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Abstract

Metal Additive Manufacturing (MAM) produces high-strength and complex shape components through a layer-by-layer
metal deposition approach for aerospace, automobile, and structural applications. The heat is accumulated and subjected to
reheating in the metal layers by depositing material from the feedstock with the help of a heat source on the existing metal
layer. Generally, the reheating in the MAM process consists of multiple annealing, multilevel normalizing, and long temper-
ing processes. The material morphology and mechanical properties of MAM products are affected due to the stored heat in
the layers while the component is manufactured with the heat source of laser energy, electron energy, or conventional arc
welding techniques. The grain structure is refined by reheating the layers by the heat source and without post-heat treatment
techniques. The mechanical properties and morphological characteristics of the as-built MAM components due to the effect
of in-situ intrinsic heat treatment (reheating) are measured through various materials testing methods such as Electron Back
Scatter Diffraction (EBSD), Scanning electron microscopy (SEM), X-ray diffraction (XRD), tensile test, hardness test,
compressive test and etc. The review aims to study the mechanical and morphological characteristics due to the effect of
in-situ intrinsic heat treatments on low carbon steel, maraging steel, and Al alloys, which were fabricated by direct energy
deposition (DED) and laser powder bed fusion (LPBF) techniques.

Keywords Metal additive manufacturing (MAM) - Laser powder bed fusion - Heat treatment - In-situ intrinsic heat
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SCFGHAZ Sub-critically reheated FGHAZ
SEM Scanning electron microscopy
SRF Stress-released ferrite

SLM Selective laser melting

TEM Transmission electron microscopy
UTS Ultimate tensile strength

WAAM Wire arc additive manufacturing
WAXS Wide-angle x-ray scattering

XRD X-ray diffraction

1 Introduction

The fabrication of complex-shaped with near-net-shape
products is challenging when using traditional processes.
In modern technology, these kinds of features are achieved
by Additive Manufacturing (AM) methods such as Direct
Energy Deposition (DED) and Powder Bed Fusion (PBF)
additive manufacturing in various sectors [1], like aerospace
[2], machinery [3], automobile [4], marine [5], and medical
implants. Metal additive manufacturing (MAM) has grown
dramatically with layer upon layer strategic approach due to
low material waste, improved surface finish, and its ability
to manufacture products with specific mechanical proper-
ties [6].

MAM is divided into two major categories such as PBF
and DED based on the heat source, type of melting, and
material feed (powder or wire) [7]. The importance and sig-
nificance of a few metal AM technologies are explained in
Sect. 2. Due to high solidification rate the Selective Laser
Melting (SLM) produces complex shapes and high surface
quality component. Wire arc additive manufacturing tech-
nology has a high deposition rate in the large-scale applica-
tions [8]. The WAAM method is unsatisfactory due to ani-
sotropy issues in microstructure, residual stress, distortion,
and poor surface finish [9].

Laser Metal Deposition (LMD) phases consist of three
phases: During the LMD process, the small molten metal
pool temperature and its heat transfer rate are more effec-
tive into the sublayers, and also the substrate receives a fast
cooling rate during the solidification [10—13]. Second, as
the laser travels through a previously deposited bulk vol-
ume during the formation of adjacent paths and consecu-
tive layers, the metal is continuously heated and continu-
ously reheated with a slowly reducing temperature. One
such category of Intrinsic Heat Treatment (IHT) contains
rapid temperature flowing up to closer melting temperatures
[11, 14-16]. LMD products, in comparison to conventional
manufacturing, provide a more complex thermal behavior
[17]. Third, because of the metal-based LAM method, the
chemical properties of materials could be tuned even during
manufacturing by utilizing two or more powder feed and a
powder mixing chamber before the feed intake nozzle. It
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poses good surface structure and properties by multiple heat-
ing and building up cooling to each constitutive layers [18].
Due to lower heat dissipation and sequential high-tempera-
ture cycles in MAM process, resulting in distortion and low
surface finish. The processing parameters were optimized to
avoid these defects [9].

Wang et al. [20] discussed precipitation formation of a
ductile phase formation by IHT to improve toughness dur-
ing post-weld heat treatment on HSLA steel. Dirisu et al.
[19] the compressive stress caused by rolling on AM depos-
ited material improved mild steel’s mechanical and fatigue
characteristics. Similarly, the microstructure optimization
and mechanical properties of stainless steel were enhanced
by hot forging. The effectiveness of hot forging on the AM
components depends on the forging pressure and tempera-
ture [20].

Maraging steels are advanced high strength steels that
integrate high mechanical properties such as high strengths
with excellent tensile and flexural properties [21, 22].
Maraging steels are mostly used in aerospace, energy, and
tooling industries [23-25]. These beneficial mechanical
properties are due to a martensitic crystalline structure that
has been formed by higher densities of interfacial precipi-
tates obtained during tempering by IHT in the layer by layer
fabrication technique [26, 27]. In the particular circumstance
of the age of heat-treated aluminum alloys, the IHT effects
cause rapid precipitates and grain refinement. Controlling
these complex reactions requires understanding the micro-
structural evolution at various length scales [28].

