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Abstract

Directed energy deposition (DED) additive manufacturing systems have been developed and optimized for typical engineer-
ing materials and operational requirements. However, parts fabricated via DED often demonstrate a diminished material
response, encompassing inferior mechanical properties and heat treatment outcomes compared to traditionally manufactured
components (e.g., wrought and cast materials). As a result, parts produced by DED fail to meet stringent specifications and
industry requirements, such as those in the nuclear, oil and gas, and aeronautics sectors, potentially limiting the industrial
scalability of DED processes. To address these challenges, systems integrating DED with interlayer (cold or hot) mechanical
deformation (e.g., rolling and hammering/peening, forging) have been developed. These systems refine the microstructure,
mitigate the typical crystallographic texture through static and/or dynamic recrystallization, and enhance mechanical proper-
ties and heat treatment responses without altering material specifications. In this regard, the present state-of-the-art review
reports the DED + interlayer mechanical deformation systems and their variants, and their potential and limitations, provid-
ing a critical analysis to support the development and adaptation of this technology to overcome the process and material
limitations that currently prevent the large-scale industrial adoption of DED processes. Furthermore, a detailed description
of the grain size refinement mechanisms induced by interlayer mechanical deformation and their respective effects on the
mechanical properties of commonly used 3D-printed engineering alloys (e.g., Ti-6Al-4V, Inconel 718, various low-alloy
steels, AISI 316L stainless steel, and Al-based series 2xxx) is comprehensively analyzed.

Keywords Additive manufacturing - Directed energy deposition - Mechanical properties - Grain size refinement - Hybrid
deposition

1 Introduction

Additive manufacturing (AM), a layer-by-layer deposition
process, increases design flexibility [1], reduces lead time
and material waste (low buy-to-fly and topological optimiza-
tion) [2], and enables the development of new components
(e.g., one-piece parts and functionally graded materials) [3,
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4]. It has been considered a promising technology in indus-
try 4.0. The ASTM F3187-16 classifies the AM directed
energy deposition (DED) processes according to the heat
source (laser, electron beam, or arc plasma) used to melt
and consolidate the feedstock material (powder and wire).
Focused heat source (laser and electron beam) DED pro-
cesses use a lower heat input and have a higher dimensional
control [5]. However, the commonly used powder feedstock
material is difficult to handle, causing high material wastage
[6, 71, and is susceptible to defects (e.g., porous and lack of
fusion) [8]. DED-arc processes use the arc plasma of typi-
cal welding processes as the heat source (i.e., gas tungsten
arc (GTA), plasma transferred arc (PTA), and gas metal arc
(GMA) welding), which significantly reduces the equipment
and feedstock material costs (e.g., commercial wire spools)
[1]. Besides, DED-arc processes have the highest deposi-
tion rate (2-10 kg/h), albeit at the expense of diminished
dimensional accuracy and resolution [9].
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Despite the advantages of the DED processes in rela-
tion to the traditional (e.g., machining from a billet) manu-
facturing routes (e.g., lower lead time and supplier chain
decentralization), the material properties and behavior of
directed energy deposited (DEDed) parts have still not been
optimized [10, 11], which can prevent their industrial scal-
ability. Additionally, DEDed parts often do not meet the
specifications and standards of the traditionally manufac-
tured parts (e.g., wrought+machining) [12]. Furthermore,
the higher residual stress developed necessitates post-dep-
osition heat treatments [13], which are applicable even for
non-heat-treatable alloys. The complex and multiple thermal
cycles and non-equilibrium solidification conditions, com-
bined with the higher heat input (e.g., DED-arc processes)
or localized heat source (e.g., DED-laser), explain the rela-
tively high residual stresses and distortions reported [14]. In
addition, the epitaxial grain growth during the melting pool
solidification usually generates a coarser and highly oriented
microstructure, which results in anisotropic properties and
inferior part performance [15-18].

To overcome the aforementioned material challenges,
(cold or hot) plastic deformation, coupled with the feedstock
material consolidation, has proven to be a promising alter-
native for controlling the microstructure, residual stresses,
and mechanical properties of the DEDed parts [19-21].
Deposition + interlayer mechanical deformation (e.g.,
vibration, rolling, and hammer peening) was first applied
in arc-welding [22] to relieve residual stresses and improve
the fatigue life of the welded joints. However, due to the
geometric aspects associated with additive manufacturing,
DED processes face specific challenges, such as unrestricted
deformation (i.e., absence of welding bevel groove), higher
residual stresses, and complex path planning. In addition,
commercial alloys (e.g., Ti- [23], Al- [24], Fe- [25], and Ni-
based alloys [26]) exhibit good formability in the as-built
(as-printed) condition [27], reinforcing the use of interlayer
deformation during fusion-based additive manufacturing
processes [28-30]. To the best of the authors’ knowledge,
Colegrove et al. [31] and Zhang et al. [32], in 2013, were
the first groups to study the DED + interlayer deformation
processes, which triggered the interest of the AM commu-
nity and the subsequent technological development. Figure 1
details the evolution of peer-reviewed papers per year on the
topic of DED + interlayer mechanical deformation.

Given the potential industrial scalability and advantages
of the DED processes in relation to traditional manufactur-
ing routes, the challenges related to performance of DEDed
parts (e.g., inability to meet material standards and anisot-
ropy), and the current interest in DED processes coupled
with interlayer (cold or hot) mechanical deformation to over-
come the abovementioned material limitations, the present
work performed a comprehensive state-of-the-art review of
the DED + interlayer mechanical deformation technologies
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Fig. 1 Evolution of peer-reviewed papers on DED + deformation over
time

(mechanical systems, advantages, and limitations), their
grain size refinement mechanisms, and their effects on the
quasi-static mechanical properties of common engineering
alloys (e.g., Ti-6Al-4V, Inconel 718, high-strength low-alloy
steels, AISI 316L stainless steel, and 2xxx series aluminum
alloy).

1.1 Why deform the deposited layers?

Due to the almost unidirectional heat flux in AM processes
[33], the remelting of the previously deposited layer (or
substrate) [34], and the higher thermal gradient in the melt-
ing pool [35], epitaxial nucleation, and growth are pro-
moted instead of heterogeneous nucleation. This results in
coarse (millimeter sized) columnar grains with a preferen-
tial crystallography orientation (typically the cube texture,
{100} <100 >) [36], which can cause anisotropic proper-
ties [37] and lower fatigue resistance [38]. In addition, the
numerous thermal cycles with steep thermal gradients can
generate high residual stresses and subsequent distortions
in the as-built part [39]. Solutions have been proposed to
promote the columnar-to-equiaxed transition (CET) during
solidification and generate a finer and non-oriented micro-
structure [40], such as the addition of inoculants [41-43],
modification of alloy composition [44, 45], control of ther-
mal cycles (thermal management) [46, 47], and vibration of
the melting pool [48, 49].

The use of inoculants, as well as the modification of the
feedstock material composition, can alter the material speci-
fications (critical for high-responsibility applications, e.g.,
nuclear, oil and gas, and aeronautics industries), requiring
several and costly tests (e.g., corrosion in operational envi-
ronments, creep, wear, and fatigue) for feedstock material
requalification and commercial adoption. Thermal manage-
ment via an external cooling system (e.g., submersion in
water and air jet) had limitations regarding parts size and
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geometry, low heat transfer efficiency, and it was almost
restricted to wire-based DED (laser and arc plasma) pro-
cesses, because the use of powder is incompatible with water
or air currents [50]. Further, external cooling systems tend
to be less effective in inducing the CET because their effect
on the thermal condition at the melting pool (solidification
rate and thermal gradient) is approximately negligible [33].
Besides, for reactive materials (e.g., Al and Ti-based alloys),
and specific feedstock material/coolant conditions, a sur-
face reaction can occur, forming scales and increasing the
minor harmful element content in as-built alloys (e.g., H,
O, C, or N). The main advantage of thermal management
via an external cooling system is the lesser idle time and
higher productivity in low-scale production. By contrast, for
mass part production, the external cooling system becomes
redundant because the 3D printer can continue to fabricate
other parts while the just deposited one cools to the specified
interlayer temperature.

Vibration-assisted deposition has been shown to be an
interesting alternative to induce CET without altering the
material composition and affecting the deposition process
(final layer geometry and process stability constant) [51, 52],
exhibiting intense grain size refinement. However, vibration
is limited by the part geometry and size (wave attenuation)
and alloy type [53, 54]. In addition, a vibration stress relief
procedure was initially used for welded joints that could not
be post-weld heat treated [55]. Using arc-based welding,
Munsi et al. [56] and Hsieh et al. [57] highlighted that vibra-
tion-assisted welding synergistically induced a finer micro-
structure and reduced the residual stress levels. However, in
additive manufacturing, similar studies related to vibration-
assisted deposition have focused only on the microstructure
namely grain size, grain morphology, and texture [58, 59],
and the effect of vibration on the residual stress and distor-
tions has not been addressed. It is worth mentioning that
vibration-assisted welding stress relief had no significant
effect on the maximum developed residual stresses and did
not significantly alter the residual stress profile [55, 56, 60].
Thus, considering the higher residual stresses developed in
the parts fabricated via AM and their coarse and oriented
microstructure, there is a technological demand for DED
process variants and/or hybrid processes that simultaneously
refine the microstructure and relieve residual stresses. This
can minimize the material waste and machining time (near-
net-shape primary part with minimal distortion) and reduce
the number of manufacturing steps.

The application of interlayer mechanical deformation dur-
ing deposition evolved into a promising technology to over-
come the challenges associated with DED processes, includ-
ing the coarse and oriented microstructure, lower mechanical
properties, and the requirement of residual stress relief heat
treatments. Multiple deformation-thermal cycle processes
(e.g., forging and/or controlled rolling + heat treatment) can

transform the microstructure of a billet (casting material
with columnar grain morphology, such as materials fabri-
cated via DED) into an equiaxial grain morphology via mul-
tiple cycles of dynamic/static recrystallization and reheating
[61-64]. Thus, applying a similar principle to AM processes,
the cold or hot deformation between the deposited layers can
induce grain size refinement and alter the phase transforma-
tion kinetics [31], as well as relieve the residual stress via
local yielding [65]. However, the fast DED thermal cycles in
relation to conventional controlled rolling and the complex
part geometry limit the use of non-adaptable routes (e.g.,
forging and rolling), requiring the development of dedicated
DED + interlayer deformation systems. Typically, these are
composed of a deposition unit (heat source and feeding
system) and a deformation tool that can work at high (hot
deformation to induce dynamic recrystallization) or at low
temperatures (cold deformation to induce static recrystal-
lization during reheating thermal cycle or heat treatment).

2 Deposition +interlayer deformation—
systems and process aspects

2.1 Rolling

The use of cold or hot rolling coupled with deposition origi-
nated from arc-based welding processes, as demonstrated
by Adams et al. [66] and Coules et al. [67], and was used
to improve the mechanical properties and relieve residual
stress. In addition, the rolling process can alter the bead
geometry and morphology (e.g., flattening the weld bead
surface). The development of DED + interlayer rolling, espe-
cially cold deformation, began at the Cranfield University
WAAM® group [31].

Deposition + cold interlayer rolling systems (Fig. 2) are
composed of two major components: a rigid moving system
that supports a hydraulic pressure roller and a deposition
system (welding torch + wire feeding and accessories). It is
worth noting that the deposition system can use different
welding processes (e.g., GMA and GTA), while the roller
can have multiple profiles (flat and inverted, as detailed in
Fig. 2¢). In addition, due to the high material strength at low
temperatures (<200 °C), high rolling forces are used (up
to 160 kN) [68], which requires the use of robust and rigid
structures, such as hydraulic systems. The main disadvan-
tage of this interlayer rolling system architecture is its low
versatility, which limits the part geometry and path planning.
For example, the roller is restricted to approximately linear
path planning (e.g., back and forth), differing from the depo-
sition system (welding machine coupled to a robot arm or
CNC machine), which allows an almost free path planning.
Thus, the roller limits the deposition path planning flexibility
and deposition strategies of the DED systems [69, 70].
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Despite the abovementioned limitations, Honnige et al.
[71, 72] developed the side cold rolling technique, which
applies a side surface rolling using a rigid support block.
Figure 3 details the influence of the rolling force and roll-
ing direction on the macroscopic aspect of the wall. Fig-
ure 3a—d demonstrates that when the rolling is applied in
the top layer surface, a flat top layer is generated, followed
by an increase on the layer width (volume conservation).
Conversely, when rolling is applied to the side of the depos-
ited part (Fig. 3e-h), a reduction in the part waviness and
layer width is observed. Additionally, an increase in the roll-
ing load results in greater deformation. Williams et al. [1]
reported that the waviness of the DEDed-arc part surface
limits its use in the as-built condition for structural applica-
tions due to the geometric stress concentration (i.e., reducing
the fatigue resistance), requiring a post-deposition surface
machine. Thus, as interlayer rolling reduces the waviness
(Fig. 3), the machining time and tool-life can be improved
[9, 73]. Also, according to Dirisu et al. [68], the interlayer
cold rolling promoted residual stress relief, refined the
microstructure, and enhanced fatigue resistance.

