarized the formation of residual stress on the laser
polished surface of ANSI HI1 tool steel and analyzed the
relationship among hardness HV 0.005, carbon content, oxygen
content, polishing depth under Ar + 6 vol.% CO, atmosphere
(Ref 320). The result shows a surface roughness of 50 nm is
achieved and a residual tensile stress of up to 926 MPa is
introduced to the treated surface.

Shot peening, laser peening, laser polishing, centrifugal
finishing, and linishing have been applied for the surface
modification of EBM- and SLM-printed Ti6Al4V articles to
promote fatigue performance (Ref 229). The EBM samples are
treated with HIP while SLM samples are treated with stress
relieving heat treatment. Centrifugal finishing reduces the
surface roughness of components by rotating a mixture of parts,
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Fig. 19 Pores, remelted zone, polished zone on the cross section of SLM-built AlSi10Mg samples at different modulation frequencies f,, and
modulation times #,, (Ref 257). Reproduced from Micromachines under the CC BY 4.0 license

abrasive media and carrying agents in a barrel. Linishing is the
computer-controlled robot-operated process that uses high-
speed abrasive brushes to diminish surface peaks and flatten
surface valleys to achieve better surface roughness. The
increase of fatigue strength after post-processing is listed for
each post-process method as shot peening (EBM 110%, SLM
70%), laser peening (EBM 5%, SLM 20%), laser polishing
(EBM — 30%, SLM — 50%), centrifugal finishing (EBM
100%, SLM 125%), and linishing (EBM 110%, SLM 25%).
The fatigue strength of both EBM and SLM samples with as-
built surface could be improved to levels comparable to
wrought and machined Ti6Al4V alloy using centrifugal finish-
ing or shot peening. The final fatigue strength after post-
processing depends on a combination of surface roughness,
surface residual stress, microstructure, and remaining defects.
In addition, Fig. 20 illustrates the comparison of surface
morphology of Ti-6Al-4 V produced by EBM/SLM and IN
718 alloy printed through SLM after different post-treatments.

3.3.2 Femtosecond Laser (FL) Machining. Femtosecond
laser (FL) machining utilizes laser pulses with sub-picosecond
duration to enable ultra-fast deposition of the energy into the material.
Such interaction of laser and material is carried out by plasma
mediated ablation, in which phonons are absorbed to lead to
ionization and transformation of material to plasma with no
intermediary phases. The HAZ on the specimen surface is greatly
decreased in size and thereby allowing various heat-sensitive
materials to be processed with sub-micron precision since the pulse
duration time is much lower than the thermal diffusion time. An
optimized laser pulse energy can be identified for surface finish and
geometrical consistency. The areas irradiated with fs-laser radiation
exhibit a reduction in surface roughness from about 100 um to a few
microns, depending on the process parameters and surface com-
plexity (Ref 325). The use of high repetition rate ultra-fast laser
radiation enables the efficient removal of the excessive material while
precisely following the predetermined part geometry. Worts et al.
adopted a FL with an amplified 10 kHz repetition rate, 185 fs pulse
duration, and 100 gJ per pulse energy to treat the surface of SLM-
produced Ti6A14V part and reduced the surface roughness R, from
4.2 to 0.8 um (Ref 326). Lin et al. combined the FL and pulsed
plasma polymerization (P*) to deposit siloxane (SiO) and fluorocar-
bon (FC) stacking films using precursors of CsH;30Si, and C4Fg on
304 SS (Fig. 21) (Ref 327). After the deposition, the surface
roughness R, increased from 0.06 to 1.97 um and the resulting SiO-
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FC film exhibited strong superamphiphobicity and non-cytotoxicity.

3.4 Chemical and Electrochemical Polishing

Four common chemical treatments, i.e., chemical polishing
(CP), chemical etching (CHE), electrochemical polishing
(ECP), and electroplating for metallic AM are listed in Table 7.
Chemical post-process methods are preferred for AM part due
to their features such as improving the surface quality,
promoting better dimensional and geometric stability, corrosion
resistance, modifying the surface roughness, increasing abra-
sion resistance, and more (Ref 227). For example, passivation
is the process of treating or coating a metal in order to reduce
the chemical reactivity of its surface. In stainless steel,
passivation means removing the free iron from the surface of
the metal using an acid solution to prevent rust. Like in bio-
application, CoCrMo have favorable wear properties compared
to softer metals like titanium, thus coating CoCrMo increases
the longevity of the implant by preserving the condition of
articulating surfaces. Chemical etching or electrochemical
polishing also has disadvantages: (a) they often result in
excessive material removal that can affect part tolerances; (b)
large features are not easily removed; (c) the preferential
dissolution of some phases in multiphase alloys can cause short
range roughening; and (d) conventional electropolishing meth-
ods are generally expensive and hazardous.

3.4.1 Chemical Polishing (CP). For CP treatment of
Ti6Al4V SLM parts, standardized solution compositions are
not applied. The suggested mixtures are often reported to be
subject to the application. For high material removal rates,
ultrasonic agitation is often applied for short processing times;
however, preliminary investigations revealed that smoother
surfaces (R, < 1 um) could be obtained with magnetic stirring
and longer processing times (1 h) while ultrasonic agitation for
the same duration led to cavitation and surface roughening.
Heat treatment and chemical polishing under magnetic stirring
are adopted to examine the effect on fatigue behavior of the Ti-
6Al-4 V SLM specimen (Ref 328). The polishing efficiency is
affected by the ratio of [HF]:[HNO3] in the solution. A
relatively higher ratio shows increased efficiency and higher
level of reduced surface roughness (> 30%) to less than 2.0
um. However, CP does not achieve a statistical higher fatigue
performance without further polishing. The optimized chemical
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Ti6Al4V specimen

SLM IN718 specimen

As-built

Laser polished

Linished

Laser shock peened

Centrifugal finished

Shot peened

Fig. 20 Surface topography measured for as-built and post-processed specimen of EBM- and SLM-built Ti-6Al-4 V: laser polishing (LP),
linishing, laser shock peening (LSP), centrifugal finishing (CF), shot peening (SP), SLM-built IN718 specimens: barrel finish (BF), shot peening
(SP), ultrasonic shot peening (USP), ultrasonic impact treatment (UIT) (Ref 229, 237). Reprinted from International Journal of Fatigue, Vol 134,
M. Kahlin, H. Ansell, D. Basu, A. Kerwin, L. Newton, B. Smith, J.J. Moverare, Improved fatigue strength of additively manufactured Ti6Al4V
by surface post processing, Article 105,497, Copyright 2020, and from Surface and Coatings Technology, Vol 381, D.A. Lesyk, S. Martinez,
B.N. Mordyuk, V.V. Dzhemelinskyi, A. Lamikiz, G.I. Prokopenko, Post-processing of the Inconel 718 alloy parts fabricated by selective laser
melting: Effects of mechanical surface treatments on surface topography, porosity, hardness and residual stress, Article 125,136, Copyright 2020,

with permission from Elsevier

polishing can remove all the partially sintered particles and
layered defects on the surface. The comparison of Ti6Al4V
sample surface treated with different concentration of HF-
HNO; solution is shown in Fig. 22. Wysocki et al. applied
three ratios of [HF]:[HNO3] solution system to CP treat the
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SLM-built titanium scaffold (Ref 261). The result shows a
significant improvement on the surface finish by removing the
partially molten powder while Young’s modulus and surface
compressive stress are both reduced. Tyagi et al. utilized a
commercial etching solution containing 10-30% phosphoric
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' (a) Blank