Significant residual stresses were typically encountered
in SLM components due to the high heating/cooling rates
used in laser processing. Interlayer debonding and stress
cracking might result from residual stress [29]. Tzu Hou
Hsu et al. [30] studied the mechanical characteristics of SLM
AM 17-4 PH SS after post-heat treatments. The residual
stress was often achieved on top and bottom of the as-built
SLM sample, with moderate compression stress at the huge
intermediate zone. Preheat the building substrate to reduce
the thermal gradient, which reduces the stress level [31].
Post-fabrication heat treatments can also remove or mini-
mize residual stress [32, 33].

The material properties are generally enhanced by con-
ventional post heat treatment techniques such as annealing,
normalizing, hardening, and tempering. In the layer-by-layer
deposition technique, the existing layer undergoes multiple
reheating processes such as annealing, normalizing and fol-
lowed by tempering process. The mechanical properties
of metal AM components are enhanced by changing the
microstructure due to reheating. This review aims to view
the impact of intrinsic heat treatment on the material micro-
structure and mechanical properties of various AM materials
such as low carbon steel, stainless steel, Aluminum alloys,
Titanium alloys, etc.
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2 Methods of Metal Additive Manufacturing

In metal AM, the feedstock material (powder or wire) is
completely melted by the heat source and deposited on the
substrate through layer by layer approach [38]. Metal pow-
ders are generally used in the common metal AM process
instead of metal wires [39]. All metal AM processes are
build the components through layer upon layer techniques;
however, the most common methods of metal AM [40]
are wire arc additive manufacturing (WAAM) [41], direct
energy deposition (DED) [42, 43], sheet lamination [44],
and laser powder bed fusion (LPBF) [42, 45]. During the
fabrication of metal AM products, the deposited existing
metal layer is reheated when the new layer is formed over
the existing layers. The mechanical and morphological prop-
erties of metal AM products are changing due to reheating
or IHT (Intercritical annealing, normalizing, and followed
by long tempering process). The common classification of
metal additive manufacturing methods is shown in Fig. 1.
This review paper is fully focused on the effect of in-situ
intrinsic heat treatment in WAAM, DED, and PBF products.

2.1 Wire Arc Additive Manufacturing (WAAM)

WAAM is a traditional additive manufacturing technique,
the AM products are fabricated by welding technology. The
part is formed, the new weld bead deposited over the exist-
ing weld bead through bead-by-bead technique [46]. A non-
consumable electrode is used in gas tungsten arc welding

(GTAW) [47] whereas a consumable electrode is used in Gas
Metal Arc Welding (GMAW) [48]. Similarly, plasma energy
is used in Plasma Arc Welding (PAW) [49]. Generally, the
GTAW, GMAW and PAW techniques are commonly used in
the WAAM process due to its higher metal deposition rate.
The metal deposition rate of GMAW based additive manu-
facturing is two to three times higher than that of GTAW and
PAW based additive manufacturing techniques [46]. In arc
welding-based additive manufacturing technique, the deposi-
tion rate is controlled by a 3 axes or 6 axes automatic robotic
arm [50]. However, some challenges in WAAM process such
as welding defects [51], residual stress [52], distortion [53]
and automation [54]. A movable gas nozzle provides CO,,
nitrogen, or argon gas as cooling medium in the WAAM
process to fabricate the products during and/or after layer
deposition (Fig. 2). The high arc energy produces the high
temperature between electrode and the existing deposited
weld bead. Both temperature and the heat cycle of the in-situ
layer may be changed to create the required microstructure
and mechanical properties [46].

2.2 Powder Bed Fusion

An alternative to conventional manufacturing techniques,
PBF provides good dimensional control and the ability to
create complex parts with high-resolution features [55]. It
consists of an enclosed system, heat source (electron beam
or laser), powder bed, powder feed to bed, scanner and
an inert gas system [55]. The two most important factors
impacting the effectiveness of this AM process are powder

Selective Laser Melting (SLM) |

>
—'{ Full Melting }—"—(

Electron Beam Melting (EBM) |

—  Powder bed fusion } > "

Partial Melting

‘ -‘ Direct Metal Laser Sintering (DMLS) |

binding

L Polymer assisted

-

Material jetting or 3D Printing |

Powder feed system ‘ >{

Laser Engincered Net Shape (LENS) |

Direct Energy
deposition

»

