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A B S T R A C T

Ni-based superalloys fabricated by arc-based directed energy deposition (DED) typically exhibit a non-optimized 
microstructure, characterized by coarse and oriented columnar grains, which limits their performance and in
dustrial applications. In this context, microstructure refinement techniques previously applied to arc-based 
welding have been tested in additive manufacturing, highlighting interlayer mechanical deformation methods 
(e.g., rolling and peening). The present work describes the grain size refinement mechanism of in situ interlayer 
hot forging (HF) and evaluates its effect on the elevated-temperature tensile behavior of Inconel 718 fabricated 
via DED (IN718 DED). HF induced a dynamically recrystallized zone (~1 mm) on the top layer surface and a 
deformed zone (~0.5 mm) immediately beneath it, which was not completely remelted by the subsequent layer 
deposition, thereby generating recrystallized grains during subsequent multiple thermal cycles. During the ho
mogenization heat treatment, the remaining deformed region recrystallized, generating a finer grain size and an 
almost equiaxed microstructure. HF also improves the yield strength at elevated-temperatures and induces an 
almost isotropic behavior. For the first time, enabling the IN718 DED to meet the grain size, elongation, and 
elevated-temperature yield strength requirements (AMS 5662).

1. Introduction

Parts fabricated via fusion-based metal additive manufacturing (AM) 
processes, e.g., directed energy deposition (DED), typically exhibit a 
coarse and oriented microstructure, a tendency especially notable for Ni- 
based superalloys and austenitic stainless steels (no solid-state allotropic 
transformations) [1–8]. These microstructure aspects can hinder the use 
of parts fabricated via DED (e.g., welding-based) in critical applications, 
as the grain size and mechanical properties requirements are usually not 
met (e.g., AMS 5662) [9]. Such a non-optimized microstructure arises 

from thermal conditions during solidification [10,11], where a localized 
heat source induces an intense thermal gradient in the melt pool, 
inhibiting the columnar-to-equiaxed transition [12,13]. Additionally, 
epitaxial grain growth is promoted by the layer-by-layer printing strat
egy and almost unidirectional heat flux, leading to a coarse and highly 
oriented primary microstructure [14].

In high-energy density AM processes (e.g., laser powder bed fusion, 
L-PBF), the coarse and oriented microstructure issues observed in Ni- 
based superalloys can be partially mitigated through the mandatory 
post-deposition heat treatments (PDHT), which can promote static 
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recrystallization [15,16]. Otherwise, this straightforward solution usu
ally does not apply to low-density energy AM processes, e.g., gas metal 
arc-based DED, where notorious grain boundary migration is not typi
cally observed during PDHT [2,9,17–24]. For the specific case of Inconel 
718 (a precipitation-strengthened Ni-based superalloy) fabricated via 
arc-based DED, another process limitation is its high susceptibility to hot 
cracking (solidification and liquation) [3,25–28]. As a result, controlling 
the microstructure by optimizing deposition parameters becomes 
restricted due to the narrow process window. Therefore, it is a challenge 
to achieve a fine and non-oriented microstructure and meet the rigid 
materials requirements (e.g., AMS 5662) for Ni-based superalloy fabri
cated by arc-based DED (e.g., Inconel 718) [24].