Fig. 21 SEM images on surface of 304 SS specimen with (a) blank, no treatment, (b) FL, femtosecond laser treatment, (c) FL/P? with SiO,
treated with pulsed plasma polymerization to form siloxane nanoparticles, (d) FL/P® with SiO-FC, fluorocarbon coating (Ref 327). Reprinted
from Surface and Coatings Technology, Vol 427, Cheng-Wei Lin, Ping-Yen Hsieh, Chia-Man Chou, Chi-Jen Chung, Ju-Liang He, Femtosecond
laser surface roughening and pulsed plasma polymerization duplex treatment on medical-grade stainless steel substrates for orthodontic purpose,

Article 127,819, Copyright 2021, with permission from Elsevier

Table 7 Post-processing approaches of chemical treatment

Process name

Description of the process

Chemical polishing (CP)
polished surface
Chemical etching (CHE)

Specific bath of chemical solution is used for metallic materials to form passivation layer and

It enables chemical reactions between the chemical solutions (HCI, H,SO,, HF, HNO3;, COOH,

HCI + HNO3) and the metallic surface to diminish surface roughness

Electrochemical polishing
(ECP)
Electroplating

Low-level dissolution of microsized irregularity at low temperature for fragile, complex parts;
acidic electrolytes are used for AM metallic specimen
Metal film deposition on metallic surface electrolytically (Au, Ag, Zn, Cr, Cu, Ni, etc.)

acid, 1-10% hydrochloric acid, 1-10% nitric acid, and 1-10%
proprietary surfactants to polish both the external and internal
faces of SLM-built 316L SS part (Ref 329). Such CP process
achieved an overall surface roughness R, of 0.5 um and also
improved the corrosion resistance by the passivation layer.
3.4.2 Chemical Etching (CHE). A potential approach for
reducing surface-level defects and porosity on complex geome-
tries is chemical etching (CHE). CHE can improve the surface
quality by cleaning the adhered particles and meanwhile have
little impact on the fatigue properties. The process enables
chemical reactions to occur between the chemical solutions and
the surface to bring the surface roughness to the proper levels.
The solutions are determined according to the properties of the
metal surface. Typical solutions are used in CHE diluted and
concentrated aqueous hydrochloric (HCI), sulfuric (H,SO,),
nitric (HNOj3) and hydrofluoric (HF) acid, concentrated aque-
ous solutions such as oxalic acid ((COOH),) and aqua regia
(HCI + HNO;) chemical solutions. Before the process, AM
samples are cleaned with soap solution, isopropyl alcohol,
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distilled water, or ethanol to remove dust and loose powder
particles that may disrupt chemical polishing. The AM-
produced porous structures can be cleaned first in an ultrasonic
bath using demineralized water, and then washed with ethanol
followed by air drying to remove loose surface impurities and
dust particles remaining in the pores. Afterward, the parts are
immersed in the chemical solution and this solution abrades the
dust particles attached to the surface of the porous structure and
causes the weakly bonded particles to fall. The etchant removes
material on the surface layer and blunts the surface defects and
cracks. Optimizing the process settings and increasing overall
energy can reduce the porosity. Chemical etching can cause
significant deviation on the original geometry and dimensions
due to indiscriminate low-contrast removal, as well as deteri-
oration of the mechanical properties. For example, the material
removal of Ti-6Al-4 V alloy using hydrofluoric acid (HF) based
solutions can be described in Table 8 for the dissolution of
titanium in HF-HNOj; solutions. When titanium hexafluoride
complex is the main reaction product, dissolution rate of
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(c)
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Fig. 22 Optical examination on treated surface of Ti-6Al-4 V ELI sample produced by SLM with different concentration of HF-HNO3: (a) as-
built (AB), (b) [HF]:[HNO3] wt.% ratio = 1:10 (1 M), (c) [HF]:[HNO3] wt.% ratio = 1:5 (2 M), (d) [HF]:[HNO3] wt.% ratio = 1:2.5 (4 M) (Ref
328). Reprinted from Materials Today Communications, Vol 25, Martin Bezuidenhout, Gerrit Ter Haar, Thorsten Becker, Sabrina Rudolph,
Oliver Damm, Natasha Sacks, The effect of HF-HNO; chemical polishing on the surface roughness and fatigue life of laser powder bed fusion
produced Ti6Al4V, Article 101,396, Copyright 2020, with permission from Elsevier

titanium maintains a mole ratio of 1:6.4 between the expected
moles of titanium to be removed and available HF in the
solution accounting for the reactions with Al and V. In the case
of insufficient HF, the titanium surface is gradually passivated
through the reaction of nitric acid with the adsorbed trivalent
titanium cations.

Chemical etching is applied to Ti-6Al-4 V specimen
fabricated by the EBM process (Ref 155). Each specimen is
dipped at room temperature in a fresh solution consisting of
12 mL HF (48%), 40 mL HNO; and 300 mL of distilled water
without stirring. The specimens are rinsed under water
immediately after being removed from the etchant in order to
eliminate any trace of acid. Etching for 30 min eliminates most
of pores in the subsurface region and reduces the roughness
values R, and R, by 26 and 21%. After 60 min of etching, those
values reach 39 and 34%, respectively. Elongation of the
specimen after etching is increased by 36 and 41% for 30 min
and 60 min. Notch-like defects that intersect the sample surface
and plate-pile stacking defects are dissolved but not 100%
removed from the surface. The etched specimen exhibit YS and
UTS values as high as those of machined samples. Etching
prevents the early failure from crack propagation, improves the
ductility, and decreases the scattering of the data. After etching,
the stress concentrations are much smaller and crack initiation
leading to failure is delayed. CHE also has been applied to
surface treating of lattice and strut specimens of Ti-6Al-4 V
alloy as well as scaffold of CoCr alloy (Ref 112, 122, 330). The
treatment includes degreasing using ethanol in an ultrasonic
bath and etching in a solution of HF, HNO3 and demineralized
water in an ultrasonic bath. The strut thinning, which leads to a
decrease of compressive proof stress, is also observed after
etching. Etching also decreases the relative density by less than
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8 and 10% after 3-min and 6-min processing, respectively. The
specimens after both HIP and 6 min surface treatment has the
lowest level of compressive proof stress measured at
28.49 MPa. Hooreweder et al. stated that the aqueous solution
of 27 vol.% HCI and 8 vol.% H,0, is capable of removing the
remnant particles from the SLM-built CoCr scaffold samples
but has no impact on strength and fatigue response (Ref 265).
Generally, although CHE decreases the overall density and
thereby the strength of the scaffolds, the improvement of the
surface finish results in a substantial increase in fatigue
resistance. CHE removes partially molten particles attached to
the struts and reduces the local stress concentration. A
combination of HIP, sand blasting, and CHE demonstrates the
most effective approach for improving the fatigue behavior of
lattice structures.