*i Electron Beam freeform fabrication (EBF) |

L‘ Wire feed system

| Wire Arc Additive Manufacturing (WAAM) |

Common Metal Additive Manufacturing

»  Sheet Lamination } -{ Metal lamination

Wire Laser Additive Manufacturing (WLAM) |

r{ Laminated Object Manufacturing (LOM) |

Fig.1 Common types of metal additive manufacturing processes [34—37]

L’{ Ultrasonic Additive Manufacturing (UAM) |

@ Springer



3426

Metals and Materials International (2023) 29:3423-3441

Fig.2 Wire arc additive
manufacturing setup with CO,
cooling system [46]

Shielding gas cover

CO, gas cylinder

size and particle density of the printed part [56]. According
to the electron beam, PBF system is called as Electron Beam
Melting (EBM) whereas based on the laser, it is known as
Selective Laser Melting (SLM) [57]. The heat source (laser
or electron beam), focusing mirror, or deflection coils
are controlled the EBM and SLM processes to create the
required properties of the products [55].

Figure 3a and b are examples of SLM and EBM sys-
tems, respectively. This type of powder bed formation
system compacts a layer of powder particles between 20
and 60 microns in thickness by repeatedly raking or rolling
metal powder from the metal source bed onto the build plat-
form [60]. It reaches both thermal and mechanical stability
required to build, which might have an impact on the printed
part’s performance [61]. The method is continued until the
entire structure has been scanned at specific areas described
by an uploaded CAD file [62]. The nearby unmelted powder
of printed structure which acts as the mechanical support
during the metal printing. After printing, the build chamber
must be cleaned of surplus powder to extract the printed
structure. The powder is removed and recycled immediately
from EBM-created components. However, SLM procedures
must first shift the powder to eliminate agglomeration during
the printing process [61]. The primary drawbacks of PBF
systems are their long processing times and high operating
expenses [56].

2.3 Direct Energy Deposition (DED)

Direct Energy Deposition (DED) is a method of melting and
fusing feed material as it is deposited on a substrate by utiliz-
ing concentrated thermal energy from a heat source [63-65].
It requires the post-processing due to lowers accuracy of the
printed parts [60]. In contrast to PBF systems, DED printers
can print huge amounts of parts and repair those broken by
using them as substrates or building plates [55]. Figure 4a
and b illustrate the powder feed and wire feed DED systems,
respectively.
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DED systems offer greater flexibility when it comes to
heat sources and fuel sources. DED system, heat sources
like lasers, arcs, and e-beams can be used whereas metal
wires or powders can be used as feedstock material [61].
This method is also faster than PBF processing and allows
the control of mechanical characteristics by controlling the
chemical composition [35].

With subtractive manufacturing techniques such as a
milling and drilling, DED systems may be utilized to make
items with good surface finish and tolerances [56]. Due to
their nature, these systems require additional maintenance
to ensure component repeatability [61].

3 Heat Treatments in Additive
Manufacturing

The solidification rates and several heating/cooling cycles
of the metal additive manufacturing process are experienced
similarly to traditional manufacturing technique like casting
which could lead to significantly differing microstructure
properties [67]. Heat treatments are required for wrought
metal and welding process, same way it might also be
required for AM components [68].

Titanium alloys undergo various phase transformations
during thermal treatments, depending on the specific alloy
composition and thermal processing conditions. Common
phases in titanium alloys include o, B, o+, and other
phases such as martensite [69]. Heat treatments such as
annealing, quenching, and aging can be used to modify the
phase composition and microstructure of the material, lead-
ing to changes in mechanical and physical properties.

During hot isostatic pressing (HIP) of titanium alloy, the
thermal history cycles involve heating the material to a high
temperature and high pressure simultaneously, holding it at
that temperature and pressure for a specific time to cause
densification, and then cooling it at a controlled rate to pre-
vent the formation of unwanted microstructures. After hot
isostatic pressing (HIP), the microstructure of the Titanium
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alloy appears as “nearly lamellar y” (NL y). During HIP,
a decomposition reaction occurs within the a2/y-colonies,
whereby a transforms into 3 and y. This reaction leads to an
increase in the thickness of the y-lamellae and the formation
of secondary precipitates of the fo-phase within the o2/y-
colonies. The higher annealing temperature of 900 °C during
the stabilization treatment caused the formation of y-laths
within the a2/y-colonies and the onset of cellular reaction.
For example, the o+ f titanium alloy undergoes a phase
transformation during cooling from the p-phase, with the
a-phase precipitating out of the -phase matrix. This trans-
formation is time and temperature dependent and can be
controlled by selecting specific cooling rates and aging tem-
peratures [73].