Methodologies previously developed for welding/casting to refine 
the microstructure have also been tested in arc-based DED, which 
include inoculants [29–32], interlayer mechanical deformation (IMD) 
[5,20,33–36], and thermal management [37,38]. IMD stands out 
because it does not alter the feedstock material composition, can be 
applied to all weldable materials, and promotes a refined microstructure 
[34,39–41]. IMD systems can be categorized based on temperature (hot 
or cold) and type of deformation (quasi-static – rolling – and dynamic 
–hammering/forging/peening) [20]. Among these, cold/warm/hot 
rolling and cold peening were applied to Inconel 718 fabricated by DED 
(laser- and arc-based) [19,42–44]. Arc-based DED + interlayer warm 
rolling [19] effectively refined the Inconel 718 primary microstructure, 
leading to significant improvements in elevated-temperature tensile 
strength in relation to conditions without interlayer rolling. However, 
quasi-static IMD presents a limited path planning flexibility (lower 
curvature radius trajectories), which contradicts the additive 
manufacturing process principle. In contrast, dynamic IMD can be in
tegrated with the DED printer [40,45], overcoming the aforementioned 
limitation. In relation to dynamic IMD processes, the prototype devel
oped by Duarte et al. [40,46] (in situ interlayer hot forging, HF) is 
particularly noteworthy. It utilizes a co-axial deformation/deposition 
tool to deposit and simultaneously forge the freshly deposited material 
(i.e., hot deformation), thereby minimizing the path planning re
strictions associated with interlayer rolling (robust and rigid equipment) 
and peening/hammering (dedicated deformation unit). In addition, hot 
deformation reduces the idle time (part cooling) compared to cold 
deformation IMD processes, which enhances the process efficiency [37].

Due to the different deformation modes and operational tempera
tures, the grain size refinement mechanism promoted by IMD and its 
effect on the mechanical behavior of printed parts have not been fully 
elucidated, particularly for Ni-based superalloys fabricated by DED [39,
42,43,47–50]. In this regard, the present work aims to: (i) describe the 
grain size refinement promoted by in situ interlayer hot forging (HF) and 
(ii) evaluate the effects of HF on microstructure and 
elevated-temperature tensile behavior of Inconel 718 fabricated by 
arc-based DED (IN718 DED). To achieve these objectives, this study 
compares the microstructure and mechanical properties of IN718 DED 

with and without the application of HF.

2. Materials and methods

2.1. Part printing

The present work used an in-house developed directed energy 
deposition (DED) 3D printer combined with in situ interlayer hot forging 
(HF-DED) prototype (Fig. 1), which consists of a gas metal arc welding 
machine power source (CITOWAVE III 520) assembled in a 3-axis CNC 
machine [40,46]. The HF system comprises a moving part (shielding gas 
nozzle) driven by two pneumatic actuators that move following a linear 
guideway/bearing system. The forging tool design was previously 
optimized (20 mm) [39], considering the forging temperature range of 
Ni-based superalloys (900–1100 ◦C) [51]. Single-bead multi-layer parts, 
7 × 30 × 120 mm3, were fabricated (DED and HF-DED) using the 
deposition parameters summarized in Table 1. Table 2 depicts the 
feedstock material composition. A detailed description of the develop
ment of the deposition parameters can be found in the Supplementary 
Material.

2.2. Post-deposition heat treatment

Sequentially, the samples underwent the PDHT depicted in Fig. 2a. 
This heat treatment was previously developed for IN718 DED, consid
ering a long soaking time to induce a notorious dissolution of the sec
ondary phases and promote a high volume fraction of hardening phases 
(γ ′ and γ ′′ precipitates). For more details, refer to our previous work [8,
9].

Fig. 1. – (a) In situ interlayer hot forging (HF) system and (b) schematic representation of the effect of HF during part printing. ① and ② are the pneumatic actuators.

Table 1 
– Inconel 718 fabricated by arc-based DED deposition parameters.

Arc-based DED

Arc plasma currenta 137 [A]
Arc plasma tensiona 17 [V]
Wire feed speed 4 [m/min]
Travel speed 5 [mm/s]
Heat inputb 373 [J/mm]
Interlayer temperature 150 [◦C]
Contact-tip-to-work distance 12 [mm]
Shielding gas I3-ArHe-25
Shielding gas specification AWS A5.32
Shielding gas flow 15 [l/min]
Substrate preparation ISO 8501-1
In situ interlayer hot forging
Pneumatic pressure 5 [MPa]
Frequency 8 [Hz]

a Root mean square (RMS).
b Thermal efficiency (η = 0.8), BS EN 1011-1.
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2.3. Microstructure characterization