Gu et al. [74] reported that cold rolling also closed poros-
ity during the deposition of aluminum alloys. The authors
[74] showed that pore closure increased with the imposed
rolling load. Figure 4 illustrates the inner morphologies of
the flattened pores. In addition, the fraction of the smaller
pores (radius lower than 2 mm) was reduced after rolling.
However, pores with diameters greater than 5 mm and
those located deeper in the solidified material, close to the
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fusion line, could only be closed with significantly higher
rolling forces, resulting in considerable layer deformation.
Additionally, as reported by Bercelli et al. [75], the pres-
ence of pores can drastically reduce the fatigue life of parts
fabricated by DED-arc; these results were corroborated by
Dirisu et al. [68], which observed that the fatigue life of
the low-alloyed steel (AWS ER70S-6) fabricated via DED-
arc +interlayer cold rolling increased with the interlayer roll-
ing load, i.e., a higher rolling load reduces the pore volume,
which increases the fatigue life.

Despite the effective grain size refinement and residual
stress relief effects, the large equipment dimensions and
limited path planning flexibility limited the interlayer cold
rolling. In this context, other systems were developed, which
considered the in situ deformation, i.e., immediately fol-
lowed the feedstock material consolidation with the mate-
rial still incandescent (i.e., hot deformation). Deforming the
material at relatively elevated temperatures enables the use
of lower rolling loads, simpler and less expensive systems,
and increases process adaptability. However, other process
challenges arise, such as the accurate rolling temperature
control (distance between the heat source and the deforma-
tion tool), depth of recrystallized zone (ideally deeper than
the penetration of subsequent layer), and the preservation of
a flat and smooth layer surface.

Zhang et al. [32] developed a DED-arc + interlayer hot
rolling system (Fig. 5a), which consisted of a heat source
(GMAW) and a micro-roller coupled with a hydraulic cyl-
inder, both fixed and connected to a three-axis computer
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(b) 14 kN vertical

<" Partial contact
' due to surface waviness

(c) 28 kN vertical

(d) 42 kN vertical

Fig. 3 Effect of rolling on part superficial aspect: a control sample, b—d vertical rolled, and e-h side rolled specimens (from [72])

Fig.4 Effect of rolling load on
pore morphology: a 15 kN and
b 30 kN (adapted from [74])

numerical control (CNC) machine. Therefore, deposition
and subsequent deformation can follow the same path for
simple curves trajectories (Fig. 5b) and ensuring a flat top
surface. In addition, Zhang et al. [32] detailed the effects
of the distance of the roller to the heat source (i.e., roll-
ing temperature) on the final surface aspect (Fig. 6). For
short distances (Fig. 6a), deformation occurs in or near the
mushy zone (solid + liquid coexist), which can lead to mate-
rial adherence (viscoplastic behavior) and potential fracture
(elevated temperature ductility loss) at higher temperatures
resulting in a poorer surface quality. By contrast, for longer
distances (Fig. 6¢), the total deformation may be insufficient
due to the high cooling rate (the just consolidated material

strengthens as the temperature drops) and lower hot rolling
loads (~3 kN). Hence, achieving precise process optimiza-
tion becomes imperative. This must consider each material/
deposition parameter pair, as well as the precise adjustment
of the distance between the heat source and deformation tool
to effectively refine the microstructure [76].

Although the system developed by Zhang et al. [32]
(Fig. 5) provided good results, the control of layer width
throughout the printed part was not guaranteed by the inter-
layer hot rolling because the thermal conditions (e.g., heat
accumulation and interlayer temperature [33]) changed dur-
ing deposition. Xie et al. [77] improved the layer geometrical
accuracy using a metamorphic rolling mechanism (Fig. 7),
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Fig.5 a Deposition + interlayer
hot rolling system, b similar
path planning for both roller
and heat source, and ¢ system in
operation (adapted from [32])

(a)

Fig.6 Final surface aspect

for different roller-heat source
distances: a low, b appropriate,
and c high (adapted from [32])

which consists of a system that is similar to that of Zhang
et al. [32] (Fig. 6) with the addition of two exchangeable
side rollers. These side rollers improve the layer geometri-
cal accuracy for multi-layer single-bead and/or multi-bead
DEDed parts. In addition, Xie et al. [77] reported that the
absolute error in layer height remained constant during
deposition, allowing an automatic correction of the contact-
tip-to-work distance. Other authors [78-82] also developed
deposition + interlayer hot rolling systems; however, the
main idea and mechanism were similar to that originally
proposed by Zhang et al. [32].

Zhao et al. [83] modeled the bead overlapping for Zhang
et al. [32] system (Fig. 5) using the bead-on-plate geometric
fitting (sine function bead approximation) [84] and flat-top
overlapping models [85]. The results showed that the best
overlapping had a second-order polynomial correlation with
the rolling deformation. For a deformation of 36.6% (layer
height reduction), the optimized overlap is 74.24%. This
value aligns closely with the multi-bead tangent overlapping
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model (73.8%) proposed by Ding et al. [86]. In addition,
Zhao et al. [83] demonstrated that the bead overlapping per-
formance, specifically its susceptibility to lack of fusion,
remained unchanged even after layer surface flattening
through interlayer hot rolling, corroborating the observation
made by Xie et al. [77] regarding the ability of interlayer hot
rolling [32] to print thick-sectioned parts (Fig. 5).

The abovementioned deposition + interlayer (hot or cold)
rolling systems used arc plasma as a heat source (i.e., typi-
cal welding machines). Li et al. [87] and Tain et al. [88]
developed a deposition + hot rolling system (Fig. 8) using
a laser and powder as the heat source and feedstock mate-
rial (i.e., DED-laser), respectively. As opposed to the arc
plasma-DED + interlayer rolling systems, in the systems pro-
posed by Li et al. [87] and Tain et al. [88], the moving part
was the substrate whose movement was controlled by three
step motors (x, y, and z directions). The strain and strain
rate were controlled via the z-axis movement (built direc-
tion) and the moving speed of the substrate, respectively. For
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Fig.7 a Schematic diagram

of the metamorphic rolling
mechanism, b deposition of the
multi-layer single-bead (thin Wire
wall), and ¢ metamorphic roll- feedstock
ing mechanism applied to multi-
layer multi-bead part deposition
(adapted from [77])
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Fig. 8 a DED-laser + interlayer hot rolling, b, ¢ schematic illustration (from [87, 88])

the deposition of Ti-6Al-4V alloy and Ni-based superalloy  loads used during cold rolling (up to 160 kN) [31, 69, 89,
718, the load cells registered a rolling load of 1.3 and 3 kN,  90] and similar to that reported by Kan et al. [91] and Zhang
respectively, which are significantly smaller than the rolling et al. [32] (Fig. 5). These rolling loads are even considerably
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lower than warm (~450 °C) rolling (50 kN) [92], which rein-
forces the importance of a precise temperature (distance
between the heat source and deformation tool) control.

Finally, both cold and hot interlayer rolling systems
exhibited limitations in path planning, as the rolling system
cannot rapidly alter the direction, thus constraining deposi-
tion freedom. However, due to its smaller equipment and
lower rolling load, the interlayer hot rolling system could
follow the heat source path along smooth curved trajectories
(high radii of curvature). Conversely, the uncoupled charac-
teristics of cold rolling system, where the heat source and
deformation parameters are independent, did not restrict the
process window, allowing an improved layer aspect (e.g.,
width and height) control. For instance, during part thick-
ness transition, the deposition parameters can be adjusted
without constraints. The precise control of the heat source-
deformation tool distance in the interlayer hot rolling system
restricts the deposition parameter window [93], making it
difficult to control the geometric aspects of the layer during
deposition. Thus, cold rolling had better deposition param-
eter control and limited path planning (almost restricted to
linear deposition); by contrast, hot rolling showed more free-
dom in path planning and restrictive and difficult-to-control
deposition parameters.

2.2 Hammering, peening, and forging

Similar to rolling, peening/hammering/forging coupled
with deposition also originated from arc-based welding
[94-96]. In addition, to the best of the authors’ knowledge,
the Cranfield University WAAM group pioneered the cou-
pling cold peening/hammering with DED-arc. This inno-
vation arose from the limitations of the aforementioned
cold rolling system, specifically the heavy equipment and
design constraints (Fig. 2). Honnige et al. [97, 98] devel-
oped a DED-arc + interlayer cold hammer peening variant
to reduce residual stresses through surface compression
plastic deformation, a mechanism previously described
by Kobayashi et al. [99]. Hammer peening works with
the tool (hammer) mounted on a robot or CNC machine
using a moderate pin oscillation frequency (~200 Hz),
enhancing the flexibility of the process in relation to roll-
ing. Figure 9 illustrates the equipment and the possibil-
ity of their use in distinct positions (vertical, horizontal,
and inclined) with complex path planning. This tool was
operated using an electromagnetic plunger coil (pneumatic
system), delivering an impact energy of 750 mJ, thereby
ensuring deep deformation zones [100]. Fang et al. [101]
noted that coupling a pneumatic hammer with DED-arc
can minimize porosity and alter pore shapes in Al alloys.
In addition, Shchitsyn et al. [102] revealed that Ti-6Al-4V
alloy deposited using the cold metal transfer (CMT) and
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interlayer cold hammered met the mechanical strength of
wrought Ti-6Al-4V.

Similar to hammer peening, ultrasonic peening (Fig. 10)
is also a traditional deformation method used to reduce
residual stresses and improve the mechanical properties
and fatigue life of the welded joints [103]. An ultrasonic
probe with a power of 100 W working at a high frequency
(~20 kHz) was commonly used. Aligned steel impact tools
with a needle-like aspect (diameter of 3 mm and spaced 2
mm; Fig. 10b) deformed the bead surface. Gale and Achuhan
[104] (AISI 316L stainless steel DEDed-laser) combined
cycles of deposition and deformation. These authors depos-
ited a specific sample height (2 layers) and subsequently
conducted ultrasonic peening on the as-built material,
observing a significant increase in the material hardness
(from 2.4 to 4 GPa). Wang and Shi [105, 106] demonstrated
that cold ultrasonic peening homogenized the residual stress
distribution, altered the main residual stress component to
a compressive state, and induced a finer microstructure of
Inconel 718 DEDed-laser. Yi et al. [37] showed that even
for the high penetration process (arc plasma-DED + inter-
layer ultrasonic peening—Fig. 12), the ultrasonic peen-
ing mechanically affected zone (deep deformation) could
induce microstructural refinement. In addition, due to the
small equipment size (Fig. 10b) and low peening load (e.g.,
operated manually in welding), ultrasonic peening can be
integrated within a gas protection chamber, allowing it
to be coupled with the powder bed fusion (PBF). Zhang
et al. [107] verified that interlayer cold ultrasonic peening
could reduce and close discontinuities (Fig. 11) by induc-
ing top layer deformation, subsequently crushing and alter-
ing defects (e.g., porosity and lack of fusion) morphology,
as observed by Gu et al. [74] (interlayer rolling—Fig. 4).
In addition, it was verified that interlayer cold ultrasonic
peening prevents epitaxial columnar grain growth (refining
the microstructure) and reduces the residual stress levels for
Ti-6Al-4V fabricated via PBF. Therefore, ultrasonic peening
is also considered suitable for commercial alloys DEDed,
similar to hammer peening.