The high cooling rates associated with metal additive
manufacturing result in microstructures that are prone to
microstructural inhomogeneities and defects, such as poros-
ity, cracking, and residual stress. The IHT helps to mitigate
these issues by controlling the cooling rate and providing
the necessary thermal cycles to allow for the formation of
homogeneous and fine-grained microstructures. The IHT
can improve the mechanical properties of the material by
reducing residual stress and improving the distribution of
grain boundaries. This can result in a material with better
fatigue resistance, tensile strength, and ductility. Therefore,
the THT is unavoidable in the design of additively manufac-
tured metallic materials because it is necessary to mitigate
the high cooling rates associated with the manufacturing
process and to control the microstructure in order to improve
the mechanical properties of the material [74].

The temperature profile of AM process is different from
other convention processes during the layer upon layer tech-
nique. MAM and conventional manufacturing of Titanium
alloys use the following post-heating treatments, such as hot

isostatic pressing, high-temperature annealing, three-step
annealing, and tempering as shown in Fig. 5 [71, 72]. The
classification of common post heat treatments in additive
manufacturing is shown in Fig. 6. Several researchers have
claimed that annealing is the best heat treatment approach
to remove residual stress. It makes it easier to produce high
ductility for specific applications. An increase in anneal-
ing temperature reduces the UTS while breaking elongation
rises, and its suggesting a considerable increase in ductile
behavior [78]. Heat treatments, laser re-melting [79], shot
peening [80] and hot isostatic pressing (HIP) [81] are some
surface post heat treatment methods used to improve the
performance of additive manufacturing components [82].
Vrancken et al. [83] employed heat treatments to improve
the mechanical properties of SLM-Ti6Al4V. HIP is a post-
heat-treatment process to repair process-related flaws in AM
components and increase their fatigue performance [84, 85].
This review paper fully focuses on the effect of intrinsic heat
treatment on the various additive manufacturing processes.

3.1 In-situ Intrinsic Heat Treatment in Metal
Additive Manufacturing

Generally, Post heat treatments in MAM enhance the
mechanical characteristics, reduce the residual stress, and
modify the microstructure of materials. In Fig. 7, the feed
material is deposited on the substate by the various heat
sources such as welding ac, electron, and laser energy. The
heat is accumulated on the existing layer while deposits new
layer on the previous layer. It may be subjected to various
thermal histories with respect to cooling medium, pause
time and cooling duration. Intrinsic Heat Treatment (IHT)
is defined as cyclic reheating [86], or the integration of mul-
tilevel Normalizing, multilevel annealing and followed by

Fig.5 Temperature history
cycles of Titanium alloys for
various HT processes [70-72]
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long-term Tempering [87]. The welding and additive manu-
facturing techniques also produce similar thermal histories
(Fig. 8), as indicated by the differences in microstructures
[88]. The thermal heat cycles by the IHT, the material prop-
erties of AM products are improved without further post
heat treatments.

Another example of thermal history cycles, Yuhang Li
et al. [87] reported the example of a common temperature
profile for SAAM low carbon steel, as shown in Fig. 9a. The
temperature histories of five melt tracks are shown as solid
red lines corresponding to the deposition of the 29th to 33rd
layers (Fig. 9b). Inferred immeasurable heating cycles of
layers near the fusion zone corresponding to passes 4 and 5

of the top four layers, were also used to highlight the influ-
ence of cyclic RHs on crystallization behavior (indicated by
grey dotted lines).

In SAAM low carbon steel, the average temperature rate
of 121 °C/s and peak temperature in pass 6 was 935 °C
which was slightly more significant than 927 °C. When the
temperature of the 3rd recorded peak (723 °C) did not sur-
pass AC1, it was comparable to tempering. The temperature
gradient became smaller as the heat source moved upward.
As aresult, the peaks of the various heat cycles were main-
tained comparably high levels for a longer duration. The
material was normalized and inter-critical annealed during
the entire tempering process.
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Fig.8 Thermal history cycles for four regions in the AM sidewall [89]

During the first measured thermal cycle, the tempera-
ture above AC3 stayed steady for 5 s and remained in the
dual-phase zone for 24 s (TC3’s 6th RH, Fig. 9b). Multi-
ple cycles of rapid austenitizing (normalizing) were elimi-
nated by dynamic strain aging in C-Mn steel through a
substantial refining impact on the microstructure [90, 91].
Hence, two layers below the fusing line were austenitized
quickly during a single melt track (Fig. 9c¢).

Figure 10 depicts the microstructure evolution of the
CGZ and HAZ that are affected by the series of melt tracks
in layers 28-31. This evolution was derived from the ther-
mal history recorded in thermocouples, which is repre-
sented by the red dotted line in Fig. 10a. This information
could account for the presence of a homogenous micro-
structure dominated by equiaxial fine ferrite in the bulk of
the SAAM component. When a 29th layer of molten metal
is added on top of the 28th layer with a bead height of 529,
as seen in Fig. 10a, it is assumed that the local CGZ and
CGHAZ of the 28th layer will be reheated to a temperature
where the previous microstructure was fully y-normalized
but had not yet coarsened. This favorable condition results
in the formation of uniform FGF and its dominance in the
region affected by the temperature range of AC3-1100 °C.
The 1st peak temperature of 935 °C obtained from TC3
falls within this range. As a result, most of the FGF in the
28th layer will be reheated to the inter-critical annealing
range of AC1-AC3, leading to the decomposition of pearl-
ite colonies into fine FGF and pearlite in the 29th layer
when cooled from slightly expanded austenite. This cre-
ates a region with a predominant ferrite with a relatively
uniform size, known as inter-critically reheated FGHAZ
or ICFGHAZ, defined as PRF (partially refined ferrite).