3.4.3 Electrochemical Polishing (ECP). Electrochemical
polishing (ECP), also called electropolishing (EP), is an
electrochemical dissolution process in an electrolytic cell,
which is the reverse of electroplating. In ECP process, the
sample and electrodes are immersed in the electrolyte for a
specified time and applied with a potential difference between
the electrodes. During ECP, a certain current is required to be
maintained for a sufficient time. The anode and cathode are
chosen based on the material of the target workpiece. Table 9
lists the chemical solution used as electrolyte in the previous
studies. When current passes through the electrolyte, the peaks
of the surface are more exposed to the dissolution, thereby
smoothing the surface. The expected reaction happening on the
anode side would be the oxidation of metal into the corre-
sponding metal ions:

s) — + ne
M(s) M (Eq 33)
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Table 8 Reactions between titanium alloy and hydrofluoric acid during etching

Stage

Reaction formula

HF to react with TiO, film and titanium

Nitric acid to oxidize the H, gas to lower H, absorption
Combined reaction considering acid dissolution

TiO, + 6HF — [TiFs)* +2H* + 2H,0

2Ti + 6HF — 2Ti*" + 3Hy(y) + 6F

3H2(g) + 2HNO; — 4H,0 + ZNOX(g)

Ti + 6HF + 2HNO; — [TiFe]*” +2HNO, + 3H,0 4 2H"

where M = metal element.

At the cathode surface, reduction of hydrogen ions to
hydrogen gas would be expected to occur as the main reaction:
H" +e — %Hz(g) 1. (Eq 34)

The solution typically was agitated by rotating a magnetic
stirrer to avoid the agglomeration of the etching product near
the AM sample surface. The experimental variables to be
considered in the ECP include current density, electrode gaps,
polishing time, electrolyte temperatures, type of electrolyte, and
flow rate.

Electrochemical machining (ECM) is similar to ECP, which
is also based on the phenomenon of electrochemical dissolu-
tion. Both the work piece and the tool material are dipped in the
electrolyte solution, working as anode and cathode, respec-
tively. The dissolution process occurs when an external current
is present. ECM used as post-processing step for AM parts is
particularly useful for functional surfaces, especially friction
surfaces (contact surfaces), that require comparatively high
quality (Ref 331). ECM can produce surfaces with a defined
roughness, which also have the properties to withstand a steady
friction use. ECM-treated metallic parts satisfy the tight
dimensional tolerances.

ECP is aimed for fine polishing of the metallic surface with
a mirror finish. It reduces the surface roughness, releases the
residual stresses, removes material as well as impurities and
irregularities from the anode by oxidation, and create a new
passive layer. Such protective passive oxide layer slows down
the reaction causing corrosion and increases the corrosion
resistance. ECP can be used as the final step to heal the
subsurface damages on the as-printed, mechanical, and thermal
processed surfaces of AM-fabricated parts. It also minimizes
the surface features like defect, microstructural variation, and
preferred crystallographic orientation. ECP has no contact
between the tool and the part, which leads to little wear and low
residual stress.

Although ECP can substantially improve the surface
roughness and increase the corrosion resistance, it reduces the
hardness and Young’s modulus of the treated metallic structure,
which can be associated with dissolution of precipitates during
processing and removal of residual surfaces. ECP is also
ineffective to achieve micrometer level of roughness when
treating internal surface and surface with rough initial condi-
tions (Ref 271). Meanwhile, ECP typically shows no impact on
YS but may have positive influence on UTS and elongation.
The non-conductive phases present in the AM alloys are not
affected by the ECP treatment and this impairs the surface
quality of the AM alloys. The ineffectiveness of ECP method to
the non-conductive phases and the difficulty of controlling the
ECP process due to various variables are the disadvantages of
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this method. ECP also requires additional preparation of
electrodes.

ECP is more effective to reduce the outer surface roughness
than CP treatment. But the CP shows higher efficiency in
polishing the internal surface than ECP. In addition, the
overpotential ECP (OCEP), which is conducted at an elevated
temperature (50-60 °C) with a suitable electrolyte for different
metal alloys, can be more effective at improving the surface
roughness (Ref 272). A combination of overpotential and
conventional electrochemical polishing can achieve a highly
selective removal of sticking particles. Kim et al. performed
ECP to a 316L stainless steel cylindrical sample and reduced its
roughness from 59 to 6 nm and corrosion current by nearly one
order of magnitude (Ref 268). Zhang et al. performed ECP to
SLM-built IN718 structure with a current density of 50 A/dm?
in 20% vol. sulfuric acid/absolute methanol and agitation of
200 rpm (Ref 269). The surface roughness after 5 min of ECP
reduces from 6.05 to 3.66 pm. The hardness and elastic
modulus dropped from 4.7 to 3.8 GPa, 252 to 117 GPa,
respectively. The reduction can be attributed to release of
residual stress of sample surface and dissolution of reinforcing
precipitates at the surface. The influence of ion concentration of
the electrolyte is also critical to the ECP process. Zhang et al.
demonstrated the reduction of surface roughness and weight
loss of the target material with increasing the chloride
concentration during 10 min of ECP at 0.5 A -cm? current
density and 25 °C for SLM-produced Ti6 Al4V alloy (Ref 270).
Aggressive ECP parameters, such as high concentration of
electrolyte and long treating time have a negative effect on the
surface roughness and can potentially damage the printed
structure.

When treating 316L SS, a solution of 50 vol.% phosphoric
acid, 20 vol.% sulfuric acid, and 30 vol.% DI water can be used
with a Nb counter electrode with a parallelepiped prism. The
polishing process is conducted for 12 min at 5 A with reversing
the polarity every 2 min to reduce the oxide deposition (Ref
231). ECP is tested and compared with contour scan strategy/
remelting, tumble finish (TF), passivation, grinding/polishing
on the effectiveness of surface treating for SLM-built 316L SS
samples. TF is conducted for 3 h at a pulse rate of 2000 per min
with different sizes of ceramic media. Passivation is carried out
according to ASTM A967/A967M. Figure 23 illustrates the
cross-sectional view of the treated samples and the relationship
between breakdown potential (£}) and surface roughness. ECP
shows the most reduced roughness on the surface and a relative
higher E;, which indicates a lower susceptibility to the
initiation of localized corrosion. Both TF and ECP flatten the
surface peaks and smooth the surface on a complex part to
reduce the susceptibility to pit initiation (higher E}). TF-treated
sample shows residual overhung features and area of oxygen
rich layers leading to lower Ej, while both are mostly removed
by ECP and grinding processes. Passivation of the as-printed
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Table 9 Potential chemical solutions used in literature for different metals