Ye et al. [108] (DED-laser) and Li et al. [109] (DED-
laser) developed a hot ultrasonic micro-forging system with
an operating frequency of 20 kHz; Xiong et al. [110] (DED-
arc), a hot hammer penning system with an operating fre-
quency of 21 Hz. These systems [108-110] (Fig. 12) resem-
ble the cold hammer previously shown in Fig. 10 b, where
the main difference between them is the peening tempera-
ture. Deformation occurred immediately after deposition,
when the deposited layer was still at a higher temperature, as
with those for the hot rolling variants. The abovementioned
systems involve a conventional welding torch coupled with a
separated plastic deformation device, i.e., uncoupled deposi-
tion and deformation.
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Fig. 11 Effect of ultrasonic
peening on the PBF disconti-
nuities: a without and b with
ultrasonic peening (from [107])

Fig. 12 Schematic represen-
tation of ultrasonic peening
coupled with DED-arc (adapted
from [37])
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Duarte et al. [20, 21] developed a DED-arc + interlayer
hot forging (Fig. 13a, b) variant, which consisted of a dedi-
cated GMAW torch equipped with a hammer, activated by
vibrating actuators (electromagnetic, solenoid, or pneu-
matic), which could operate at different frequencies (1-10
Hz) and loads (1.5-5 kN). The hammer path planning fol-
lowed the torch, and the hammer size, and distance from the
welding pool control the forging temperature. Duarte et al.
[20] and Farias et al. [111, 112] showcased that hot forging
could reduce pore size, alter its morphology, and improve
the mechanical properties of 316L stainless steel and Inconel
625 DEDed-arc. In addition, Gao et al. [113] customized
a machine that combined DED-arc and single-point incre-
mental hot forming, which operated at a maximum load
of 1.5 kN, refined the microstructure, and improved the
mechanical properties of 316L stainless steel DEDed-arc.

Hammering, peening, and forging (cold and/or hot)
showed advantages in relation to rolling, especially due
to the lighter equipment, higher versatility and flexibility,
lower loading forces, and freer path planning. However,
the hot interlayer hammer peening and forging are limited
to one-way deposition strategies, as they are challenging
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to use in oscillating (e.g., the deposition torch moves as
a sine/square/triangle wave) and/or reversing deposition
strategies [33], e.g., even layer number from right to left
(—) and odd number layers with a reversed direction («).
In this sense, Duarte et al. [21] improved their previous
interlayer hot forging system [20] by changing the con-
figuration of the forging tool from a cylindrical hammer to
a circular crown shape directly connected to the welding
gas nozzle (Fig. 13c). Thus, the deposition and deforma-
tion became coaxial, thereby overcoming the path plan-
ning limitations, i.e., the forging region is independent
of the direction of deposition (Fig. 13d). Finally, for the
first time, Karunakaran et al. [114] and Gupta et al. [115]
integrated an interlayer cold hammering/peening system
into a hybrid 3D printing machine (DED cell-laser, GTA,
and GMA-and machining setup). These authors noted that
hammering/peening/forging could be directly integrated
into the manufacturing setup without altering it signifi-
cantly; i.e., they did not need a specific manufacturing
setup. This differs from the other interlayer mechanical
deformation systems, such as laser shock peening and hot/
cold rolling, which demand a dedicated setup.
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Fig. 13 DED-arc + 1ntf::rlayer ( a) Main (b) :a::;::;
hot forging: a schematic Conductor Input #2:
representation and b compo- Electric Power l Vibrating Actuator
nents (from [20]). ¢ Developed Vibrating Actuator J
of coaxial hot forging, and d n;f__ *=  Compressed
details of the circular crown . Input #3: Air
concentric with the welding Gas Nozzle Connection Hammer-  ghie(ding Gas o o
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2.3 Laser shock peening

Another deformation process that exhibits potential for inte-
gration with AM processes is laser shock peening (LSP). In
this method, shockwaves are generated by localized laser
heating, serving as the peening source [116]. Although LSP
falls under the broader category of peening, it is regarded
as a distinct class due to its unique peening source—shock-
waves—and the growing interest in its application coupled
with AM processes. LSP (Fig. 14) is characterized by local

Pneumatic actuators

Gas nozzle

Hammer tip

I

Vertical stroke
(A=10 mm)

Hc

/Gas nozzle

Hammer

surface

Molten pool
w

and fast heating by a pulsed laser, which generates a plasma
that expands (material ablation) and creates a shockwave
(high strain rate) at the material surface, which induces a
compressive residual stress field and alters the material sur-
face and microstructure (increasing the dislocation density
and modification of the grain morphology) [117, 118].
Direct ablation, wherein LSP is applied directly to the
material surface, is generally avoided due to its poten-
tial to alter the surface of the part. Instead, the process
employs a protective coating (such as Al foil) along with
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Fig. 14 a Laser shock peening
(LSP) shockwaves generation
[198], b free path planning
[199], and ¢ intermittent LSP
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a transparent confining layer (like a water film) to maintain
a smooth surface. However, for interlayer LSP applications
during AM deposition, as adopted by Sealy et al. [119]
(laser-DED) and Zhou et al. [120] (laser-DED), LSP must
be applied without the coating and transparent confining
layer to ensure productivity without reducing material
printability, i.e., directly on the just deposited material.
The application of protective and transparent layers during
the deposition of each layer reduces the process efficiency
and may not be feasible. This concern is particularly rel-
evant for processes that utilize powder as feedstock mate-
rial, such as PBF and laser-DED. In such processes, any
residual water from the transparent confining layer can
interact with the feedstock material, leading to powder
agglomeration and contamination. These interactions can
introduce pores and compromise both the formability of
the layers and the resulting material properties. Further-
more, based on the literature survey [121-136], it becomes
clear that the LSP deformation zone penetration (measur-
ing 0.7 +0.20 mm) is adequate to achieve grain size refine-
ment in laser- and electron beam-based DED as well as
PBF. However, its impact is significantly limited in arc
plasma-based DED due to the extensive deposition pen-
etration [137-139] since the previously deposited layer
is almost entirely remelted. It is worth noting that, to the
best of the authors’ knowledge, the in situ interlayer LSP
was not applied to DED-arc components; only Sun et al.
[121] applied the LSP (post-deposition) to the side sur-
face of 2319 aluminum DEDed-arc walls. The authors
[121] reported an increase in the quasi-static mechani-
cal properties due to induced work hardening. Similar
to LSP, shot peening also has a limited in situ interlayer
applicability because the peening media (e.g., cast steel,
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ceramics, glass, and sand) can contaminate the layer sur-
face and powders and the limited depth of the deformation
(~0.2-0.4 pm) [140-142].

Lu et al. [134] and Lu et al. [143] (Fig. 14c) deposited
three consecutive layers of Ti-6Al-4V using PBF and per-
formed the LSP. This process occurred in an intermittent
mode (i.e., deposition stop to execute the LSP—coating
and transparent confining layers) and serves as a showcase
concept of AM +interlayer LSP. However, due to the inter-
mittent aspect, the procedure developed by Lu et al. [134]
and Lu et al. [143] had a low productivity. Lu et al. [134]
verified that interlayer LSP refined the prior §§ grain size
and induced an almost equiaxed grain morphology, which
improved the quasi-static mechanical properties of Ti-6Al-
4V PBFed + interlayer LSP, especially the yield and ultimate
tensile strengths, in relation to Ti-6Al-4V PBFed. Zhou et al.
[120] (AlSi10Mg alloy laser-DEDed) improved the experi-
mental setup of Lu et al. [134], Lu et al. [143], and Sealy
[119]. They introduced an in situ interlayer direct ablation
LSP approach, eliminating the need for both the coating and
transparent constraining layers. This modification induced
a deformation penetration of 0.5 mm (measured via the
residual stress profile), drove pore closure, and increased
the quasi-static mechanical properties concerning the laser-
DED. Furthermore, to the best of the authors’ knowledge,
those were the only works [119, 120, 134, 143] that coupled
AM (DED and/or PBF) with LSP. Notably, the approach
introduced by Zhou et al. [120] stands out as the sole method
that integrates in situ LSP and part printing.

According to the literature surveyed [121-136], in most
studies, the LSP was applied after part fabrication; i.e., as
mechanical surface treatment, and its effect on fatigue life,
quasi-static mechanical properties, corrosion resistance, and
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residual stress relief was evaluated. In addition, it is worth
mentioning that due to the use of a laser (shockwave genera-
tion) as the deformation tool, LSP can be readily integrated
into laser- and electron beam-PBF (processes that require a
chamber to powder handling and consolidation or control the
atmosphere), which may expand the interlayer mechanical
deformation for all metal AM processes, as reported recently
by Sealy et al. [119], Lu et al. [134], and Lu et al. [143].
Furthermore, considering the scarce literature on DED +in
situ interlayer LSP (at the moment there is only one pub-
lication [120]) and the shallow deformation depth (lower
than peening/forging), the in situ LSP can be suited for low
penetration processes (e.g., laser- and electron beam-based
AM). Thus, the discussion on the effects of the in situ inter-
layer LSP on the microstructure (grain size refinement) and
its comparation with the literature and other AM processes
becomes impractical, not being addressed in Sect. 3.

3 Grain size refinement mechanisms

This section addresses the grain size refinement mecha-
nisms of the interlayer (cold and hot) mechanical deforma-
tion systems (rolling and hammering, peening, and forging)
previously described. The grain size refinement mecha-
nisms were classified according to alloy type (transform-
able and non-transformable) and temperature of deforma-
tion (cold—below the recrystallization temperature—and
hot—consolidated feedstock material still incandescent at a
temperature higher than the recrystallization temperature).

Fig. 15 Prior § grain morphol-
ogy of the Ti-6Al-4V DEDed-
arc: a unrolled condition, b 50
kN rolling force, and ¢ 75 kN
rolling force (from [90])

Transformable alloys (e.g., Ti-6Al-4V and low-alloy steels)
are classified as alloys that undergo solid-state allotropic
(e.g., from austenite to ferrite) transformations during the
thermal cycle. Non-transformable alloys (e.g., Ni- and Al-
based) do not undergo solid-state allotropic transformations
during the thermal cycles, maintaining the primary micro-
structure during the thermal cycles and post-deposition heat
treatments same matrix phase.

3.1 Rolling
3.1.1 Transformable solid-state alloys

The thermal conditions (intense thermal gradient and almost
directional heat flux) and partially remelting of the substrate
and/or previously deposited layer favor the epitaxial grain
growth during DED deposition, which is commonly charac-
terized by an oriented microstructure and anisotropic behav-
ior, even for solid-state transformation alloys (e.g., Ti-6Al-
4V). In this sense, the deposition + interlayer mechanical
deformation can induce grain refinement (dynamic and/or
static recrystallization), which can reduce the texture index
(randomizing the microstructure) and homogenizes the prop-
erties throughout the part fabricated via DED.

Most studies on the effect of rolling on grain refinement
focus on the Ti-6Al1-4V alloy; however, the key grain refine-
ment mechanism can be extended to other transformable
alloys. The Ti-6Al-4V alloy solidifies as coarse and oriented
B (body-centered cubic) grains, which during the cooling
(~ 1000 °C; B transus temperature), partially transforms into
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o (hexagonal close-packed) so that the final microstructure
is composed of the a-phase (e.g., Widmanstaitten and grain
boundary) and some retained prior 3-phase. For more details
regarding the welding metallurgy of o+ p Ti alloys, readers
are referred to Short [144]. Similar solid-state transforma-
tions are observed in materials such as low-alloy steel (aus-
tenite — ferrite) and Cu-Al8% (p — o) [21], for example.
Martina et al. [90] observed that the prior p grain size of
the Ti-6Al-4V reduced significantly (Fig. 15) due to inter-
layer cold rolling. This grain refinement effect was notable
when using a higher rolling load (75 kN). In addition, Mar-
tina et al. [90] tested the influence of the posterior layer on
a previously rolled layer (Fig. 16), identifying three zones:
(1) columnar grains, (2) recrystallized zone, and (3) previ-
ous unaffected layer. In Fig. 16, zone (1), closer to the top
of the deposited layer, exhibited the columnar prior  grains
aligned with the build direction. Zone (2) corresponds to
the grains that grew epitaxially and were deformed (previ-
ous layer) and, in the subsequent layer deposition (reheat-
ing thermal cycle), statically recrystallized. Thus, despite
zone (1) possessing a columnar aspect, the finer grains in
the zone (2) inhibited prior p grains to cross several lay-
ers (some grains could reach up to 12 mm in the DED-arc
condition—Fig. 15). The length of zone (3) depends on the
deposition and deformation parameters since the recrystal-
lization temperature is related to, in addition to other factors,
the deformation stored energy, temperature, and time [145],
where the first is a function of the rolling load and the oth-
ers of the thermal cycle (i.e., deposition parameters). It is

Fig. 16 Effect of the posterior deposition layer on the previous layer.
(1) Columnar grains, (2) recrystallized zone, and (3) previous unaf-
fected layer (from [90])
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worth noting that, due to the higher cold rolling loads, the
remaining deformation zone length—zone (3)—is superior
to deposition penetration (Fig. 16), which ensures an effec-
tive prior f grain size refinement mechanism in the entire
deposited layer.