Optical microscopy and electron scanning microscopy (SEM) sam
ples were prepared using the metallographic method (ground and pol
ished). The microstructure was revealed using electrolytic etching (10 
wt% oxalic acid – HO2C− CO2H – in water, 6 V for 25 s). Electron 
backscatter diffraction (EBSD) samples followed the same sequence, 
with an additional polishing step in a VibroMet® (SiO2, 0.04 μm, 6 h). 
SEM and EBSD analyses were conducted (Fig. 2b) using a field emission 
gun scanning electron microscope equipped with a high-velocity EBSD 
camera (EDAX® Velocity). The step size, voltage, and tilt angle used in 
EBSD analyses were 1 μm, 20 kV, and 70◦, respectively. Data post- 
processing was performed using the MTEX-Toolbox [52].

In situ synchrotron X-ray diffraction (SXRD, PETRA III/DESY, Fig. 2c) 
was used to assess the microstructure evolution during the homogeni
zation step of the PDHT (Fig. 2a). The analyses were performed in 
transmission mode with a wavelength of 0.14235 Å. Data post- 
processing (2D Debbye-Scherrer diffraction rings integration) was car
ried out using FIT2D [53] and an in-house developed Python-based 
routine [54]. For details on the experimental setup and data 
post-processing methodology, refer to our previous work [5].

2.4. Mechanical testing

2.4.1. Vickers microhardness
Vickers microhardness test was performed with a load of 0.3 kgf 

(HV0.3) and a dwell time of 15 s. The procedure was conducted using a 
Mitutoyo HM-112 digital microhardness tester, following ISO 6507–1.

2.4.2. Tensile test at elevated-temperature (650 ◦C)
Tensile testing at 650 ◦C was performed to evaluate the effect of HF 

on the mechanical properties of IN718 DED. To the best of the author’s 
knowledge, only two studies [2,19] have reported the 
elevated-temperature tensile behavior of IN718 DED (transferred 
plasma arc [2] and gas metal arc [19]). Furthermore, the cited works 
demonstrated inferior performance compared to the wrought material, 
highlighting a critical challenge for the industrial scalability of IN718 
DED. This limitation is significant, especially considering the rigid AMS 
5662 requirements for Inconel 718 used in the aviation industry (e.g., 
turbine blades, discs, seals, rings, and casings).

Before the tensile tests, the specimens underwent a full PDHT (ho
mogenization + aging, as shown in Fig. 2a). Tests were conducted using 
an Instron 8562 machine equipped with a 100 kN load cell, a contact 
extensometer, and a strain rate of ~ 5.0⋅10− 4 s− 1. The specimens 
(Fig. 2c) were extracted along the building (vertical) and deposition 
(horizontal) directions. These specimens were machined from heat- 
treated printed parts using electric discharge machining, and their 
final dimensions were achieved through turning, followed by low-stress 
mechanical polishing of the gauge length zone. The data were analyzed 
and reported in accordance with the ASTM E8 and E21 standards. 
Furthermore, two specimens were evaluated for each condition.

3. Results

3.1. Effect of in situ interlayer hot forging on grain size

The IN718 DED showed (Fig. 3) the typical microstructure of Ni- 

Table 2 
– Feedstock material (filler metal) chemical composition (% weight). Solid wire (⌀ 1.2 mm) supplied by voestalpine Böhler (3Dprint AM 718).

Ni Cr Fe Nb Mo Ti Al C Mn Si P S

Measured 52.52 17.41 20.23 5.25 2.98 0.98 0.45 0.05 0.04 0.08 0.002 0.001
AWS A5.14 50–55 17–21 Bal. 4.75–5.5 2.8–3.3 0.65–1.15 0.2–0.8 0.08 0.35 0.35 0.015 0.015
AMS 5383 0.4–0.8
API 6ACRA 4.87–5.2 0.80–1.15 0.4–0.6 0.045 0.35 0.35 0.01 0.01