@ Springer

However, when the previously deposited material is
reheated below ACI (tempering) by the 29th layer, no vis-
ible change in the FGF and PRF occurs. This stress-released
PREF, called stress-released ferrite (SRF), dominates the local
FGHAZ reheated to a temperature range of 500 C-AC1,
known as sub-critically reheated FGHAZ (SCFGHAZ). The
final microstructure of each sub-HAZ in the 29th layer will
be affected by the subsequent 30th layer with a continuous
temperature variation and a net bead height of 530. The 2nd
peak temperature of 780 °C at TC3 is slightly higher than
ACl, indicating that the corresponding position in the 29th
layer will be inter-critically annealed by the 30th layer. The
final microstructure of the corresponding position in the
30th layer will be tempered to a temperature below ACI,
forming an SRF-dominated microstructure [87] Table 1.

3.2 Low Carbon Steel

The total layers of the SAAM component from the sub-
strate was 67 with each bead height being 1.43 mm. IHT
revealed the SAAM component’s morphology especially
in the top 6th and 30th layers. The top layer was desig-
nated “no reheat (RH),” the preceding layer as “once RH,”
the antepenultimate layer as “double RH,” and the 30th
layer as the “37th RH” was appropriate. Slender grain
boundary ferrite (GBF) and little polygonal ferrite (PF)
dominated the microstructure in the top layer as a con-
sequence of the feedstock, including a few acicular fer-
rites (AF) that promoted alloy elements (Fig. 11a) [99].
Additionally, widmanstatten ferrite was observed along
grain boundaries of the previous austenitic phase. Due to
poor heat dissipation, a minimal amount of residual matrix
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was occupied by lamellar pearlite (LP) and AF. Accord-
ing to continuous cooling transformation, the low cooling
rate of this low temperature facilitated the precipitation
of brittle grain boundary ferrite and widmanstatten ferrite
[63, 90]. Thus, the maximum size of ferrite was 46.8 pm
as obtained in this region. (Fig. 11b). Brittleness of these
coarse columnar granules are damaged the mechanical
characteristics [100].

A coarse-grain heat-affected zone (CGHAZ) was formed
by three RHs that transformed coarser columnar GBFs
with the preceding structures being CGF (Fig. 11a). As a
result of various allotropic changes in succeeding RHs, the
coarse microstructures were reorganized and recrystallized
(Fig. 11b). The homogenized zone was evenly distributed
with equiaxial fine-grain ferrite (FGF) and highly scat-
tered Lamellar Pearlite (LP) (Fig. 11a, e, f). The collapsed
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Fig. 10 a Microstructural evolution of low carbon steel due to the effect of IHT during SAAM b Phase changes in low carbon steel owing to IHT

[87]. (Reproduced with permission)

lamellar lattice had cementite particles of 100-500 nm diam-
eter (Fig. 11g). The ferrite matrix also contained nanosized
cementite particles.

The random texture was derived from the strong texture in
the CGZ (Figs. 12a and 13a). The influence of cyclic RHs on
microstructural development and grain orientation change

@ Springer

was investigated using EBSD measurements (Figs. 12 and
13). Columnar GBFs exhibited a characteristic <001 > ori-
entation on the inverse pole figures (IPF) at 4 mm from the
top. Figure 11a, ¢ shows the needle-like grains with AF that
surround GBFs. As a result of cyclic RHs, the microstruc-
ture in the homogenized zone displayed a random orientation
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Table 1 Effects of in-situ Intrinsic heat treatment on various materials

References

Fabri-
cation
methods

Materials

Methods to find the impact of
in-situ IHT

Inference

Thomas Klein et al. [92]

Philipp Kiirnsteiner et al. [93]

Sasan Amirabdollahian et al.
[94]

James Damon et al. [95]

Andre Seidel et al. [70]

Nan Kang et al. [96]

Chaolin Tan et al. [97]

WAAM  Al-Mg-Zn-Cu

LMD Maraging steel

(Fe-19Ni-xAl)

DED Maraging steel

SLM Low alloy steel (AISI 4140)

EBM TiAl alloys

SLM Commercial pure Ti (CP-Ti)