McAndrew et al. [70] reported that, for multi-layer multi-
bead DEDed-arc parts, the grain size refinement, as observed
by Martina et al. [90] (multi-layer single-bead), effectively
did not occur. This was attributed to the lateral geometrical
restraint of the multi-bead multi-layer thick part; i.e., the
adjacent layer previously deposited prevents the deformation
of the most recently deposited layer, inducing an insufficient
stored energy required for static recrystallization. However,
using an inverted roller profile (Fig. 2c; deeper strained
zone), enough stored energy to promote static recrystalli-
zation can be achieved, expanding the interlayer cold roll-
ing grain size refinement in thicker parts. McAndrew et al.
[70] mapped the deformation (Fig. 17) induced by rolling,
showing that the maximum strain occurred at the edges of
the rolled layer at a depth of 3 mm; close to the surface, the
deformation was minimal due to friction between the roller
and the surface, preventing material flow. Figure 17 also
shows that the deformation penetration can extend up to 6
mm so that the deposition penetration (~ 1-2 mm) is always
smaller than the deformation zone, which reinforced the
results showed by Martina et al. [90]. The results of Dono-
ghue et al. [146] corroborated with the McAndrew et al.
[70]. Donoghue et al. [146] first observed that the electron
backscatter diffraction (EBSD) band contrast (i.e., increase
in the residual strain) reduces with local and posteriority
increases and reaches a constant value, corresponding to the
region unaffected by cold rolling. Figure 18 a and b evidence

4° 53° 6°+

1> 2% 3°

Fig. 17 EBSD map of the plastic strain of a Ti-6Al-4V DEDed-arc
rolled (from [70])
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Fig. 18 Prior B grain size maps: a, b rolling applied in the penultimate layer; ¢, d rolling applied in the entire part; € grain size distribution (from

[146])

that the maximum static prior p recrystallization coincides
with the lowest band contrast region (highest deformation
zone) and that the grain size refinement effect increases with
the rolling load. Figure 18 c and d illustrate the effect of
interlayer cold rolling in deposited layers, which indicated
that the grain size was refined throughout the part. Moreo-
ver, the lower rolling load (50 kN) generated a higher and
scattered grain size (Fig. 18e), i.e., it was less efficient.
According to Ding and Guo [147], the macroscopic com-
pression (height reduction of 19% for 75 kN rolling load)
observed by Donoghue et al. [146] is insufficient to induce
the prior § grain refinement via static recrystallization dur-
ing the reheating thermal cycle. In addition, p nucleation
follows the Burgers orientation crystallographic relationship,
which ensures that, during heating (e — f allotropic trans-
formation), the generated p grains have the same crystal-
lographic orientation as those of the prior f§ during cooling
(B— o). This allows the next deposited layer to have almost
the same crystallographic orientation (epitaxial nuclea-
tion and growth) as the previously deposited one, resulting
in a typical coarse and texturized prior p grain [144]. For

effective prior p grain size refinement, the interlayer rolling
strain must induce p nucleation without following Burger’s
orientation [148]. Donoghue et al. [149] and Davis et al.
[150] reported that interlayer rolling can induced the twin-
ing of the prior § (f', Fig. 19), which explains the prior
grain size refinement in DEDed-arc + interlayer cold rolling.
Twinned B’ had a mobile grain boundary and an orientation
different from the remaining  phase (Fig. 19¢); i.e., it did
not follow the Burgers orientation crystallographic relation-
ship, consuming the prior f and a during the reheating ther-
mal cycle. B’ continues to grow until it becomes impinged by
other f' grains (Fig. 19d), which results in a fine and aleatory
microstructure. This proposed mechanism [149, 150] is in
accordance with Martina et al.’s [90] results, which showed
that a higher rolling load resulted in a finer f grain size, i.e.,
the higher rolling loads enhanced the twining process (f’
formation).

In addition to the Ti-6Al1-4V alloy, Colegrove et al. [31]
and Dirisu et al. [68] also observed refinement of the par-
ent phase (prior austenite) as a result of interlayer cold
rolling in low-alloyed steel fabricated using DED-arc. The
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Fig. 19 pB-grain refinement
mechanism for Ti-6Al-4V

DEDed-arc rolled: a stored
dislocations due to cold rolling,
b twinning p-grain (') during
heating thermal cycle, ¢ '
grows into the neighboring
deformed f phase, and d a— f3
solid-state phase transformation

and B’ growing (from [149])

changes in the prior austenite grain size alter the kinetics
of the austenite-ferrite phase transformation. With a finer
grain size induced by interlayer cold rolling, diffusional
transformations, such as ferrite formation (e.g., polygonal
and acicular), is favored over adiffusional transformations
(e.g., martensite). In other words, the finer prior austenite
grain size reduces the hardenability of low-alloyed steel
fabricated via DED-arc. In addition, as observed with
Ti-6Al-4V (arc plasma DED + cold rolling), an increase
in the rolling load also leads to finer prior austenite grain
size. However, the thermal conditions during the thermal
cycles were only slightly altered, which results in almost
identical constituents (polygonal and acicular ferrites,
low-alloy steel, and basketweave o, Ti-6Al-4V) for both
conditions (interlayer rolled and unrolled); also, due to
the finer austenite grain size, the rolled condition showed
a finer ferrite grain in relation to unrolled (8.6 vs. 14.5
pm) [68]. Colegrove et al. [31] suggested that the refine-
ment of austenite grain size resulted from a high nuclea-
tion rate induced by the residual deformation. However,
this phenomenon has not been thoroughly studied and
requires further clarification. Given the low deformation
during cold rolling (similar to Ti-6Al1-4V), the crystal-
lographic relationship between austenite and ferrite (e.g.,
Kurdjumov—Sachs), and the presence of residual austenite
at room temperature (as observed in martensite-austenite
constituents in weld metals) [151], it is possible that simi-
lar behavior of the prior f grain (Fig. 19), i.e., retained
austenite twinning, can occur. Thus, interlayer cold rolling
may not induce a higher nucleation rate of austenite during
the heating as indicated by Colegrove et al. [31] (recrystal-
lization) but the twinning of the retained austenite, which
will grow during reheating thermal cycle and consume the
remaining microstructure without crystallographic correla-
tion with the previous ferrite microstructure. Besides, Xu

@ Springer

et al. [152] also observed a prior austenite grain refinement
in a maraging steel DEDed-arc + interlayer cold rolling.

Tian et al. [88] (DED-laser) and Gao et al. [82] (DED-
arc) observed (Fig. 20) a considerable prior  grain refine-
ment, similar to cold rolling, using interlayer hot rolling,
with a remarkable p phase texture intensity reduction (from
15.8 to 3.2). Gao et al. [82] explained the grain size refine-
ment using the mechanisms proposed by cold rolling [149,
150] (Fig. 19). In addition, Gao et al. [82] reported that dis-
locations, twins, and stacking faults are introduced during
interlayer hot rolling, which supplies sufficient driving force
for dynamic recrystallization in regions with peak temper-
atures higher than f transus and supported the grain size
refinement mechanism proposed by Donoghue et al. [149]
and Davis et al. [150].

Fu et al. [78] studied the behavior of bainitic steel parts
fabricated via DED-arc + interlayer hot rolling (see Fig. 5).
Fu et al. [78] made an observation similar to Martina et al.
[90] (interlayer cold rolling) regarding different deforma-
tion-affected zones by the interlayer hot rolling, i.e., a large
deformation, small deformation, and undeformed zones.
Furthermore, the selected roller-torch distance with a roll-
ing temperature of 900 °C allows deformation but not aus-
tenite recrystallization (non-recrystallization temperature).
This introduces deformation bands (austenite had a low SFE
energy) that increase the ferrite nucleation kinetics during
the cooling thermal cycle (similar to thermomechanical
controlled rolling [153]), generating a homogenous fine fer-
rite grain size (~7 pm). Ma et al. [81] reinforced the above
results; the authors indicated that the roller-torch distance
controls the final microstructure. Ma et al. [81], using a con-
cept similar to that applied to arc welding, redefined the
zones affected by interlayer hot rolling as a function of the
peak temperature, where, at the medium—high-temperature
(non-recrystallization austenite temperature), maximum
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Fig. 20 Interlayer hot roll-

ing grain refinement for the
Ti-6Al-4V alloy: a DED-arc, b
DED-arc +interlayer hot rolling
(adapted from [82]), ¢ DED-
laser, DED-laser + interlayer hot
rolling; e and f are the prior f8
pole figures referring to EBSD
(c, d), respectively (adapted
from [88])
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prior austenite grain size refinement was observed due to the
reheating thermal cycle («— vy transformation) and intense
y nucleation rate (deformation bands) [154]. In addition,
the residual stored deformation energy enhances the ferrite
nucleation sites; therefore, the synergic effect of finer aus-
tenite grain size and higher ferrite nucleation rate allows the
development of a finer ferrite microstructure for low-alloyed
steels fabricated via DED-arc + interlayer hot rolling con-
cerning DED-arc.

For the solid-state transformation materials, the final
microstructure results from the solid-state transformations;
thus, despite the interlayer deformation refining the prior
microstructure (e.g., p and austenite, for Ti-6Al-4V and
low-alloy steels, respectively), it is worth analyzing if the
final microstructure is also affected (product phase mor-
phology). In addition, for low-alloyed steels and Ti-6Al-
4V, the solid-state transformation has a crystallographic
orientation relationship between the parent (f and aus-
tenite) and product phases (ferrite—low-alloy steels—and
a—Ti-6Al1-4V) that is the Kurdjumov—Sachs and Burgers
Orientation, respectively. Thus, the grain size and crys-
tallography of the parent phase directly affect the final
microstructure since the grain boundary area plays a role

25 O|| m

Rolled

001 101

in the transformation kinetics (e.g., finer austenite grain
size reduces the hardenability). Zhao et al. [155] (low-
alloyed steels) reported that the fine austenite grain size
and the remaining residual strain enhance the formation
of acicular ferrite. This was corroborated by Colegrove
et al. [31], who observed a finer ferrite grain size when
increasing the rolling load, promoting acicular ferrite
and decreasing the low toughness constituents, such as
grain boundary ferrite. For a Ti-6Al-4V alloy, the prior
f grain size refinement had a low influence on the « lath
thickness [88]. However, the material at room temperature
(a field) showed a low texture intensity, which approxi-
mately equalized the quasi-static mechanical properties
(i.e., reduced the anisotropy). Gao et al. [82] (Ti-6Al-
4V) observed microstructural changes due to interlayer
hot rolling, where the common basketweave and o grain
boundary microstructure (DED-arc) became majority o
acicular (DED-arc + interlayer hot rolling), corroborating
the results of Martina et al. [90] (finer o grain size due to
cold rolling). These authors [82] attributed this behavior
to the increase in the length of prior  grain boundary (fine
grain size), which enhanced the intragranular o nucleation
rate and reduced the overall o lamella size.
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3.1.2 Non-transformable solid-state alloys

The coarse grain and texture problems become more pro-
nounced in alloys that do not undergo allotropic transfor-
mations during the cooling thermal cycle, i.e., the primary
microstructure (e.g., dendric, segregation, and coarse and
oriented grains) remains at room temperature [156]. Thus,
interlayer rolling can be an interesting alternative to induc-
ing grain size refinement and overcoming the low perfor-
mance of cast-like microstructures. Some examples of alloys
with primary microstructures are Ni and Al-based alloys
(e.g., Inconel 718 and Al-Mg4.5Mn alloy). The major grain
size refinement mechanism for these alloys is the dynamic/
static recrystallization induced by the deformation storage
energy. In addition, two grain refinements can occur, static
recrystallization during the heating thermal cycle (cold roll-
ing) and in situ dynamic recrystallization (hot rolling) and
subsequently static recrystallization during post-deposition

Fig.21 Optical micrographs
and EBSD orientation maps of
Inconel 718 DEDed-arc with
and without interlayer cold
rolling (from [89]). SHT means
solubilization heat treatment
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As-built

heat treatment (both cold and hot rolling) [89, 157-160].
Xu et al. [89] observed (Fig. 21) these two grain refinement
mechanisms for Inconel 718 DEDed-arc + interlayer cold
rolled, which resulted in a significant grain size refinement
(15.7 pm vs. 26.7 pm—wrought material). Zhang et al. [158]
(Inconel 718 DEDed-arc) showed that a higher rolling force
and high deformation depth resulted in finer grain size. Hon-
nige et al. [157] (Inconel 718 DEDed-arc) optimized the
rolling load (50 kN) and the solution heat treatment condi-
tion (AMS 5662), obtaining an approximately fully recrys-
tallized equiaxial microstructure. Additionally, Honnige
et al. [157] highlighted that the two static recrystallizations,
namely reheating thermal cycle and heat treatment, have
similar proportions, where the first refined the region close
to the fusion line (higher temperatures and strain energy) and
the second one refined the regions with lower strain energy
(from the middle to the bottom of the layer height).