Fig. 2. – (a) Post-deposition heat treatment, (b) the position where the microstructure characterization analyses were conducted, and (c) the tensile test specimens 
and their orientation.
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based superalloys fabricated via arc-based DED [2–4,17–23,55], char
acterized by aligned and coarse columnar grains. Additionally, in the 
last moments of solidification (close to the top layer surface, Fig. 2b), a 
change in the solidification mode from columnar to equiaxial [10] is 
verified. According to Li et al. [12], as the solidification front advances 
(from the fusion line to the layer top surface), the reduction of the 
thermal gradient at the melting pool can promote the 
columnar-to-equiaxed transition [13]. However, Fig. 4a shows that the 
subsequently deposited layers (intermediate layer in Fig. 2b) completely 
remelted the columnar-to-equiaxed zone and promoted the epaxial grain 
growth, resulting in coarse columnar grains crossing several layers 
(millimetric-sized). Therefore, IN718 DED exhibits a non-optimized 
microstructure, failing to meet the material grain size requirements 
(Fig. 4c). Furthermore, it is worth noting that the coarse and oriented 
microstructure typically observed in IN718 DED persists even after 
prolonged soaking time and high peak temperature PDHT (Fig. 2a). In 
other words, adjusting the IN718 DED (gas metal arc) microstructure via 
PDHT is almost unfeasible.

The in situ interlayer hot forging (HF-DED) promoted the formation 
of a finer grain size zone on the top layer surface, which was larger than 
the columnar-to-equiaxed zone observed in conventionally fabricated 
DED parts (~0.5 vs. ~ 1 mm). This finer grain size zone is associated 
with a dynamic recrystallization effect induced by the imposed hot 

deformation [39]. Furthermore, after the heat treatment (HF-DED-HT), 
the refined grain size zone expands, attributed to post-dynamic recrys
tallization [57,58] and evidenced by the presence of multiple annealing 
twins (Fig. 1S, Supplementary Material). Therefore, the region that 
underwent deformation (storage energy) and did not experience dy
namic recrystallization can subsequently recrystallize during the PDHT. 
This statement is corroborated by comparing the intragranular misori
entation (Fig. 3) observed in the DED and HF-DED conditions for a 
columnar grain located immediately below the columnar-to-equiaxed 
transition region and the dynamically recrystallized grain region, 
respectively. DED exhibits the typical low intragranular misorientation 
of as-solidified materials (maximum misorientation of approximately 
1◦), which is associated with the solidification shrinkage and thermal 
deformation [59]. In contrast, HF-DED induced a pronounced intra
granular misorientation that tends to stabilize as the depth in the sample 
increases, i.e., HF induced an intragranular deformation gradient, as also 
previously reported for interlayer rolling and peening [43,60]. Addi
tionally, the depth at which the misorientation stabilizes (~0.5 mm) and 
the length of the dynamically recrystallized zone (~1 mm) have a 
similar extension to the overall recrystallized zone after the PDHT (~1.5 
mm).

HF-DED-HT exhibits intense static recrystallization, characterized by 
the majority (72 %) of grains with a shape factor lower than 3 (i.e., 

Fig. 3. – Comparison of the effect of interlayer hot forging on the microstructure of the top layer surface of Inconel 718 fabricated via arc-based DED: (a) without HF, 
(b) with HF, (c) with HF and HT, (d) the standard orientation triangle (color map) and sample orientation reference, (e) and (f) isolated grains located just posterior 
to the refined grain size zone in (a) and (b), respectively, and (g) intragranular misorientation from (e) and (f). Points A and B indicate the start and end points, 
respectively. The distance in (g) was normalized relative to the building direction. (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.)
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almost equiaxed microstructure, refer to Fig. 2S), lower GOS (<1◦, 
Fig. 4b), and the presence of annealing twins (Fig. 4a). Moreover, as the 
size of the deformed zone (~1.5 mm) is smaller than the layer thickness 
(~2 mm), achieving a fully recrystallized microstructure is not feasible, 
leading to the presence of some columnar grains, i.e., the portion of the 
deposited layer that undergoes plastic deformation will recrystallize, 
whereas the remaining portion (under elastic loading) will not. How
ever, these columnar grains were partially consumed by the grain 
growth of the statically recrystallized grains. Furthermore, HF-DED-HT 
exhibited a finer microstructure than DED and HF-DED, meeting the 
material grain size requirements (Fig. 4c).