AM material

Electrolyte solution

IN718
IN625

Ti6Al4V

CoCr
CoCrFeMnNi
316L SS

AlISil0Mg

H,SO,4 + methanol (Ref 269)

Perchloric acid + glacial acetic acid (Ref 275)

H,SO,4 + methanol (Ref 332)

Ethanol + n-butyl alcohol + Al(H,0)sCl; + ZnCl, (Ref 264)
Ethanol + isopropyl alcohol + Al(H,0)sCl; + ZnCl, (Ref 59, 333)
Perchloric acid + acetic acid (Ref 235, 276)

Ethylene glycol + magnesium chloride (Ref 270)

CH;COOH + H,SO4 + HF (Ref 266)

H5;PO,4 + H,SO,4 (Ref 277, 278)

H,SO,4 + methanol (Ref 334)

H3;PO,4 + H,SO,4 + DI water (+ glycerol) (Ref 231, 233, 262, 268, 272,
273)

Choline chloride + ethylene glycol + urea + malonic acid (Ref 274)
Ethanol + ether + HCIO,4 (Ref 240)

part is ineffective in promoting the £, and has minimal impact
on the corrosion susceptibility. The ECP treatment may provide
a robust approach for reducing surface roughness, removing
tortuous surface features, and reducing susceptibility to local-
ized corrosion for complex AM metal parts. In another study,
ECP with deep eutectic solvents (DESs) reduced the R, value
to < 0.4 pum and increased the E, from 40.6 to 127.2
mV/SCE (Ref 274).

To enhance the surface quality and dimensional accuracy of
CoCrFeMnNi HEAs fabricated by SLM, five different surface
finish approaches are adopted for comparison (Ref 334). The
deformation of the microstructures resulted in the subsurface
defects which induced the increment of microhardness and
residua stress. Milling, grinding, EDM, ECP, and polishing
reduce the surface roughness of the as-print CoCrFeMnNi HEA
specimen from 30 um to 1.0, 3.0, 4.0, 15.0, and 0.003 um,
respectively. When ECP is performed subsequently to milling,
grinding, and EDM, the combined approaches further reduce
the R,. The microhardness of milling, grinding, and EDM
specimens are greater than 300 HV, while the subsequent ECP
lowers the hardness to around 200 HV due to substantial
residual compressive stresses. Polishing leads to a similar
microhardness since it is a low force process. A heat-affected
layer is identified after EDM, which is caused by plastic
deformation. More deformation is observed in milling sample
than that in grinding sample. The contaminant of Cu and the
heat-affected layer in EDM, as well as the deformation surface
feature can all be diminished by the ECP. Damage-free surface
can only be obtained by ECP and polishing, while milling and
grinding cause micropores on the surface.

A series of post-processes of stress-relief, HIP, ECP, and SP
are applied to SLM Ti-6Al-4 V alloy (Ref 212). The ECP
treatment employs an alcoholic solution of aluminum chloride
and zinc chloride. SP uses ZrO, and SiO, ceramic beads. The
heat treatments of SR and HIP both decrease the YS and UTS
of the as-built specimen around 10%. The surface roughness R,
is reduced from 6.83 pm of as-built condition to 5.07, 0.54, and
3.36 um after HIP, ECP, and SP, respectively. HIP can reduce
the porosity from 0.35% to below 0.05% on the as-built
samples, and the remaining small pores have less detrimental
influence on the fatigue behavior compared to calculation. SP is
effective at deforming the large pores in the surface layer but
has little impact on reducing the amount of the defects. A
linear-declining SN curve indicates that surface peening is
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capable of reducing the crack initiation in the surface layer but
has limited impact on the subsurface cracks and thereby
causing crack initiation at high cycle fatigue regime. ECP does
not show strong correlation in increasing the fatigue strength
due to the large defects in the surface layer. Since the surface
treatments have no substantial improvement on the surface
roughness, no remarkable influence is observed on the fatigue
resistance.

Uzan et al. adopted SP plus either mechanical polishing
(MP) or ECP to enhance the surface of SLM-built AlSil0Mg
alloy specimen (Ref 240). Figure 24 shows the improved
fatigue resistance at a fixed 125 MPa load and S-N curve for
SP, SP + MP, and SP + ECP conditions. ECP treatment on the
SP specimen increases the maximum stress at 10° cycles from
110 to 118 MPa while under 125 MPa load ECP promotes the
fatigue life from 1.9 x 10° to 3.1 x 10° cycles. Although
SP + MP exhibits higher fatigue resistance, the surface finish
after SP + ECP shows greater smoothness on the surface
morphology.

3.5 Deposition and Coating

3.5.1 Laser Cladding. When LENS is used for surface
modification, laser cladding can melt a thin layer of the target
material by the laser beam to bond on the workpiece surface. It
is a widely used technique of surface treatment/engineering in
the industry to apply specific coating to metallic/ceramic
structures for enhancement of surface properties especially for
high wear resistance, oxidation resistance, or bio-compatibility
for rigorous conditions. A clad track is created by injecting
powder particles into the molten pool and finally solidifies as a
pure clad layer with strong bonding to the substrate. The width
of the track (clad width) and the thickness of the layer (clad
height) depend both on the powder feed rate and the laser
power. The cladding system consists of a fiber laser system and
a powder feeding system, which typically equipped with a
helicoidal coaxial nozzle. Nd:YAG laser cladding was proven
to be more energy efficient with 50% of the raw power to be
consumed for the process (with 20% used for melting the
powder and 30% for heating the substrate) (Ref 335). Many
systems of coating material have been developed, including
titanium, cobalt, and nickel matrix reinforced by borides,
carbides, nitrides, and intermetallic compound such as Ti,Ni,
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TiSi,, Ni;Ti, Ti3AIN, TizSiC,, TiB, TiC, TiN, TiBCN, W,C/
WC, Cr;C,, SiC, NipSi/NiSi, MoSi,, etc. When coating
material is deposited onto the substrate, cladding and bonding
zones form with dense microstructure under high heat temper-
ature and fast cooling, which leads to solid solution phases and
retaining the properties of the base material, minimizes the
number of liquation cracks and yields higher-quality joints
compared to vacuum brazing and arc welding. Other advan-
tages include short processing time, flexibility, and precision in
operation. However, the surface of each layer is uneven and
susceptible to incomplete fusion as well as formation of pore/
microcrack, which significantly deteriorate the mechanical
properties of bonding and cladding layer.