As-built + SHT

finely equiaxed grains
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Gu et al. [160] (DED-arc + cold rolling) reported that
Al-6.3Cu alloy (2319; precipitation hardening) also showed
the two grain size refinement mechanism mentioned above.
Otherwise, the solid-solution strengthened Al-Mg4.5Mn
alloy (DED-arc + cold rolling), unheated-treatable, showed,
as the major grain size refinement mechanism, the static
recrystallization during reheating thermal cycle due to the
non-post-deposition heat treatment; in addition, the authors
[159] indicated that due to high load rolling (45 kN; intense
strain), some dynamic recrystallization can occur. Thus, for
alloys that do not require post-deposition heat treatments
(e.g., solid-solution strengthened—Inconel 625 and Al-
based alloys series 5xxx), the interlayer cold deformation

Fig.22 a Microstructures of the
304 stainless DEDed-arc and

b DEDed-arc + interlayer hot
rolled (adapted from [77])

Fig.23 EBSD maps of the
Inconel 718 DEDed-laser: a
as-built, b interlayer hot rolling
grain refinement, ¢ grain orien-
tation spread (GOS), alternat-
ing bands of recrystallized and
deformed grains, e (001) pole
figure for as-built, and f (001)
pole figure for interlayer hot
rolled (from [87])

grain size refinement could be limited to the reheating
zone, maintaining coarse and oriented grains, as showed in
Fig. 21.

The hot rolling processes have a different grain refinement
mechanism than cold rolling. In the first case, the rolling fol-
lows the deposition with the consolidated feedstock material
still hot, leading to dynamic recrystallization. Furthermore,
residual deformation where the region is hot deformed but
not dynamically recrystallized can drive static recrystalliza-
tion during the reheating thermal cycle and post-deposition
heat treatments (similar to cold rolling). Zhang et al. [32],
Hai-ou et al. [161], and Xi et al. [77] observed a change from
the columnar and oriented grains to homogeneous equiaxial

Fusion line

001

Intensity

E3 GOS (0<x<10°)
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grains (passing through more than one layer; Fig. 22) for
the 304 stainless steel DEDed-arc + interlayer hot rolling
(Figs. 6 and 7). These authors attributed the grain size refine-
ment to static recrystallization of dendrites’ microstructure,
which was driven by the energy storage of plastic deforma-
tion and the reheating thermal cycles. This resembles the
previously discussed cold rolling grain size refinement for
primary (non-transformable) microstructure alloys.

Li et al. [87], DED-laser + interlayer hot rolling (Fig. 8),
observed an intense grain size refinement for the Inconel
718 (Fig. 23). The as-built sample had coarse (~ 113 um)
columnar and oriented grains with a typical cubic texture
({100} <100 >). In comparison, interlayer hot rolling
changed the grain morphology drastically to a fine (~8 pm)
equiaxed grain structure. In interlayer hot rolling, it was
reported both the dynamic (in situ) and static (reheating
thermal cycle) recrystallizations, which refined and rand-
omized the microstructure. Li et al. [87], Fig. 23 b, reveals
two regions with different grain sizes (grains in region 1
are larger than those in region 2). In addition, the grain ori-
entation spread (GOS; Fig. 23c) depicted that the grains in
region 2 were fresh recrystallized. The grains that formed a
layer (i.e., the columnar microstructure) were deformed by
interlayer hot rolling. However, the deformation intensity
was not homogeneous across the entire layer, where only the
top layer surface region was dynamically recrystallized; the
remaining grains continues to have stored strain energy that
can drive static recrystallization during reheating thermal
cycles or heat treatments.

Xie et al. [80] and Liao et al. [162], Al-Mg4.5Mn DEDed-
arc, and Zhou et al. [120], Al1Si10Mg alloy laser-DEDed,
reported that interlayer hot rolling (Fig. 8) and in situ LSP

Peened groove
Refined B grains

Layer band

had a lower grain size refinement (from 59 to 23 um and
from 9.8 to 8.6 pum, respectively) effect when compared to
Inconel 718 (from 113 to 4.1 pm). Al alloys have a high
stacking fault energy (SFE) [163], requiring high defor-
mation to dynamically recrystallize since dislocations can
easily reorganize and recovery at elevated temperatures.
Therefore, it is expected that high SFE alloys have a lower
response to interlayer hot rolling than low SFE alloys due
to the low macroscopic deformation and recover processes,
which are confirmed by the grain size refinement observed
for low SFE alloys (e.g., Inconel 718—grain size from 113
to 4.1 pm, ~27 X) and high SFE ones (e.g., Al-Mg4.5Mn—
grain size from 59 to 23 um, ~ 3 X). These results indicate
that the interlayer hot deformation could be used for spe-
cific alloy classes namely solid-state transformable alloys
and medium/low SFE non-transformable alloys despite their
operational and path planning advantages (see Sect. 2).

3.2 Hammering, peening, and forging

Similar to rolling, the other deposition + interlayer mechan-
ical deformation systems also have their own grain size
refinement mechanisms and process characteristics due to
the different loading forces and deformation modes. It is
important to note that topics addressed in Sect. 3.1 will not
be revisited in Sect. 3.2. Instead, they will be referenced.

3.2.1 Transformable solid-state alloys
Honnige et al. [97], Ti-6Al-4V DEDed-arc, first described

the effect of interlayer cold hammer peening on the prior
B grain size refinement (Fig. 24). The interlayer hammer

Refined B grains

Fig. 24 p grain refinement of interlayer cold hammer peened Ti-6Al-4V WAAM walls (from [97])
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peening achieves a pronounced prior f grain size refine-
ment (from~ 12 to 0.5 mm, ~ 24 X). In addition, the authors
claimed that the refined region is higher than the penetra-
tion deformation zone, which indicates that the prior
grains could continue to grow during subsequent thermal
cycles. This aligns with the previously observed p grain size
refinement mechanisms illustrated in Fig. 19 and reinforces
the idea that the new B (B’) consumed the oriented prior
. Furthermore, despite the observed grain size refinement
(Fig. 24), the Ti-6Al1-4V DEDed-arc + hammer peening
grain size is larger than interlayer cold (~90 pm) and hot
(~130 um) rolled. Honnige et al. [98] posteriorly detailed
the hammer peening grain size refinement mechanism. The
depth and distribution of the deformation zone (Fig. 25a)
have a steep strain gradient and depth of 2 mm. However,
the effective deformation (> 8%) for p refinement is reached
only at 0.5 mm, which is lower than the deposition penetra-
tion (0.7 mm). These results suggested that the remaining
deformed region (dotted black line in Fig. 25a) can also
generate 3, which grows during the reheating thermal cycle
(Fig. 25b). However, the refined prior p grain layer extends
through the remaining deformation and solidification zones,
suggesting that the refined prior § grain can grow upwards
(epitaxial solidification) and downwards (recrystalliza-
tion and grain growth into the remaining low deformation
region). Thus, recrystallization takes place prior to solidi-
fication, i.e., during the heating cycle of the next deposited
layer, so that the deposited layer grows epitaxially from these
just recrystallized prior  grains.

Fig. 25 a Strain distribution
map and b an 3 grain recon-
struction EBSD map and inter-
action of thermal cycle with the
deformed region (from [98])

Hu et al. [164] reported that the o dimensions were simi-
lar for DEDed-arc with and without interlayer cold hammer
peening, which can be related to the larger prior f§ grain size
compared to cold and hot rolling. However, Yi et al. [37] and
Shchitsyn et al. [102] (Fig. 12) observed that the interlayer
cold hammer peening reduced the o grain boundary content
and a lath size, which proves to be a topic that demands
more investigation for a complete consolidation and com-
prehension. Finally, the hammer peening grain size refine-
ment mechanism is almost similar to cold rolling (twinned
B’ growth [149, 150]; Fig. 19), diverging by the presence of
a solidification process and lower deformation zone depth,
which results in larger grain size in relation to interlayer cold
and hot rolling.

The use of interlayer hot peening/forging for solid-state
transformation alloys is still scarce due to its dynamic and
localized energy characteristic, which can fracture the just
deposited layer (hot material). Ye et al. [108], Ti-4AI-6V
DEDed-laser + interlayer hot ultrasonic micro-forging
(Fig. 28), observed a slight prior § grain size refinement
(from ~400 to ~ 320 um); however, these data are statisti-
cally equal (large standard error). As proposed by Li et al.
[109], the prior B grain size refinement was attributed to
the synergistic effect of vibration inducing CET and some
dynamic recrystallized f grains (bead surface). Ye et al.
[108] verified the dynamic recrystallization by the serrated
grain boundaries (strain gradient) and the new P grains
formed at a triple junction (high local strain regions). In
addition, these new P grains can grow down and consume

§
HAZ band

7
finement boundary , <
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the columnar f grains, similar to that observed for cold
hammer peening [98]. Xiong et al. [110], low-alloy steel
(AWS ER70S-6) DEDed-laser + interlayer hot hammer
peening, also observed the parent phase (y) dynamic
recrystallization at the layer surface; however, due to the
y — a transformation, the final microstructure is not sig-
nificantly affected. Although the prior y grain size affects
material hardenability and a formation/morphology, the
mandatory effect on the final microstructure is governed
by the cooling rates [165], which is almost insensible to
the interlayer hot hammer (low effect on geometric aspects
of the deposited layer) [110]. Thus, the interlayer hot

A S

Fig.26 Optical microscopy,
orientation map, and kernel
average misorientation (KAM)
map: a Inconel 718 DEDed-
laser and b Inconel 718 DEDed-
laser + interlayer cold hammer
peening (adapted from [106])
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hammer peening for transformable alloys showed insuf-
ficient grain refinement that justified its use.

3.2.2 Non-transformable solid-state alloys

Wang and Shi [105, 106], Inconel 718 DEDed-laser + inter-
layer cold hammer peening, highlighted that the major effect
of interlayer cold hammer occurred on the interlayer regions
(fusion line) and was related to an equiaxed dendrite zone
(~200 pm) between the previously interlayer deformed
and subsequently deposited layers (Fig. 26). Inconel 718
DEDed-laser microstructure had typical coarse and oriented

Build direction

Scan direction
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primary grains. Interlayer cold deformation generated a fine
equiaxed grain size (~ 10 pm) band, which prevents continu-
ous primary grains across several layers (Fig. 26); however,
the epitaxy persisted. Thus, the next layer will use the pre-
viously refined grains as a nucleation site, as suggested by
Honnige et al. [98] for DEDed-arc Ti-6Al-4V + interlayer
cold hammer peened. Besides, the deformed region (intense
kernel average orientation—KAM), which must be higher
than the melting pool penetration (0.1-0.5 mm for laser-
based DED), can drive static recrystallization during post-
deposition heat treatment (e.g., mandatory for Inconel 718)
or reheating thermal cycles. Thus, similar to observed in
cold rolling, non-transformable medium/low SFE alloys can
undergo two grain refinement mechanisms when interlayer
cold hammered: static recrystallization during deposition
and subsequent heat treatment. In addition, Parvaresh et al.
[166] observed grain refinement due to interlayer cold ham-
mer peening for an AISI 347 stainless steel, which aligns
with the findings proposed by Wang and Shi [105, 106].
As opposed to Wang and Shi [105, 106] (DED-laser),
Fang et al. [101] (DED-arc + interlayer cold hammering)
deposited the 2319 Al alloy, which required an intense
and deeper deformation (high SFE alloy and arc-based
process) to induce static recrystallization by the reheating
thermal cycle. The primary grains of the 2319 Al alloy are
mostly equiaxed, with a small number of columnar grains
close to the substrate (high thermal gradient; Fig. 27). As

I 1000m

-— Single layer with hammering —— I

detailed in Fig. 27, region A shows an intense deforma-
tion after hammering and had a fine grain size (1.3 pm),
which transformed into region B (reheating thermal cycle),
characterized by static recrystallization and grain growth
(~9 pm). Region C depicts the deformation depth of ham-
mering (~2 mm), which was also characterized by static
recrystallization; the other regions, closer to the substrate,
were not affected by the hammering. Thus, the subsequent
deposition + deformation cycles will reproduce this refined
microstructure throughout, which proves the efficiency of
hammering to refine the as-built microstructure of high SFE
alloys (e.g., Al-based).