Fig. 4c compares the system (deposition unit + interlayer mechanical 

deformation) applied to DED processes (ASTM F3187), since they are 
not typically applied to powder bed fusion (PBF) processes due to the 
fast cooling rate (finer microstructure) and susceptibility to static 
recrystallization during post-deposition heat treatment (solving the 
coarse and oriented microstructure problem) [15,16]. Among the DED 
processes, as summarized by Farias et al. [33], hot interlayer deforma
tion systems can be divided into rolling (quasi-static) and for
ging/peening (dynamic). The latter generally produces only a shallow 
deformation depth, which occurs due to two main aspects: (i) vibration 
induced by the impact, which demands robust equipment (robot arm or 
CNC machine); (ii) material fracture caused by localized and intense 
impact deformation. Therefore, due to the shallow deformation depth 

Fig. 4. – (a) Effect of interlayer hot forging on the microstructure of Inconel 718 fabricated via arc-based DED (color code and axis references are the same as in 
Fig. 3), (b) grain orientation spread distribution, and (c) the grain size measurement and its comparison with the literature. The EBSD analyses were performed at the 
printed part’s central region, as indicated in Fig. 2b. The cited references are [20,42–44,47,56]. The dotted line in (a) for HF-DED represents the ribbon of 
recrystallized grains. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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and lower applied load (~3 kN [39] vs. 160 kN [67]), forging/peening 
systems typically achieve a lower grain size refinement effect compared 
to rolling. Consequently, HF exhibited a shallower deformed zone, 
leading to incomplete recrystallization of the deposited layer (Fig. 4), 
whereas interlayer rolling can induce static recrystallization throughout 
the part [47,48]. On the other hand, rolling systems limit deposition 
path planning, which contradicts the additive manufacturing philoso
phy of printing complex-shaped parts, restricting their application to 
linear parts (walls) or geometries with large curvature radii. HF pos
sesses a greater flexibility and almost unrestricted path planning, which 
is associated with the co-axial crown hammer (Fig. 1). Regarding dy
namic IDM systems, HF showed similar performance, as observed when 
comparing the present results with Hönnige et al. [45] (arc-based DED 
+ cold peening) and Wang and Shi (laser-based DED + cold peening) 
[43]. These results further demonstrate the design success of HF and its 
ability to modify the microstructure of Inconel 718 parts fabricated via 
arc-based DED, without restricting path planning flexibility.

A highly oriented microstructure is another critical issue related to 
Ni-based alloys fabricated via arc-based DED, which can compromise 
material performance and induce highly anisotropic behavior [51,68,
69]. The pole figures and 3D orientation distribution functions (Fig. 5) 
show that the IN718 DED exhibited a cube texture ({200}<100>), 
which is associated with the easy growth direction for face-centered 
cubic materials (<100>) and the epitaxial grain growth phenomenon 
[12–14]. HF-DED promoted some grain size refinement (Fig. 4a), which 
reduces its texture index compared to the DED counterpart. However, a 
cube texture aspect persists due to the presence of coarse columnar 
grains. The homogenization PDHT led to significant static recrystalli
zation throughout the microstructure (Fig. 4), resulting in a 
non-oriented microstructure (Fig. 5). Therefore, HF can address two 
critical points related to additively manufactured Ni-based superalloys: 
(i) reducing the grain size through dynamic/static recrystallization and 
(ii) promoting a non-oriented microstructure.

From a materials processing perspective, as the IMD systems alter the 
microstructure of the deposited layers through their top surface, there is 

a clear relationship between grain size refinement efficiency and depo
sition parameters (the bead penetration). To significantly affect the 
microstructure, the penetration must be less than the IMD-affected zone 
(length equal to the stabilization of the intragranular misorientation).