During cladding, the powder that impacts the substrate is
retained by the surface. The fraction of the retained powder,
which leads to the clad formation, can be estimated by (Ref
336):

m m mmelled + ’hcatch

T haVIN T puV) (a 35)
where p, is the cladding material density, u is the scanning
speed, m is the powder feed rate contributing to the clad
formation, 71y is the actual powder feed rate that the feeder
provides to the process, and V'// is the clad volume per unit
length, ritpeieq i the portion of the feed rate contributed by
melted particles, and iy 1S the portion of solid particles. If
assuming all particles that reach the liquid surface are in a
liquid state and considering the mass of the liquid particles is
determined from the energy consumed for the melting and the
latent heat of fusion, the feed rate of melted particles can be
written as:

Mmelted _ Qparticles _ a- QL _ a-P (Eq 36)

t t-L t-L L

mmelted =

where Q; is the total laser power delivered by the laser source,
L is the latent heat of fusion of the particle material, P is the
laser power, and «a is the ratio of the energy absorbed by the
particles. Equation 35 and 36 provide a simplified approach to
estimate the cladding process based on laser power, coating
material, and other process parameters.

Deng et al. deposited CoCrFeNiMoy, HEA coating to
enhance Ti6Al4V through laser cladding (Ref 337). The result
showed that after cladding BCC solid solution phase and ©
phase with non-uniform grain structure was formed by the high
cooling rate on the substrate. The microhardness of the coated
part reached to 900 HV compared to ~ 400 HV of the Ti6Al4V
base material. The oxidation resistance is also significantly
improved since the dense Cr-enriched oxide layer effectively
inhibits the inward diffusion of oxygen at elevated temperature.
The corrosion potential of the coating is increased, while the
corrosion current density is reduced, which indicates a higher
corrosion resistance. In addition, a higher compressive residual
stress is presented on the coating, which is also beneficial to the
wear and fatigue resistance of the treated Ti6Al4V part.
Maliutina et al. fed Ti48AI2Cr2Nb powder to laser cladding on
TA6Zr4DE alloy part and resulted in a lamellar structure of y-
TiAl and o,-TizAl phases with deformation twins and high
dislocation density (Ref 338). During oxidation, an oxide layer
of 15 um formed after 100 h at 900 °C containing TiO2 and
Al1203 that inhibit the oxygen diffusion. With the alloying
element of niobium and chromium, the mass gain of the treated
TAG6Zr4DE part is one tenth of that of the untreated one. Bidron
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et al. adopted laser cladding to refurnish cast CM247LC alloy
parts with CM247LC powder without inducing hot cracking
and found preheating over 1100 °C minimized the susceptibil-
ity of crack formation (Ref 339). When cladding was used to
refurbish Ni-based superalloy K447A, the coating exhibits
similar microhardness to the base structure, greater tensile
strength but reduced plasticity due to the shrinkage defects and
microcracks (Ref 139). STA treatment can promote the
microhardness and recover the ductility, while it also decreases
UTS and YS.

3.5.2 Electrospark Deposition (ESD). Electrospark
deposition (ESD) can apply a metal coating on the AM part
to improve the surface finish. Based on the different charac-
teristics of the tool and target material, 80-90% of reduction in
surface roughness of R, can be achieved (Ref 202). When
Inconel 718 coated through ESD onto Hastelloy X fabricated
by SLM, surface hardness increases 85% with further hammer
peening. The combined treatment leads to a greater size of the
thermo-mechanically affected zone (TMAZ) but has no influ-
ence on the average coating thickness. With annealing and
aging heat treatment to eliminate the TMAZ prior to forming
the strengthening y” and 7’ phases, a much higher fatigue life,
i.e., 50 and 5 times greater, at a stress of 350 and 550 MPa can
be achieved, respectively. Figure 25 shows the effect of ESD
and hammer peening on the side surface of the samples.
Partially fused particles are remelted and covered under the
Inconel coating (Fig. 25b). Hammer peening further smoothens
the surface (Fig. 25¢). In another work, AA4043 aluminum
alloy was deposited by ESD on BJAM-fabricated IN625
specimen (Ref 279). The microhardness of the ESD coated
sample is significantly promoted from ~ 110 HV of the IN625
substrate to the range of 430-960 HV. This is caused by the
different compounds, such as Ni,Al; and other nickel alu-
minides, formed during the ESD process and unevenly
distributed on the coated surface.

3.5.3 Magnetron Sputtering (MS). Magnetron sputter-
ing is a common method to deposit diamond-like carbon (DLC)
coatings, which can improve the surface properties. DLC
exhibits chemical inertness, high hardness, low friction, and
high wear resistance at normal ambient conditions and therefore
is modified for scratch-resistant and tribological applications.
Tillman et al. deposited DLC coatings using magnetron
sputtering on to steel alloys fabricated by SLM, as shown in
Fig. 26 (Ref 280, 281). It significantly promotes the hardness
from ~ 5 GPa to more than 20 GPa. In addition, the
coefficient of friction is reduced from 0.7 to less than 0.3.
The disadvantage of sputtering DLC coating is that it increases
the surface roughness.

3.5.4 Atomic/Molecular Layer Deposition (ALD/
MLD). Atomic/molecular layer deposition (ALD/MLD) are
techniques that deposit vapor phase thin film onto the substrate
that enables a coating with high material quality, good
uniformity, high conformality, and accurate thickness control
(Ref 340). This post-processing method submits the targeting
material to different alternate pulsing of precursor and reactant
gases in a reaction chamber, allowing for the attachment of
molecules to exposed surfaces. The coating/film is deposited
layer-by-layer on the material, which gives an unparalleled
control of the film thickness on the atomic level.

ALD is not suitable for the deposition of the micrometer-
thick films onto metallic structure, while chemical vapor
deposition (CVD) is capable of thick film deposition. There-
fore, Moll et al. first deposited a layer of AIN by the CVD
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Fig. 24 S—N curves for SLM-built AlSi10Mg specimens under as-
built, SP, SP + ECP, SP + MP conditions and also fatigue resistance
under a fixed 125 MPa load (Ref 240). Reprinted from Additive
Manufacturing, Vol 21, Naor Elad Uzan, Shlomo Ramati, Roni
Shneck, Nachum Frage, Ori Yeheskel, On the effect of shot-peening
on fatigue resistance of AlSilOMg specimens fabricated by additive
manufacturing using selective laser melting (AM-SLM), Pages 458—
464, Copyright 2018, with permission from Elsevier

process using AICI; formed by in situ chlorination from Al and
Cl, gas and controlled the growth of AIN by the reaction
between NH;z + H, and AICl;, while plasma-enhanced ALD
(PEALD) of AIN was carried out in reactor at 350 °C with
precursor trimethylaluminium (TMA) and NH; (Ref 341).
Figure 27a and b shows the TEM results on the cross section of
the sample and reveal the topography and crystal orientation of
the AIN coating on the Ti6Al4V substrate. Figure 27c shows
the substantially declined mass gain measured on the coated
sample compared to that of uncoated obtained in oxidation test.
ALD has also been exploited to coat the metallic electrode such
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as 3D printed titanium structure with MoS, for electrocatalytic
performance of hydrogen evolution reaction (HER) (Ref 342).