Duarte et al. [20] (AISI 316L stainless steel) demon-
strated the grain size refinement of the DEDed-arc + inter-
layer hot forging (Fig. 13) using 2D Debbye-Scherrer dif-
fraction patterns obtained via synchrotron X-ray diffraction;
however, the authors did not investigate the phenomena that
governed the grain size refinement. In addition, Duarte et al.
[20] observed the increase in the cooling rate due to the
higher bead width after the hot deformation, which promoted
a finer primary microstructure (e.g., cellular and dendritic).
Farias et al. [111, 112] clarified the grain refinement mecha-
nisms of the DEDed-arc + interlayer hot forging (Fig. 13).
The authors [111, 112], using in situ electron X-ray dif-
fraction, reported that interlayer hot forging could gener-
ate enough crystal defects to induce static recrystallization
during subsequent thermal cycles and post-deposition heat

I 1000 2m

-— First hammered layer S - Second hammered layer _—

Fig. 27 Microstructure evolution of 2319 Al DEDed-arc + interlayer cold hammering. Single-layer + hammering; two-layers + hammering on the
first layer. (a), (b), (c) IPF-EBSD maps of the areas A, B, and C, respectively (adapted from [101])
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Micro-forging head

S L

Mushy zone

Equiaxed
grain

Columnar /

dendrite / / / /

Fig. 28 Schematic illustration of the effect of DED-laser + interlayer
hot deformation on microstructure (from [109])

treatments. Li et al. [109], Ni-based superalloy (GH3039)
DEDed-laser, reported that the interlayer hot ultrasonic
micro-forging did not alter the typical columnar and oriented
grains, which is mainly controlled by heat transfer aspects
during part building. Additionally, Li et al. [109] highlighted
that the CET depth, which is related to dynamic recrystal-
lization, increased from 440 to 840 pm, which indicates that
the interlayer hot ultrasonic micro-forging recrystallized the
CET grains (Fig. 28). In addition, the vibrations (forging
strokes) also enhance the CET length [167]. Thus, hot forg-
ing can have two simultaneous grain refinements: enhancing
the CET due to its dynamic aspect (inducing vibration on the
liquid) and dynamic and static recrystallization (solid-state).

Figure 28 also indicates that the heat source-deformation
distance could be a limiting factor since some materials can
lose the ductility at higher temperatures, leading to cracking
due to the intense and localized hot forging deformation,
which explains the major use of the hammer and ultrasonic
peening in cold conditions or with high heat source-defor-
mation distance (far from the mushy zone). Hence, there is a
minimum distance that is sufficient to stay out of the brittle
temperature range [168] and a maximum distance (minimum
temperature to drive dynamic recrystallization—hot defor-
mation—or minimum temperature to ensure sufficient defor-
mation for static recrystallization—cold deformation). For
solid-state transformable alloys, the hot deformation must
occur at a temperature superior to the transition temperature
(e.g., P transus and austenite decomposition) to induce an
effective dynamic recrystallization of the parent phase (grain
size refinement), establishing a minimum deformation tem-
perature. Additionally, each alloy possesses specific physical
properties (e.g., thermal conductivity and density) and met-
allurgical behavior (e.g., recrystallization temperature and
strength at elevated temperatures). Consequently, the com-
bination of each material, DED process, and deformation
system is almost unique. Therefore, parameter optimization
should consider the stability of the deposition process, layer
geometrical aspects (particularly penetration and width),
and deformation parameters (heat source-deformation tool

@ Springer

distance and deformation zone depth). This ensures that
deposition + interlayer deformation effectively promotes
grain size refinement and improves material behavior with-
out compromising printability (e.g., instability, layer mal-
formation, hot cracks, and lack of fusion).

4 Effects of deposition +interlayer
deformation on material mechanical
behavior

A critical problem that can prevent the industrial scalability
of DED processes relates to the poor mechanical properties
of the part 3D printed. This included the inability to meet
material specifications (e.g., API 20S and AMS 5662) and
inferior performance compared to conventional manufac-
turing routes (e.g., wrought). In this context, Sect. 4 evalu-
ates the effect of interlayer mechanical deformation on the
mechanical properties of typical commercial alloys depos-
ited via DED, comparing them with the standard industrial
requirements and discussing the changes in mechanical prop-
erties based on Sect. 3 (grain size refinement mechanisms).

4.1 Ti-based alloys

Martina et al. [169] (Ti-6Al-4V) first showed that the DED-
arc +interlayer cold rolling improved both the yield strength
(oyg) and ultimate tensile strength (61g) in both deposition
(heat source path planning) and building (perpendicular to
heat source path planning) directions; however, a slight drop
in ductility was observed in relation to DEDed-arc. Further,
Colegrove et al. [19] highlighted that Ti6Al4V DEDed-arc
anisotropy, especially concerning the material ductility, was
virtually eliminated by interlayer cold rolling. Figure 29
depicts the influence of interlayer mechanical deformation
on the quasi-static mechanical properties of the Ti6Al4V
DEDed, comparing the data from literature and ASTM B265
requirements. It is worth noting that the interlayer deforma-
tion systems (hot and cold rolling and cold peening) did
meet the ASTM B265 (wrought Ti-6Al1-4V) and AMS 4999
(additive manufactured Ti-6Al-4V) requirements, which was
not observed for the DEDed condition.

Yang et al. [170] (Ti6Al4V DEDed-arc) and Chi et al.
[171] (Til7 alloy DEDed-arc) showed that the interlayer
cold ultrasonic and LSP, respectively, can improve both 6y
and oypg Without affecting the ductility. Further, Huang et al.
[172] highlighted that the finer prior p grain size reduced
the allotriomorphic o content at the grain boundary, which
can even increase the Ti-6Al-4V DEDed-arc ductility. These
results are contrary to Yi et al. [37] and Martina et al. [169],
both Ti6A14V DEDed-arc, which observed an increase in the
obtained oyg and oy;rg and a reduction in ductility due to the
interlayer mechanical deformation. Besides, Tian et al. [88]
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Fig.29 Tensile properties of 1100 "
Ti-6Al-4V deposited by DED- . X
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and Hu et al. [173], Ti6Al4V DEDed-laser and DEDed-arc,
respectively, reported that the interlayer hot rolling induced
an isotropic behavior and increased 6yg, 6yg, and ductility.

Colegrove et al. [19] pointed out that the coarse and
oriented prior f grain (DEDed-arc condition) induced the
formation of aligned allotriomorph a-phase (soft region) at
the prior B grain boundary, which had faster loading dam-
age (i.e., strain accumulation and crack nucleation) than the
Widmanstaitten interlocked a-phase matrix [174]. Thus,
it is expected that the prior B grain refinement induced by

Fig.30 Fracture surface of

a bainitic still deposited by
DED-arc: a without and b with
interlayer hot rolling (adapted
from [78])

the interlayer mechanical deformation enhanced the duc-
tility; however, as depicted in Fig. 30, Yi et al. [37] and
Martina et al. [169] observed a decrease in ductility even
considering the § grain refinement, which was associated
with remaining deformation (higher dislocation density
and increased work hardening). In addition, Bermingham
et al. [175] reported that the smaller o colony size (i.e., bas-
ketweave microstructure), due to refined prior § grain, can
reduce material ductility due to the difference in mechani-
cal properties of the prior § grain (« colonies) and grain
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boundary (allotriomorph a-phase). Hu et al. [173] correlated
the lower ductility with the increase in the work hardening
exponent due to the smaller prior f grain. Thus, consider-
ing that cold and hot interlayer deformation induced a finer
prior  grain and smaller o colony size, the main differ-
ence between them is the remaining deformation (especially
associated with deformation depth), which induced a lower
ductility for DEDed + interlayer cold deformation concern-
ing DEDed + interlayer hot deformation. This statement is
corroborated by Tian et al. [88], who calculated the dis-
location density for Ti-6Al-4V DED-laser and DED-laser
hot rolling conditions, concluding that, due to the high-tem-
perature deformation, these conditions had similar disloca-
tion densities. In addition, the higher hardness and oyrg of
the cold deformed condition reinforce the conclusion that
its low ductility arose from the remaining deformation.
Despite the lower ductility, cold deformation still ensures
that the Ti-6Al1-4V DEDed meets the standards and code
requirements.

The increase in 6yg and oyrg Was usually associated with
a finer o lath size; however, most of the literature [19, 88,
102, 170, 173] indicated that the interlayer deformation had
a low effect on o lath size. Tian et al. [88] stated that the
predominant factors for the increase in 6yg and 6y Were
related to the randomization and refinement of the prior
grain (from coarser and aligned to equiaxial), which also
reduce the variant selection in the § — o phase transforma-
tion and o phase texture index. Liitjering [176] reported that,
for (a+ P) titanium alloys, the o colony and a lath size dic-
tated the slip length. Thus, as the « lath size is less affected
by the interlayer deformation, the a colony size was mainly
responsible for the increase in 6yg and oyrg in relation to
DEDed. Finally, the literature data converge (Fig. 30) on
the conclusion that both cold and hot deformation systems
improved the 6yg and cyrg of the Ti-6Al-4V DEDed, ena-
bling it to meet the material specifications.

4.2 Low-alloy steels

Colegrove et al. [31] first studied the effect of interlayer cold
rolling on low-alloy steel (AWS A5.18 ER70S-6) DEDed-
arc. The authors showed that the final microstructure (e.g.,
grain boundary ferrite and acicular ferrite) was not strongly
influenced by the cold rolling. However, the remaining
deformation (Taylor hardening) increased and homogenized
the hardness profile so that a higher load rolling induced a
higher hardness, which also converged to the Ti6Al4V alloy
DEDed + interlayer mechanical deformation results [19, 88,
102, 170, 173]. Posteriorly, Dirisu et al. [68] carried out ten-
sile tests (Table 1) that corroborated Colegrove et al. [31],
showing that the o1 and 6yg were improved with the roll-
ing load. Thus, for low-alloy steel DEDed + interlayer cold
deformation, the major hardening mechanism was attributed
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Table 1 Static tensile properties of a low-alloy steel (AWS AS5.18
ER70S-6) DEDed-arc (adapted from [68])

Rolling load ouTs Oys Hardness Ductility
[kN] [MPa [MPa] HV,, (%]

0 402+£2.0 30015  186%2.0 28+1
50 552+1.0  498+50  225+1.0 25+2
75 546+£3.0 486+2.6  219+15 32+2
160 600£3.0  574+2.6  233%1.5 2242

to the increase in dislocation density (Taylor hardening),
which was confirmed by Dirisu et al. [68] via transmission
electron microscopy. In addition, the authors observed a finer
ferrite grain size for a higher load rolling (160 kN; 14.5 vs.
8.6 pm), which improved the total strengthen (Hall-Petch).
Similar to Ti-6Al-4V, the final microstructure of low-alloy
steels arise from solid-state transformation so that the prod-
uct phase (ferrite) and its constituents are less affected by the
interlayer deformation, reinforcing the results of Colegrove
et al. [31]. Ma et al. [81] (DED-arc + interlayer hot rolling)
and Xiong et al. [177] (DED-arc + interlayer hot forging)
also observed (Table 2) an improvement in mechanical
properties with an almost isotropic behavior, which met the
ASTM A182-19 standard. It is worth noting that both Dirisu
et al. [68] and Ma et al. [81] (Table 2) observed a significant
prior austenite grain size refinement and an increase in Gyg
and oyg. However, due to the higher remaining deformation
(high dislocation density), DEDed + interlayer cold rolling
(160 kN) [68] induced a drop in ductility, which was associ-
ated with work hardening.

Fu et al. [78] (Fig. 7) verified the increase in ductility due
to hot rolling for bainite steel (Table 2). In addition, these
authors addressed the Charpy V-notch (CVN) impact energy
absorbed. The interlayer hot rolling strongly increased the
CVN impact energy (99 J/cm?>—three times higher than
DEDed-arc) in relation to both DEDed-arc and wrought
material; the CVN impact energy had an isotropic behavior.
Figure 30 shows that the interlayer hot forging induced a
change in fracture mechanism from almost cleavage (brittle)
to fine dimples (ductile) aspect. This behavior was directly
related to the finer prior austenite grain size developed dur-
ing hot rolling, which induced a finer sub-structure (packet
and blocks) and effective grain size [178] (similar to a col-
ony size in Ti-6Al-4V) and reduced the grain boundary fer-
rite and martensite-austenite microconstituent (both brittle)
[179], which enhanced the CVN impact energy.