LAAM AISI 420

SEM, WAXS,
SAXS, Hardness test

EBSD, SEM, XRD, Vickers
Hardness test

SEM, Microhardness, Compres-
sive test

SEM, hardness test, Tensile test

SEM

XRD, SEM,
EBSD, and TEM

SEM, EBSD, tensile test, com-
pressive test

The intrinsic heat treatment
results in the formation of Mg-,
Zn-, and Cu-rich phases at
different length scales, ranging
from 10 um (micro segrega-
tions) to a few nm (bulk), as
shown by these analyses due
to IHT

Studied the effect of varying
Al content from 0 to 25% in
Fe-19Ni-xAl steel by precipi-
tates strengthening mechanism

Atom probe tomography was
used to find the intensity of
nano-precipitates due to IHT

Nanoprecipitation in maraging
steel lead to increased yield
strength and hardness. Thermal
history cycles simulated by
SIMUFACT Welding software
and compared with actual
values measured by thermo-
couples

Heat treatments such as quench-
ing and tempering (Q&T) at
450 °C were considered for
SLM IHT and compared to
conventionally cast material
Q&T

Lamellar spacing and lamellar
grain structure were formed
in y-TiAl through reheating
by adjusting laser power and
temperature

Sliding behaviors were car-
ried out in three regions:
surface, subsurface, and inner
parts. Mechanical properties,
microstructure, and tribological
characteristics (Co-efficient of
friction) were studied for AM
CPTi

High amount of carbides were
formed intrinsically due to the
tempering effect

High strength and ductility were
obtained in AM 420SS due to
the IHT eftect

Strengthening mechanism
was done by twin boundary
strengthening, grain bound-
ary strengthening, dislocation
strengthening, and precipitation
strengthening
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Table 1 (continued)

References Fabri- Materials Methods to find the impact of Inference
cation in-situ IHT
methods
Silja-Katharina Rittinghaus L-DED  AICrFe,Ni, The face centered cubic phase
etal. [16] fraction can be boosted to 58%

with an intrinsic heat treatment
that leads to the nucleation of
new face centered cubic plates
and thickening of existing ones.
However, the heat affected
zones at melt pool bounda-

ries result in microstructural
inhomogeneity that cannot

be eliminated due to the brief
interaction times

Philipp Kiirnsteiner et al. [98] DED Fel9Ni5Ti SEM, EBSD, Tensile test As-built structure was composed
of soft mesoscopic regions
that lack nanoprecipitates and
hard regions that contain a sub-
stantial amount of nanoscale
precipitates. These precipitates
were generated during the IHT
process, which was initiated
through the martensitic trans-
formation that occurs during
the cooling pause

Columnar grain zone Transition zone Homogenized zone

_ 1 . PR i S Sl T
0 0.5 1.0 3.5 4.0 45 5.0 5.5 6.0 6.5 7.0 757 50 50.5
l«—— NoRH —'\/— Twice RHs ————>l<—— Thrice RHs ———>I<—— 4"RHs I Av le— 37" RHs —

o

Grain size (um)
w O
o o o
T T T

N
o
T

Fig. 11 a Optical microscopy-Microstructure change from top to 38th layer in the SAAM b grain size of SAAM component due to reheating c-g
SEM magnified view from the top of 1, 5, 6, and 38th layer (Reproduced with permission) [87]
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Number fraction

0 10 20

Misorientation angle (°)

Fig. 12 EBSD analysis of SAAM component in the no reheat region
(4 mm from the top) a IPF b misorientation map ¢ kernel average
misorientation map d graphical position representation for analysis

with expanded grain size (Fig. 11b), which exhibited a typi-
cal isotropic structure. Due to AF, a large portion of the CGZ
was orientated between 40° and 60°.

In this study, the Kernel Average Misorientation (KAM)
was used to explain the strain concentration at grain bor-
ders and to quantify the local strain level inside the grain.
The greater the KAM value, the more severe the strain con-
centration and the greater the dislocation density, assuming
that stored strain energy and dislocation density were nearly
linear. Examining the strain levels in KAM maps of vari-
ous SAAM sections helped understand cyclic RHs and their
influence on microstructures. Compared to the homogenized
zone, the CGZ had a smaller area proportion (83%) at 0-1°,
as shown in Figs. 12¢, f, and 13c, f. The homogenized zone
microstructure showed a lower average KAM (0.60°) than
coarse microstructures (0.75°). The geometrically neces-
sary dislocation density and strain density were higher in
the CGZ.

TEM images found the dislocations strongly clustered
and tangled inside the CGZ (no RH) (Fig. 14a). The num-
ber of intracrystalline dislocations decreased considerably
in the homogenized zone (36 times RH) (Fig. 14b). In this
scenario, IHT might affect the crystal strain energy transi-
tions and dislocations.