3.6 Other Surface Treatments

3.6.1 Other Hot Working. Hot working, like hot com-
pression and hot rolling, transforms and refines the microstruc-
ture. It eliminates the material defects by refining and
homogenizing the inner grains through recrystallization and
improves the related mechanical properties. Hot compression
reduces the porosity (< 0.1%) in the sample and thereby
increasing the density of the microstructure by annihilating the
pores (Ref 121). Hot rolling further refines the grain structure
with improved cohesive strength and elongation of the deposits
substantially. On the other hand, cold work via rolling can be
applied to the part directly after material deposition in order to
improve the microstructure and reduce porosity (Ref 343).
Rolling continuously induces plastic deformation to cover the
entire volume of printed section, which reduces tension stress
on the interface but also generates compressive stress spreading
over the whole section rather than on the surface only. The
resulting distortion in the longitudinal direction is also reduced.
Hot-rolled IN718 part fabricated by SLM exhibits superior
creep lifetimes (~ 200 h) compared to conditions of as-built,
heat-treated, and HIP at conditions of 650 MPa and 650 °C
(Ref 136). The fine-grain microstructure in the hot-rolled part
promotes the resistance to fracture under creep conditions,
which leads to a ductile fracture surface. Honnige et al.
fabricated Ti6Al4V thin section specimen by a converted
friction stir welding CNC gantry with a WAAM deposition unit
and a customized roller device (Ref 282). After treated with SR
and machining, the specimen is examined for the surface stress
status. The inter-pass rolling shows little impact on the residual
stresses.

3.6.2 Electropulsing Treatment (EPT). Electropulsing
treatment (EPT), also called electropulsing processing (EPP)
can modify microstructures of AM parts more rapidly than
conventional annealing (Ref 289, 344). It utilizes either a
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Fig. 25 Comparison on side surface of SLM Hastelloy X samples (a) as-built, (b) after ESD with Inconel 718, (c) after ESD + hammer
peening under SEM analysis (Ref 202). Reprinted from Additive Manufacturing, Vol 36, Pablo D. Enrique, Ali Keshavarzkermani, Reza
Esmaeilizadeh, Stephen Peterkin, Hamid Jahed, Ehsan Toyserkani, Norman Y. Zhou, Enhancing fatigue life of additive manufactured parts with
electrospark deposition post-processing, Article 101,526, Copyright 2020, with permission from Elsevier
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Fig. 26 morphology of the deposited DLC films by sputtering on SLM-built 36NiCrMo16 steel: (a) a-C film, (b) a-C:H film, (c¢) with no DLC
coating, (d) a-c film, (¢) a-C:H film (Ref 280). Reprinted from Surface and Coatings Technology, Vol 394, Wolfgang Tillmann, Nelson Filipe
Lopes Dias, Dominic Stangier, Leif Hagen, Mirko Schaper, Florian Hengsbach, Kay-Peter Hoyer, Tribo-mechanical properties and adhesion
behavior of DLC coatings sputtered onto 36NiCrMol6 produced by selective laser melting, Article 125,748, Copyright 2020, with permission

from Elsevier

continuous current, or multiple pulses of high-current density
with short duration to electrify the metallic surface. Both direct
current (DC) and alternating current (AC) mode have been
applied in the research. Similar to thermal annealing, elec-
tropulsing primarily alters the distribution of chemical phases
and microstructural defects within materials. Furthermore, it
significantly accelerates processes such as recrystallization,
particle spheroidization, and grain growth. Electropulsing is
effective in transforming the microstructure through the joule
heating but has little impact on the dislocation density and grain
macrostructure even when the current density is high. Elec-
tropulsing has potential to reduce internal residual stresses and
porosity. For 316 L SS samples printed by SLM, the
electropulsing reduces microsegregation without significantly
altering the Vickers hardness or dislocation and grain struc-
tures. For AISil0Mg samples, it partially spheroidizes the
cellular, Si-rich, eutectic constituent created by rapid solidifi-
cation. This increases the ductility and decreases the strength of
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treated AISilOMg samples. For both materials, significantly
less time is required to produce these microstructural changes
via electropulsing than via thermal annealing. Applying EPT
(10.7 A/mm? for 150 s) on Cu-20Ni-20Mn alloy decreases the
dislocation density, accelerates the recovery as well as recrys-
tallization, and dissolves the secondary phase, which enhances
both the tensile strength and ductility (Ref 345).

3.6.3 Friction Stir Processing (FSP). FSP, an advanced
technique derived from friction stir welding, can be used as a
localized surface treatment for metallic component. FSP can be
applied to refine the grains, improve the microstructure and
properties of the materials to achieve ductilization. It can also
reduce the porosity and potentially improve the fatigue
performance of the part, which allows FSP to be an alternative
approach for HIP. The printed specimen has an elongated grain
microstructure with high portion of low-angle grain boundaries
(LAGBs). The microstructure of as-built part after FSP is
dominated by recrystallized fine equiaxed grains with high-
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Fig. 27 TEM-ASTAR analysis of the CVD AIN film on the top of a 300-nm-thick ALD pre-deposition: (a) phase cartography and (b)
crystallographic orientation along the growth direction, and the comparison of mass gaining in air oxidation of EBM Ti6Al4V uncoated and
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architectures with enhanced surface properties, Article 127,130, Copyright 2021, with permission from Elsevier

angle grain boundaries (HAGBs) including twin boundaries
(TBs). The precipitates and grains are refined and homogenized
due to the SPD and stirring produced by FSP, which increases
their Vickers hardness. Furthermore, the strength and hardness
of the AM parts after FSP are both promoted while the
dimensional accuracy and geometry feature are not affected.
FSP can also influence a larger depth as compared to other
surface treatment techniques such as shot peening. A combi-
nation treatment of HIP + FSP has been adopted to enhance the
AlSi10Mg samples fabricated by SLM (Ref 287). The FSP
homogenizes the microstructure with fine equiaxed grains and
significantly reduces porosity. The FSP alone on the as-built
sample transforms the fibrous Si network into nanoscale
particles by dynamic recrystallization. The FSP of the HIP
sample promotes greatly the grain refinement by transforming
the microstructure into fine Al matrix and Si equiaxed grains
and therefore increases the homogeneity on the treated surface
(up to 90%). Santos Macias et al. applied FSP to SLM
AlSi10Mg and found that the porosity is reduced from 0.13 to
0.03% (Ref 290). In addition, the FSP treated samples shows a
fatigue life up to two orders of magnitude greater than as-built
and stress relieved ones. In another work, nano-TiB,/AISi10Mg
composite was successfully enhanced for both tensile and
ductile behavior (Ref 291). With slightly reduced tensile
strength, FSP treated CSAM composite exhibited improved
elongation (16%) and interfacial bonding. Deng et al. adopted
FSP (800 rpm, 50 mm/min, plunge depth = 12.5 mm, tilt
angle = 2.5°) and subsequent aging (200 °C, oil) to tailor the
SLM-fabricated Mgl0Gd0.2Zr (G10K) alloy (Ref 87). FSP
greatly reduces the average grain size from 26.85 pm of as-built
condition to 5.78 um and increases the hardness by 25% at
different age hardening times. FSP can improve the tensile
strength and ductility simultaneously while aging (T5) can
further promote the YS and UTS with reduced elongation.
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Huang et al. utilized FSP (W—Re, 75 mm/min, 400 rpm, 2.5°)
to enhance SLM-built Ti6Al4V specimens and found that FSP
eliminated the 0.02% porosity in the at-built condition (Ref
288). Although it decreases the UTS from 1261 to 1085 MPa,
the fracture strain is significantly improved from 0.21 to 0.65.
The specimen after FSP was reported to have a higher
mechanical strength than the one treated by HIP at a similar
elongation at fracture, and vice versa. Li et al. compared the
post-treatments of annealing (500 °C, 4 h, furnace cool),
electropulsing (2000 A, 6 s, 590 °C), and FSP (30 mm/min,
1500 rpm, 2.5) on CSAM-fabricated copper specimens (Ref
289). Figure 28 demonstrates that FSP is the most efficient
solid-state process to form superfine equiaxed grains due to
dynamic recrystallization than other treatments. Consequently,
Fig. 28 also illustrates that FSP treated specimen achieves the
best combination in tensile properties (UTS 310 MPa) and
elongation (40%). FSP was also integrated on a WAAM system
to simultaneously perform deposition and finishing (Ref 346).