4.3 Stainless steels
The AISI 316 L stainless steel DEDed (both laser and arc)

usually met the materials’ specification (ASTM A240) in the
as-built condition; however, as pointed out by Wang et al.
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Table 2 Effect of the interlayer DED  Deformation Feedstock material ~ Gyg SuTs € References
deformation on loyv—alloy stt.:el [MPa] [MPa] (%]
DEDed quasi-static mechanical Process  Temperature
properties
Arc Rolling  Cold ER70s-6 574+2.6  600+3.0 22+2  [68]
— — 300+1.5 402+2.0 28=+1
Arc Rolling Hot ER70s-6 387.8 530.9 36.9 [81]
— — 365.1 509.3 37.3
Arc Forging  Hot ER70s-6 641.9 529.3 37.3 [177]
— — 2974 469.6 422
Arc Rolling Hot Bainitic steel 1259.1 — 17.0 [78]
— — 1275.3 — 10.8
Table3 Tensile Properties DED process Deformation Oys SuTs Ductility ~ References
of AISI 3 1.6L stainless ‘steel . [MPa] [MPa]  [%]
DEDed + interlayer deformation Process  Temperature
arc Forging Hot 450 622 27.9 [20]
— — 360 574 325
laser Forming Hot 254 597 65.2 [113]
— — 279 611 59
arc Rolling  Hot 340+3  591+4 38+5 [181]
— — 265+11 534+4 49+4
ASTM A240 170 485 40
ASTM A666 1/16 hard hot finished 310 585 35
ASTM A666 1/8 hard cold finished 380 690 25

[180], the as-built columnar microstructure results in an ani-
sotropic behavior. In this sense, Duarte et al. [20] (DED-arc),
Gao et al. [113] (DED-laser), and Kan et al. [181] (DED-
arc) reported (Table 3) an improvement in the mechanical
properties and an isotropic behavior due to the interlayer hot
deformation. Duarte et al. [20] and Kan et al. [181] observed
that the hot forging and rolling, respectively, increased both
Oy and ;g (meet the ASTM A240 and ASTM A666 1/16
hard), which was associated with the finer grain size and the
increase in the work hardening; in addition, these authors
[20, 181] associated the drop in ductility with the finer grain
size, not meeting the ductility requirements (ASTM A240
and ASTM A666).

Parvaresh et al. [166] imposed a macroscopic interlayer
cold deformation (similar to the pressing process) to the
AISI 347 stainless steel DED-arc. As in the case of hot
deformation systems [20, 113, 181], Parvaresh et al. [166]
reported an increase in material strength (cyg, from 576
to 803 MPa and oy, from 395 to 697 MPa) at the expense
of ductility (from 58 to 30%). Diao et al. [182], AISI 321
stainless steel DEDed-arc, verified that interlayer ultra-
sonic peening induced a finer y grain size, which increased
the oy (from ~ 390 to ~ 425 MPa) and did not alter ductil-
ity. Finally, although the interlayer deformation improved
the strength of stainless steel, the low ductility problem
persists, which is aggravated by the interlayer deformation.

Thus, for alloys fabricated via DED that typically meet the
strength requirements and fail in plasticity ones, interlayer
deformation can be inefficient since the grain size refine-
ment increases the work hardening exponent (Hollomon’s
equation).

Xu et al. [183] reported that the maraging steel (AISI
Grade 18Ni 250) DEDed-arc had an inadequate heat treat-
ment response, resulting in an inferior oyg (1270 MPa vs.
1720 MPa) concerning wrought material, which makes its
industrial adoption unfeasible. Posteriorly, the same research
group (Xu et al. [152]) observed that interlayer cold roll-
ing (50 and 75 kN) promoted a significant improvement in
the heat treatment response, which resulted in a substantial
increase in 6yg and oyrg (Fig. 31) concerning DEDed-arc
condition (oyrg from 1735 to 1345); however, the material
requirements (ASTM A579) were also not met. Xu et al.
[152] pointed out that the interlayer rolling induced an
intense prior austenite grain size refinement (from primary
microstructure— ~ 200 pm—to equiaxed—40 pm), enhanc-
ing the length of high-angle grain boundaries and increasing
the dislocation density, which strongly increases the atomic
mobility during solubilization heat treatment (i.e., more sol-
ute is supersaturated in the martensite matrix). In addition,
the higher dislocation density acts as precipitate nucleation
site; thus, during aging, a higher content of hardening phase
precipitated (1.4 vs. 2.2%), which explained the significant
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improvement in the heat treatment response due to the inter-
layer cold rolling.

4.4 Ni-based alloys

Ni-based superalloys (non-transformable solid-states) fabri-
cated via arc plasma DED typically did not meet the material
specification (e.g., AMS 5662 and ASTM B670 standards)
in the as-built and post-deposition heat-treated conditions,
especially the Inconel 718 (a high-responsibility alloy
used in the aerospace industry). This behavior was primar-
ily related to coarse microstructure, intense interdendritic
segregation (e.g., Nb and Mo), and deleterious eutectics
precipitation (e.g., Laves phase and MC-type carbides),
which reduced the material response to heat treatment (e.g.,
precipitation of y” and y’ phases) [156]. In this sense, Xu
et al. [89] observed (Table 4) that the interlayer cold roll-
ing can satisfactorily enhance the mechanical properties of
the Inconel 718 DEDed-arc, meeting, for the first time, the
AMS 5662 requirements. Given that the Laves phase con-
sumes the Nb and reduces the y” and y' content and that
the interlayer rolling has a low influence on solidification
conditions, the solution heat treatment (~980 °C) is not able
to increase the y” and y' content (Laves phase dissolution
temperature—1146 °C), explaining the almost similar aging
response of the DEDed and DEDed interlayer rolled samples
(321 and 391 MPa, respectively). Thus, the main difference

800 1000 1200 1400 1600 1800

oyrs [MPa]

between the rolled and unrolled DEDed-arc Inconel 718
mechanical properties rise from the grain size (1200 vs.
15.7 um; Fig. 20) strengthening mechanism. The difference
in oypg (295 MPa), 225 MPa (76%) is attributed to grain
size refinement; 70 MPa (24%) is related to improvement in
the material response to heat treatment. Therefore, the grain
size refinement of Inconel 718 DEDed was critical for the
material to meet the AMS 5662 requirements. Similar results
were posteriorly obtained by Zhang et al. [158], which veri-
fied that the rolling force (50 and 75 kN) did not influence
the quasi-static properties since the final grain size is almost
similar (26.5 and 14.7 pm, respectively).

A similar tendency (increase the rolling temperature to
improve the grain size refinement) was also observed by
Chen et al. [184] and Li et al. [87], DED + interlayer hot
rolling (Figs. 5 and 8, respectively), who obtained a finer
grain size (~25 um [184] and 8 pm [87]). Besides, Chen
et al. [184] reported that the obtained mechanical proper-
ties met the AMS 5662 standard requirements in deposi-
tion and building directions. Wang and Shi [106], DED-
laser, also pointed out better properties due to interlayer
deformation (cold ultrasonic harmer peening); besides, the
material (6yg and oyrg of 1037 and 1276 MPa, respec-
tively) met the AMS 5662 requirements. Figure 32 sum-
marizes the abovementioned works and compares them
with the material specification, where it is possible to infer
that the interlayer deformation can significantly increase

Table 4 Mechanical testing results of the DEDed-arc interlayer cold (un)rolled Inconel 718 (adapted from [89]). AD and SA correspond to as-

deposited and solution + aging heat-treated, respectively

Condition oyts [MPa] oys [MPa] Ductility [%] AMS 5662
H \%4 Average H Vv H Vv
AD Unrolled 818+13 756 £7 793+32 525+7 506+2 333+25 279+1.3 X
rolled 1082 +13 1072 +6 1078 £12 763 +8 687+1 262+2.2 26.6+1.3 X
SA Unrolled 1102+78 988+6 1056 +82 790+9 791+14 147+13 12.8+1.2 X
rolled 1348 +10 1356+ 10 1351+11 1057 +19 1035+20 15.1+£3.3 174+1.1 v
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the performance of the Inconel 718 DEDed. In addition,
the tensile properties of Inconel 718 at elevated tempera-
tures (649 °C) must also be considered for high-tempera-
ture applications, such as jet turbine blades and the nuclear
industry [157]. In this scenario, only the warm rolling
material [92, 158, 185] met the AMS 5662 requirements
despite all DED + deformation conditions also improving
the material properties concerning DED.

Zhao et al. [79] (Ni60 alloy) and Li et al. [109]
(GH3039 alloy) deposited solid-solution strengthened
Ni-based alloys and observed the effects of interlayer
hot deformation (rolling and forging, respectively) on
the hardness profile (Fig. 33). The authors pointed out a
banded hardness pattern related to the fine cellular micro-
structure close to the fusion line (peak hardness) and the
coarse columnar dendritic (lower hardness) far from the
fusion line. Using the deposition + interlayer mechanical
deformation, the hardness profile became more homoge-
neous and average hardness increase. Zhao et al. [79] and
Li et al. [109] associated the hardness increase with grain

Fig. 33 Vickers microhardness
contour maps of Ni60 alloy a
unrolled and b rolled DED-laser
(from [79])

oys [MPa]

size refinement (Hall-Petch) and higher dislocation den-
sity (Taylor hardening).

4.5 Al-based alloys

Fang et al. [101], Gu et al. [160], and Wang et al. [186]
evaluated the effect of the interlayer cold deformation (ham-
mering and rolling) on quasi-static mechanical properties of
the 2319 Al DEDed-arc (Table 5). Fang et al. [101] reported
that interlayer hammering increased the 6yg and 6yg by
50.8% and 16.0% (238.9 and 332.8 MPa, respectively) in
comparison to the un-hammered DEDed-arc in the as-built
condition, which is followed by a reduction in ductility (from
18.1 to 13%), i.e., there is a trade-off between the increase
in 6y and 6ypg and the reduction in ductility, which was
also observed by Gu et al. [160]. Further, despite the grain
refinement (~9 pm vs. 89 pm [101] and 26.7 pm and 7.7
pm [160]) induced by the reheating static recrystallization,
the authors [101, 160] reported that the grain boundary
strengthening (~5 MPa) was negligible compared to the
actual increase in material strength (~ 100 MPa). Thus, the
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Table 5 Effect of interlayer

. ; DED Deformation Condition  oyg SyTs € References
mechanical deformation on the
. [MPa]  [MPa]  [%]
2319 Al alloy DEDed quasi- Process ~ Process Temperature
static mechanical properties
Arc Hammer Cold As-built 238.9 332.8 13 [101]
— — 148.5 289.2 18.1
Arc Ultrasonic peening ~ Cold As-built 114 255 5.6 [186]
64 224.5 8.1
Arc Rolling Cold As-built 247.5 319.8 8.5 [160]
— — 133.3 261.6 18.4
Rolling Cold T62 321.2 458.1 17.0
— — 333.9 461.2 14
Wrought material 290 415 10 [197]

major strengthening (~ 95 MPa) mechanism was associated
with the Taylor hardening. However, 2319 Al alloy requires
a post-deposition heat treatment to meet the full strength
(solution + artificial aging heat treatment; T62) [187].
Gu et al. [160] reported that T62 heat-treated conditions
(unrolled and rolled) met the ASTM B 247 requirements and
no significant differences are observed among them (e.g.,
142 vs. 144 HV, respectively). This behavior arose from
the precipitation hardening (main strengthening mecha-
nism) on mechanical properties. As mentioned, the grain
size had no significant effect; also, due to the solution heat
treatment (535 °C/1.5 h), the Taylor hardening (an increase
in the dislocation density) was negligible (recovering and
static recrystallization). Therefore, the interlayer mechanical
deformation had limitation effect of age-hardened Al alloys
fabricated via DED.