.
w

Number fraction
o
N

S
o

o
=}

30 40 50 60 0 1 2 3 4 )
Kernel Average Misorientation (°)

e distribution of misorientation angle fdistribution of KAM (Repro-
duced with permission) [87]

The mechanical properties of various materials due to
IHT are listed in Table 2. Ultimate tensile strength and
elongation of the SAAM low-carbon steel components was
measured horizontally at 454 MPa and 29.8% and in the
vertical direction at 441 MPa and 35.6%, respectively. The
Vickers hardness of SAAM low carbon steel was approxi-
mately 148 HV [87].

3.3 Maraging Steel

Sasan Amirabdollahian et al. [94] discussed an excellent
thermal history cycles by optimizing pause temperature due
to the effect of IHT conditions for L-DED maraging steel.
Three samples were fabricated, each having 15 layers, and
three distinct pause periods between layers were used in the
fabrication. Stop intervals for each layer were 30 s-P (Stop
Pause Intervals), 120 s-P, and 250 s-P. Figure 15a—c show
the thermal history simulations based on interlayer pauses in
the 1st and 12th layers of the 15 subsequent layers.

The period for cooling during 30 s-P deposition (Fig. 15a)
was inadequate to cool the first deposited layer below the
martensite start temperature (Ms) (215 °C) indicating that
the layer would never go through martensitic transformation.
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Fig. 13 EBSD analysis of SAAM component in the 37th reheating
(50 mm from the top) a IPF b misorientation map ¢ kernel average
misorientation map d graphical position representation for analysis

Fig. 14 Magnified SEM images
a Dislocation in the top layer
(1.5 mm from the top) b Dislo-
cation in the 38th layer (50 mm
from the top) (Reproduced with
permission) [87]

In the first layer of the 120 s-P situation, martensite finish
temperatures were above 100 °C (Fig. 15b). After cooling,
the material fully transformed into martensitic. A thermal
cycle occurred in the 1st layer and till the formation of
the 6th layer above the o« — y transformation temperature.
During the 120 s delay caused by the deposition of the 7th
layer, temperature in the first layer increased to about 650 °C
after cooling. Martensite was precipitated as intermetallic

@ Springer
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e distribution of misorientation angle f distribution of KAM (Repro-
duced with permission) [87]
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particles at this temperature. In this phase, the first layer was
subjected to aging. The highest possible temperature in the
last three layers was always more significant than the « —y
phase transition thereby preventing aging. Therefore, the top
layers should not age.

During the subsequssent layer deposition in 250 s-P
(Fig. 15c), the first deposited layer was heated above aa—y
phase transformation and cooled to temperatures below



Metals and Materials International (2023) 29:3423-3441

3437

Table 2 Mechanical Properties of various materials due to IHT

References Materials

Methods Position/condition of the specimen Mechanical properties

Yuhang Li et al. [87]

Philipp Kiirnsteiner et al. [93] Maraging steel LMD
(Fe-19Ni-xAl)

Sasan Amirabdollahian et al. [94] Maraging steel DED

James Damon et al. [95] Low alloy steel SLM
(AISI 4140)

Nan Kang et al. [96] Commercial pure Ti SLM

Low carbon steel (EM12K) SAAM

Upper horizontal Yield strength- 324 MPa
UTS- 436 MPa

Strain- 29.8%

Yield strength- 335 MPa
UTS- 454 MPa

Strain- 24.9%

Yield strength- 339 MPa
UTS- 441 MPa

Strain- 35%

Hardness -225 HV
Hardness- 525 HV
Compression test

Yield strength- 990 MPa
Compression test

Yield strength- 1410 MPa

Compression test
Yield strength- 1545 MPa

Lower horizontal

Longitudinal

Lower bound (wt 0% Al)
Lower bound (wt 12% Al)

Pause time 30 s-P
Pause time 120 s-P

Pause time 120 s-P

As-built Yield strength- 1175 MPa
UTS-1280 MPa
SLM (Q&T at 450 °C) IHT Yield strength- 1290 MPa

UTS- 1325 MPa

Yield strength- 1245 MPa
UTS- 1417 MPa

Young’s modulus (E) -120 MPa
Co-efficient of friction- 0.18
Young’s modulus (E) -128 MPa
Co-efficient of friction- 0.32
Young’s modulus (E) -150 MPa
Co-efficient of friction- 0.45

Conv. (Q&T at 450 °C)
Surface (0-50 pm)
Subsurface (50-200 pm)

Inner part (below 200 pm)

the martensite finish temperature (50 °C). When layer one
achieved its aging temperature interval, it would have com-
pleted the sixth layer deposition. The aging process contin-
ued throughout the deposition process. During the 250 s-P,
the bottom layers of maraging steel undergo the multiple
reheating process. Temperature fluctuations for all three
deposition situations were recorded using a thermocouple
coupled to the base plate. The temperature history simula-
tion of the bottom plate with thermocouple measurements
for the 250 s-P sample is shown in Fig. 15d. There was a
good agreement when the simulation and experimental
measurements for 250 s-P were compared.