3.6.4 Spark Plasma Sintering (SPS). SPS is one of the
advanced sintering techniques that involves high energy
density, high pressure, and short time for densification of a
material. In a study of using UAM to print 4130 steel, post-
processing of HIP and SPS are applied to as-built parts to
improve the properties (Ref 22). Post-SPS process greatly
diminishes the void defects at interlayer regions, leaving only
small pores. SPS treatment also leads to the formation of
continuous ferrite layer at the interfaces of the samples, which
is nucleated from austenite phase due to the small inclusions as
preferential sites. Specimens after the SPS post-treatment
exhibit shear strength of about twofold higher than that of the
as-printed ones. SPS- and HIP-treated samples show signifi-
cantly higher resistance to shear. SPS has impact on the
microhardness but also causes higher scattering in the resulting
values.
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Fig. 28 Optical microscopic images of CASM-fabricated Cu specimens at conditions of (a) as-built, (b) HT (500 °C, 4 h, furnace cool), (c)
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Fig. 29 (a) Fatigue response vs. surface roughness R, for AM-built Ti6Al4V and (b) microhardness vs. surface roughness R, for different AM-
built alloys with post-treatments (BB: bead blasting, VG: vibratory grinding, MM: micro machining, ECP: electrochemical polishing, SP: shot
peening, CP: chemical polishing, CF: centrifugal finish, LP: laser polishing, LSP: laser shock peening, Linish: abrasive finish, UB: ultrasonic
burnishing, DF: drag finish, VSF: vibratory surface finish, FM: finish machining, BF: barrel finish, USP: ultrasonic shot peening, UIT: ultrasonic

impact treatment, ESD: electrospark deposition, HP: hammer peening)

3.6.5 Summary. Figure 29(a) illustrates a collective plot
on surface roughness R, and corresponding fatigue response of
cycle number to failure for Ti6Al4V. An inverse relationship can
be observed in the graph, which indicates the necessity of
reducing surface roughness in order to have an improved overall
fatigue performance. A treated surface with less defective
features such as notch, pore, microcrack, etc. is less prone to
crack initiation and propagation regardless the usage of thermal
post-treatments. On the other hand, the microhardness vs. surface
roughness plot in Fig. 29(b) for different alloys shows no clear
trending. Nonetheless, the listed treatments flattens the surface
and meanwhile improves the hardness of the materials. Although
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certain data for same treatment, for example, shot peening (SP),
are scattered in the plot for different works, it is still significant to
conclude that impact-related treatments with higher energy
delivered to the surface lead to higher microhardness than those
of abrasion-related ones.

4. Support Removal

Support structure provides the physical presence of the
manufactured article on its own weight, to avoid collapse due to
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burning or warping. Support structures are inevitable for
fabricating in AM techniques. Consequently, a subtractive
process is a crucial step for post-processing of the AM
component. Support removal consists of cutting off material
which surrounds the part as a byproduct of the build process
(natural support) and rigid structures which are designed and
built to support, restrain or attach the part being built to a build
platform (synthetic supports). Popular techniques used for
support removal include wire electrical discharge machining
(EDM), water jet cutting, and laser cutting (Ref 344, 347, 348).
Support removal also contains cleaning the loose powder
surrounding the part and remaining inside the part geometry
using brushes or compressed air. Powder removal is particularly
important for interior passages that cannot be accessed easily
with the grit blasting approach. Chemical etching away of
powder in passages could require metallurgical studies of
interior passage surface behavior. Methods to remove the
trapped powders can also be designed such as grit blasting,
chemical etching and ultrasonic vibration (Ref 171, 349). Bead
blasting involves applying fine beads at a high pressure without
damaging the surface and is an inexpensive and quick solution.
A combination of grit blasting, vibratory grinding, micro
machining and traditional milling is carried out on Ti-6Al-4 V
printed by SLM process (Ref 239). A final surface roughness of
R, = 0.3 um can be reached. This allows superior fatigue
properties in strength and life. Since planning of subtractive
procedure is heavy in labor, automated solutions with com-
puter-aid algorithms for identifying and removing support
materials in an AM part are adopted in research and production
(Ref 350). Wire EDM, a thermal process, flattens the surface
but causes a heat melt layer resulting in the increase of tensile
residual stress and surface microhardness. In addition, EDM
introduces residual Cu content on the processed surface as
contaminant.

5. Minimization of Post-Treatments and Future
Outlook

To minimize the cost of post-processing in AM, many
approaches have been experimented and applied to improve the
as-print part on its surface quality, dimension accuracy,
manufacturability, etc. For AM process, adjusting the process-
ing parameters to control the input of the energy density and the
solidification process can avoid the necessity of post-process-
ing. For example, optimized process parameters in SLM can
produce fine o phase platelets and in Ti6Al4V part, which
exhibits hardness greater than 4.0 GPa and eliminates the need
for post-process HIP treatment if restricted porosity is achieved
(Ref 44). The production of 3D-printed metallic products with
smooth surfaces with an appropriate laser output and scan rate
could potentially to minimize the amount of post-processing
required, such as finishing and polishing (Ref 351). An
alternative strategy of point heat source fill is configured in
EBM process to produce IN718 alloy on a bulk scale with a
controlled grain texture (Ref 90). On the other hand, fine-tuning
of the base chemistry and grain boundary strengtheners
improves resistance to hot cracking and minimizes the need
for a post-build HIP cycle. Introducing TiC nanoparticles in the
SLM-built HX alloy part can eliminate hot cracking defects and
promote the heterogeneous nucleation (Ref 352).
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One of the direct efforts is to attach a post-processing
system, for example a 4-axis milling CNC or cold rolling
system, with AM machine to allow in situ post-treatment to
take place during the printing (Ref 353). Direct additive and
subtractive hybrid (DASH) manufacturing system is developed
in the concept of combining additive and subtractive process
together with integrated operation system to produce high-
quality and high-precision metal parts with limited human
intervention and reduction in process cycle time (Ref 354). In
situ post-processing can be used to improve material properties
during layering. High-pressure rolling can be done after each
deposition passage in order to refine the microstructure (Ref
282). Multi-pass sliding severe plastic deformation (SPD) and
fine particle shot peening (FPSP) have been applied to DMLS-
produced AlSi10Mg (Ref 355). In situ SPD reduces the grain
size in the surface layer to 1-2 um and heals the surface crack.
In situ heat treating (ISHT) is developed to optimize the IN718
part during the printing process of EBM (Ref 356). The ISHT
sample shows similar hardness but reduced tensile strength
compared to peak aged conditions. Friction stir burnishing tool
can also be applied simultaneously on to an WAAM system to
suppress the dendrite growth and anisotropy in microstructure
on as-printed 316L stainless steel (Ref 346).