Xie et al. [80], Gu et al. [159], and Liao et al. [162] evalu-
ated the behavior of the 5xxx series Al alloy (solid-solution
strengthened—not indicated post-deposition heat treatment).
Gu et al. [159] reported that the high-density dislocations
(sub-structures and low-angle grain boundaries) and the

260

240 ;
2201 L
200 s

180 P

Oys [MP2]

160 T

140 1 (a)

120

. . -0.5
Grain size, d~%° [um

]

0.10 0.15 0.20 0.25 0.30 0.35

finer grain size are the main strengthening mechanisms
of the 5087 aluminum alloy DEDed-arc + interlayer cold
rolling. Furthermore, the material strength (6yg, 6y1g, and
hardness) increased almost linearly with the rolling load,
which is related to the final grain size and work harden-
ing (Hall-Petch relation; Fig. 34a). Xie et al. [80] and Liao
et al. [162] (Fig. 34b) pointed out that the effect of interlayer
hot rolling on the 5087 aluminum alloy DEDed-arc strength
(oys and oyrg) is almost insignificant; however, an increase
in ductility (from 17 to 22%) was observed due to the finer
grain size (59 vs. 23 um) and pore closure effect [120]. As
previously mentioned, Al alloys had a high SFE energy,
which is favorable for recovery during high-temperature
deformation; thus, the deposition + hot deformation did not
show appreciable improvement in the quasi-static mechani-
cal properties of 5xxx series aluminum alloy, despite induc-
ing a fine grain size. In addition, for interlayer cold rolling,
material strength increases due to high-density dislocation, a
common mechanism of work-hardened alloys (e.g., 5xxx Al)
[188]. Therefore, considering the results of the 2xxx ([101,
160]) and 5xxx [80, 159, 162] series aluminum alloys, the

e DED-arc + hot deformation
e DED-arc

300

250 4

200

150

100

0
0.0 0.2 0.4 0.6 0.8 1.0

e T T T

Strain [%)]

Fig. 34 a Hall-Petch relationship between the yield stress and the grain size (¢~ [um™.]; adapted from [159]) and b stress—strain curve for

the aluminum alloy 5087 (hot rolled and unrolled; adapted from [80])
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interlayer mechanical deformation did not show significant
results and efficiency.

5 Summary and outlooks

The present study described the coupled deposition and
interlayer mechanical deformation systems and its effects on
the microstructure (grain refining mechanism) and mechani-
cal properties of commercial alloys typically additively
manufactured. Figure 35 depicts the main interlayer defor-
mation systems, which can be classified by the deformation
temperature (cold and hot) and the deformation type (rolling
and peening/hammering/forging). It is worth noting that roll-
ing is a unique deformation process executed under a wide
range of temperatures, as indicated by Martina et al. [169]
(cold, 25-150 °C), Zhang et al. [92, 158, 185] (warm, ~450
°C), and Zhang et al. [32] (hot, > 900 °C). Peening and ham-
mering were adopted in the vast majority of cases in cold
deformation conditions, while forging is commonly used in
a hot deformation condition [111]. The deformation tem-
perature was directly related to the interlayer deformation
system; for example, rolling can use higher loading forces
(up to 160 kN) [68], which allowed it to be used at different
temperatures (hot, warm, and cold). In addition, interlayer
rolling can deform the deposited layer without making it

DED + interlayer deformation

Cold Hot

Rolling Rolling

Peening/hammering Forging

Fig. 35 Interlayer mechanical deformation systems classification

Fig.36 Advantages and limita-
tions of cold and hot interlayer Cold
mechanical deformation I 1

unfeasible for the deposition of the subsequent layer due to
its quasi-static and unlocalized deformation behavior, i.e.,
interlayer rolling did not drastically alter the layer geom-
etry and induce defects. Peening and hammering, due to
their dynamic characteristics (high frequency and localized
energy) and local deformation [37, 107], were preferred for
cold conditions because the intense localized deformation
can induce, in hot deformation conditions, material spat-
ter, cracks, and/or drastically alter the layer surface. Forging
also had these dynamics characteristics; however, it used low
frequencies and had a high deformation zone [21], which
allowed it to be used in hot conditions.

The cold or hot interlayer mechanical deformation sys-
tems had advantages and limitations (Fig. 36) that could
hinder industrial adoption. As previously announced, cold
rolling requires higher rolling loads, demanding robust
equipment [169, 189]. Cold peening and hammering, due
to their dynamic character, do not require massive and dedi-
cated equipment, being, for instance, manually operated for
multi-pass arc-welded joints [190], which also allows their
robotization (free path planning). In addition, cold deforma-
tion systems are uncoupled to deposition; i.e., the deforma-
tion did not directly interfere with deposition parameters and
process stability (uncoupled heat source and deformation
system). Additionally, cold deformation systems, especially
rolling, have enough deformation depth, which prevents the
total melting of the deformed zone, promoting intense grain
size refinement and stress relief for typical commercial
alloys fabricated via DED processes [70]. Despite the opera-
tional advantages of cold deformation systems, productivity
can be low, especially for low-scale production, due to the
high idle time necessary for part cooling.

The hot rolling and forging occur immediately after layer
deposition (feedstock material consolidation), reducing idle
time (part cooling) and increasing productivity. However,
hot deformation is coupled with deposition, which restricts
the deposition process window and requires careful control
of melting pool size and temperature distribution (macro-
scopically expressed by the heat source-deformation tool dis-
tance) [78]. In addition, given the drop in material strength
in high temperatures, the loading force of hot deformation

Hot

systems Limitations

Advantages

Limitations Advantages

High loading force

Uncoupled heat source
and deformation system

Restrict temperature
control

Low loading force

Robust equipment
(rolling)

Deep deformed zone

Coupled heat source
and deformation

Simpler equipment

Lower productivity

Suitable for most of the
commercial alloys

Low deformed zone
(< 1.5 mm)

Higher productivity
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is considerably less than cold deformation, requiring less
robust equipment [87, 88]. However, because of the inferior
loading forces, its deformed zone depth tends to be less than
that of cold deformation. Figure 36 summarizes the main
limitations and advantages of the deposition coupled with
hot and cold interlayer mechanical deformation.

From the materials point of view, the cold deformation
system (especially rolling) showed impressive results for
commercial 3D printed alloys, meeting the material speci-
fications and promoting quasi-state mechanical properties
comparable to traditional thermo-mechanically processed
materials (e.g., wrought material). This improvement in
mechanical properties was attributed mainly to finer grain
size (comparable to wrought) and better heat treatment
response. The hot deformation system also showed an appre-
ciable grain size refinement effect and improved mechanical
properties; however, for high SFE alloys (e.g., Al-based), its
effect was almost insignificant [159, 162]. The cold and hot
deformation systems also had different grain size refinement
mechanisms for each alloy type namely transformable and
non-transformable solid-state alloys. The cold deformation
systems induced an intense and deep deformation on the
layer surface, which drove the static recrystallization during
the reheating thermal cycles (subsequent layer deposition).
Thus, given that the recrystallization temperature is inferior
to the melting temperature, the new and refined grains can
also act as nucleation sites during solidification (like the
substrate), which prevent the epitaxial grain growth through-
out several layers and refine the microstructure [149]. For
hot interlayer deformation, the grain size refinement occurs
during (in situ) the deformation (dynamic recrystalliza-
tion), which must be superior to penetration to induce a
finer solidification microstructure. In addition, cold and
hot deformation systems can cause, during post-deposition
heat treatment and reheating thermal cycles, static recrys-
tallization (grain refinement) since the deformed zone still
has stored strain energy [87]. This double grain refinement
is especially interesting for alloys that undergo mandatory
post-deposition heat treatment, such as non-transformable
and precipitation-strengthened alloys (e.g., Inconel 718),
which showed an impressive improvement in the quasi-static
properties [152].

Despite the significant effect of the cold rolling interlayer
deformation on microstructure and quasi-static mechanical
properties, its path planning is almost limited to linear path
planning (design freedom constraints), which can prevent
its use for complex geometry parts (e.g., flanges and bosses)
[69]. However, as shown by Zhang et al. [32] and Xie et al.
[77], hot rolling interlayer deformation is more flexible
(e.g., allowing non-linear deposition) in relation to path
planning, increasing its potential applicability. The great

@ Springer

advantage of the hammer/peening/forging is their ability to
be coupled to a robot arm or CNC machine, allowing almost
unrestricted path planning and deposition strategy selection
[97]. Therefore, considering the ability to be coupled to a
robotic arm, the proven effect on the microstructure refine-
ment and the improvement in the quasi-static mechani-
cal properties, and the previous practical knowledge and
performance in arc-welding, the interlayer hammer/peen-
ing/forging processes show better industrial scalability
indicators, as indicated by Karunakaran et al. [114] and
Guptaetal. [115].

5.1 Outlooks

The interlayer (hot and cold) mechanical deformation systems
must be expanded to other commercial alloys, which also have
the problems related to coarse and oriented microstructure,
low response to heat treatment, and anisotropic behavior.
In addition, the grain size refinements’ mechanisms for the
transformable alloys must be clarified (e.g., low-alloy steels
and CuAlS alloy) [21, 31]. Furthermore, employing interlayer
deformation with other grain size refinement techniques, nota-
bly vibration-assisted methods, has the potential to achieve
a finer grain size. This approach can also mitigate residual
stress, deformation, and pore issues. However, it does intro-
duce increased process complexity, necessitating the optimiza-
tion of multiple processes. Also, forced cooling can be used to
reduce the idle time of the interlayer cold deformation system
[191]. In addition, the impact of primary microstructure (post-
solidification grain size), i.e., the DED process (e.g., GMA
and laser) and feedstock material type (wire and powder), on
the grain size refinement mechanism has not been addressed
and compared.

From an industrial adoption perspective, the deposi-
tion + interlayer deformation system reliability, reproducibil-
ity, and suitability for different deposition strategies and part
geometries must be tested, validated, and documented [161,
192, 193]. In addition to quasi-static mechanical properties
(Sect. 4), DEDed + interlayer deformed part requirements in
under operational conditions must be fulfilled (e.g., fatigue
[68, 80, 82], creep, and corrosion [194]), where the literature
available is quite scarce. Finally, the improvement of current
technology (overcome the mentioned limitations), e.g., the
development of a temperature control system that ensures a
stable hot deformation temperature and new interlayer defor-
mation variants (e.g., interlayer friction stir processing [195,
196] and interlayer laser shock peening without protective and
transparent constraining layers [120, 134]), offers promising
avenues. These innovations, drawing inspiration from estab-
lished welding and casting processes, can be adapted effec-
tively for DED.
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6 Conclusions

The present state-of-the-art literature review describes,
in detail, the coupled directed energy deposition (DED)
processes with interlayer mechanical (cold or hot) defor-
mation systems, their improvements, advantages, limita-
tions, and potential for industrial adoption. Additionally,
the grain size refinement mechanisms and interlayer defor-
mation effects on the quasi-static mechanical properties
of commercial alloys were comprehensively discussed. In
this sense, the following conclusions were drawn:

e The cold rolling system operates with the highest
loads (< 160 kN), requiring a large and rigid structure,
which restricts it to linear path planning. However, the
high-loading force confers an intense grain size refine-
ment and residual stress relief. The hot rolling systems
use lower rolling loads (~3 kN), have a higher path
planning flexibility (allowing curved trajectory), and
show similar grain size refinement.

e The hammering, peening, and forging (cold or hot)
systems are more flexible than the rolling ones, use less
robust and more adjustable equipment, and have almost
free path planning (allowing robotization). However,
the low-depth deformation zone can induce a lower
grain size refinement in relation to rolling, especially
for DED-arc (high penetration).

e The interlayer cold deformation system had uncoupled
deposition and deformation processes, allowing better
control and reproducibility. The hot deformation system
must control the distance between the heat source and
deformation tool, which restricted the process window.
e For the cold interlayer deformation, the grain size
refinement occurred by the accumulation of strain
deformation and static recrystallization during the
subsequent deposition thermal cycle and post-depo-
sition heat treatment. The interlayer hot deformation
can drive in situ dynamic recrystallization and refine
the top layer surface grains, which can also function
as nucleation sites during the solidification of the next
layer. In addition, the remaining deformed zone can also
induce static recrystallizing during post-deposition heat
treatment.

e Ti-based alloys and high-strength low-alloy steels
(solid-state transformable alloys) showed suitable
responses to deposition + interlayer mechanical defor-
mation processes with appreciable parent phases (prior
f and austenite, respectively) refinement with a non-ori-
ented primary microstructure, which resulted in almost
isotropic quasi-static mechanical properties.

e DED + (cold and hot) deformation had lesser effect
on the high stacking faults energy (SFE) alloys, where

2xxx and 5xxx series aluminum alloys did not show
significant changes in mechanical properties and micro-
structure aspects.

e Low to medium SFE alloys (e.g., AISI 316 stainless
and Inconel 718) had the best response to interlayer (cold
and hot) mechanical deformation. Arc plasma and laser
DED + interlayer cold/warm deformation increased the
Inconel 718 heat treatment response and reduced the ani-
sotropy and texture index, meeting the requirements of
the AMS 5662 standard.
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