SEM micrographs of sample 30 s-P, no significant pre-
cipitation was observed within the matrix (Fig. 16a), but
nanoprecipitations of intermetallic (Fig. 16b) was found
in the martensitic matrix of sample 250 s-P. Two types of
nano-precipitates, such as finer elongated ones shown by
red arrows and coarser spheres shown by yellow arrows
(Fig. 16b) were seen in sample 250 s-P.

According to the compressive test, the yield strength
of the 250 s-P sample was 1545 MPa, whereas the yield
strength of the 120P-s sample was 1410 MPa. The yield

strength of the as-built material was 990 MPa, with no
pause imposed. The implementation of an appropriate pause
technique to induce substantial in-situ nano-precipitation
increased the hardness and yield strength of the material
[94].

From Table 2, The mechanical properties such as yield
strength and ultimate strength of as-built WAAM low carbon
steel at the bottom of layers was higher than the top of the
layers due to the effect of IHT (Yuhang Li et al. [87]). Simi-
lar to the inner surface of SLM Ti part was higher Young’s
modulus than the surface part (top of layers) of the material
due the metallic precipitates formed owing to effect of IHT
(Nan Kang et al. [96]).

3.4 Aluminum Alloy

In order to evaluate the effectiveness of IHT, it is impor-
tant to study the evolution of the microstructure as a func-
tion of aging time [101]. One way to do this is by perform-
ing azimuthal integration scattering experiments on the
printed parts, which can provide information about the
distribution of crystallographic orientations and the size
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Fig. 15 Simulated thermal histories for deposited 1st and 12th layers a 30 s-P sample b 120 s-P sample ¢ 250 s-P sample. d Temperature history
of the bottom plate with thermocouple measurements and simulation results for the 250 s-P sample (Reproduced with permission) [94]

QS .. 250 nm "

.

Fig. 16 SEM analysis a 30 s-P sample with martensitic microstructure, b 250 s-P sample with massive nanoprecipitation (Reproduced with per-
mission) [94]

and shape of the grains. Figure 17 shows an overview of an ~ X-ray Scattering (WAXS) signal indicated the increased
in-situ synchrotron test on the AI-Mg-Zn-Cu alloy under  diffraction peaks (T-phase) inside the a-Al structure [92,
IHT conditions. As aging time increased, the Wide-Angle 102]. The diffraction peaks (T-phase) have been increased
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Fig. 17 Isothermal aging experiments during 60 min of diffraction
and scattering a integrated intensity curves with diffraction angle ‘26’
b Azimuthal integration scattering curves ¢ Simulation of IHT and

at the diffraction angle of 5° for increasing aging time.
The Small-Angle X-ray Scattering (SAXS) experiment
results are depicted in Fig. 17b—d. Thomas Klein et al.
[92] reported the formation of precipitates was accompa-
nied by an increase in scattering intensity (Fig. 17b and
c). Initially, the precipitates were less than 100 nm. Within
the observed q range of the testing method, phases greater
than 100 nm may only have an impact with an aq™ gradi-
ent. The volume of fraction increased with increases the
aging time. It was discovered that the particle fractions
increased in the simulated IHT model. The results show
that coarser phases were present after solidification and
before the isothermal region [92].

The microhardness of the AM sample were 109 HV and
101 HV in the first and 20th layers respectively. It was pre-
dicted that alloying elements such as Mg and Zn in a solid
solution influenced the hardness of the material at the top-
most layer. IHT promoted the precipitation starting from the
lowest layer. However, the precipitates had an unfavorable
size distribution (Fig. 17d), indicating that material sof-
tening. There were no significant changes between grain

Integrated intensity Q' [arb. u.]
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development of integrated intensity Q’ during IHT d Fine precipitate
volume fraction evolution (Reproduced with permission) [92]

interiors and grain boundaries in the WAAM of Aluminum
7075 alloy [28].

4 Conclusion

The source of heat is accumulated in the metal layers and
then dissipated to the surroundings during the fabrication of
MAM products due to multiple reheating during the deposit
of the next layer over the existing layers. Hence, the mate-
rial’s mechanical properties, such as tensile strength, hard-
ness, ductility, fatigue, etc., were enhanced through ITHT
while building the MAM component. In this study, built
metal AM components had better mechanical properties than
post-heat-treated AM components in many cases. The in-
situ intrinsic heat treatment in MAM products has enhanced
mechanical properties without any post-heat treatment in the
build directions. Hence, it is suggested that the AM compo-
nent’s mechanical properties are enhanced by modifying the
material’s morphology through an appropriate pause time
and holding time during the deposition of new layer.
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