Geometric and shrinkage errors can always be minimized
and compensated through slice-based computational algorithm
for stereolithography CAD model, for example, like Taguchi-
based scaling model and statistical approaches. Many models
have been established and explored for the relationship between
AM parameters and part shrinkage ratio. In the concept of
design for additive manufacturing (DFAM), the effect of
parameters like mean cusp height error, sharp corners, support
volume can be evaluated in weighted optimization model. As a
result, the optimal build orientation can be determined numer-
ically and systematically. Deep learning technique of using
artificial neural network (ANN) can be adopted to analyze and
generate the geometric compensation to counter the thermal
deformations on the as-print geometry (Ref 357). Overhang
distortion can also be avoided by creating contact-free support
structures (Ref 358).

There are other new developments for additive manufactur-
ing that can potentially provide solutions to the current issues
and lead to advancements for higher efficiency and better
properties of materials. Blue diode laser with a wavelength of
450 nm has been developed to allow highly reflective metals
such as copper and gold to have a much higher adsorption rate
of the energy for melting, which conventional near-infrared
lasers is not capable of achieving. Without post-treatment for
densification, the copper specimen printed with blue laser by
SLM can reach a density of 99% after optimization of process
parameters (Ref 359). The commercial brand of MELD
machine, working as AFSD, can print metallic structure with
a size up to 3 m and requires no post-processing like HIP or
other heat treatment. For example, the MELD machine
produces 7075 Al alloy with wrought-like mechanical proper-
ties (Ref 360). Alloy designing strategies have also been
explored and applied to combine several manufacturing steps
together and avoid post-treatment. Thermodynamic simulation
has been used to predict the potential chemical partitioning to
mitigate the hot cracking defect in Ni-based superalloy
IN738LC fabricated by L-PBF (Ref 361). Hierarchical hetero-
geneous microstructure, which combines one or more of the
following features such as subgrain cellular structures, low-
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angle grain boundaries, dislocations, nanolamellae, microscale
eutectic colonies, nanoprecipitate, and interstitial solute has
been investigated and demonstrated in LPBF-built AlICoCrFe-
Ni2.1HEAs, HK30ND steel, and Ti6Al4V (Ref 362-364). These
metallic structures exhibit high strength and high ductility,
which has no necessity for further thermal treatment.

6. Conclusions and Limitations

This review summarizes the recent research and develop-
ment progress on the post-processing techniques that are used
to improve the physical, chemical, mechanical and tribological
properties of as-built AM metallic structures. It describes the
common post-processing methods in detail as well as their
mechanisms involved in treating the metal structure. Below are
some specific conclusions drawn from this review work:

(1) Internal porosity can only be eliminated through few
post-processes like HIP, hot compression, sintering, infil-
tration, SPS, etc. HIP is most widely applied and studied
for various types of metals, which is attributed to its
versatility and efficiency in reducing the porosity
(< 0.1%) and homogenizing the structure with im-
proved modulus, ductility, and fatigue behavior.

(2) Corresponding heat treatments for the specific metal,
such as SR, annealing, or STA should be appropriately
chosen to follow HIP to satisfy the requirements on bulk
properties like tensile strength, elongation to failure, fati-
gue, corrosion resistance, etc.

(3) Surface peening through physical shot blast (SP), laser
shock (LSP), or high-pressure water jet (cavitation) simply
applies plastic deformation and compressive stress to sig-
nificantly improve the fatigue properties of the specimen.
The impact-type treatments such as SP, LSP, and UNSM,
which delivers higher level of energy on the surface
through either plastic deformation, strain hardening, com-
pressive stress, or work hardening, result in higher micro-
hardness, fatigue performance, and other mechanical
properties, while abrasive-type treatments lead to better
surface finish but less impact on the mechanical behavior.

(4) Coating techniques (ESD, MS, and ALD) are cost-sensi-
tive and may demand subsequent peening or polishing;
however, deposition of a secondary material not only
provides positive impact on surface roughness reduction
but also is capable to achieve higher hardness, fatigue
response, oxidation resistance or wear resistance.

(5) Other advanced treatments (UNSM, EPP, FSP, and SPS)
are applicable when specific properties or performance
of the metallic structure are expected and are similar to
coating techniques in sequence of the complete post-pro-
cessing solution.

(6) At last, polishing (LP, FL, CP, CHE, ECP, ECM) can be
adopted to meet the tightened tolerance on surface finish
as the final step. ECP demonstrates the lowest R, (~ 0.01
um) that achieved in literature, while LP is capable of
reducing the R, to ~ 0.1 um with more adaptiveness.

(7) In summary, an optimal post-processing solution of the
as-built metallic part can be suggested in the sequence
of HIP, heat treatment, surface modification and/or plus
any specific treatment required for the application.
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One major issue in post-processing of AM metallic structures
is that the process is high-cost and time-consuming. Full post-
processing solution is currently a costly means to control the
anisotropic and heterogeneous microstructure within the article
and minimize undesirable features like defects. Therefore, further
optimization of a series of post-treatments in sequence is required
to reduce the processing time and achieve higher efficiency. The
future of additive manufacturing of metallic structures relies on
many advanced techniques, such as integration of Al/machine
learning to the in situ controlling of the printing at multi-scale of
the processed material for optimizing the process-property-
performance relationship to minimize post-treatments.

As discussed above, it is difficult for each treatment method
to improve or maintain several major properties simultaneously.
For example, recrystallization annealing commonly improves
ductility but undesirably mitigates the modulus of the structure.
Future optimizations are needed to minimize the side-effects of
the post-treatment. Furthermore, there is much less work in
chemical treatments than that in heat treatments. Their effects in
modifying the roughness, dislocation density, grain and crys-
talline structures are far from sufficient understanding. The
synergistic effects of multiple types of post-treatments are also
grossly understudied. Therefore, there lacks general guidance
on how to select a proper type of post-treatment method.

Lastly, most post-treatments are focused on the survivability
and structural applications of metallic structures like mechan-
ical, fatigue and corrosion properties. Studies related to the
surface functionalization are still scarce. It is expected that there
will be more development of such efforts as AM metallic
structures find more and broader applications.
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