3.2. Microstructure

3.2.1. As-built condition
Fig. 6 summarizes the as-built microstructure of Inconel 718 fabri

cated via arc plasma DED for conditions without (DED) and with in situ 
interlayer hot forging (HF-DED). IN718 DED showed columnar den
drites aligned with the building rection, which are in accordance with 
EBSD analysis (Fig. 4a). Otherwise, HF-DED presented a finer grain size 
with non-oriented dendrites, which was expressed by the non-aligned 
interdendritic precipitates. These results showed clear evidence of 
HF’s effects on microstructure, supporting the EBSD analysis (Fig. 4b). 
Despite the HF effect on grain size, HF did not alter significantly the 
solidification conditions (solidification rate and thermal gradient) [46], 
which was supported by the similar secondary dendrite arm space (a 
function of cooling rate [70]) between DED and HF-DED (~12.99 vs. 
12.93 μm, respectively). Thus, the interdendritic precipitates observed 
for DED and HF-DED tend to be similar since the cooling rate and alloy 
composition were not altered. Based on morphological and chemical 
aspects (Figs. 7 and 8), the interdendritic precipitates are distinguished 
in MC-type carbides and Laves phases. These analyses are also corrob
orated by the SXRD data and the Scheil-Gulliver solidification curve 
(Fig. 9). In addition, due to the needle-like aspect, δ phase was also 
identified (Fig. 7), which is related to the multiple thermal cycles 
observed during part printing [71]. The MC-type carbides, (Ti,Nb)C, 
showed a shell-core aspect, where a higher Ti content characterizes the 
core, while the shell showed a higher Nb content (Fig. 8), a similar 
morphology was previously reported for Nb-bearing Ni-based superal
loys (additive manufacturing and welding) [72–74]. Furthermore, the 
observed secondary phases (Laves, MC-type carbides, and δ phase) for 
the as-built conditions (DED and HF-DED) followed the results obtained 

Fig. 5. – Comparison of the effect of in situ interlayer hot forging on the texture aspect of the Inconel 718 fabricated via arc-based DED. The pole figures and 3D 
orientation distribution functions were estimated using EBSD data (Fig. 4).
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by Oh et al. [75] (in situ SXRD during laser-DED of IN718) and those 
predicted by the experimental solidification models (Knorovsky et al. 
[76] and DuPont et al. [77]). Therefore, based on scanning electron 
microscopy results, it is possible to indicate that the main effect of HF on 
the microstructure aspect of the IN718 DED was related to the grain size 
and dendrite orientation.

3.2.2. Heat-treated condition
After the homogenization step of the heat treatment schedule 

(Fig. 10), a significant difference in microstructure can be observed 
between DED and HF-DED, particularly in the grain size and grain 
morphology. The HF-DED condition resulted in an almost equiaxed 
grain structure, whereas the DED counterpart maintained a columnar 
and oriented grain structure. In addition, the long-chain Laves and δ 
phase typically observed in as-built condition (Fig. 7) had their 
morphology significantly altered (Laves – partial dissolution from long- 
chain to dotted aspect – and δ – total dissolution, Fig. 11). Furthermore, 
according to Ruan et al. [78], some primary MC-type carbides (yellow 
circles in Fig. 10) can pin the grain boundary migration (grain growth) 
during the heat treatment, which can contribute to controlling the final 

grain size for HF-DED (Fig. 4). The scanning electron microscopy results 
(Fig. 10) demonstrated that the IN718 DED (gas metal arc) grain size and 
stereology are almost insensitive to the PDHT. Otherwise, HF coupled 
with the PDHT induces significant changes in grain size and morpho
logical aspects, promoting a fine and non-oriented microstructure.

3.3. Mechanical properties

3.3.1. Microhardness
The Vickers microhardness profile was measured to evaluate the 

effect of the in situ interlayer hot forging onthe mechanical behavior at 
room temperature of the Inconel 718 fabricated via arc plasma DED 
(Fig. 12a). For the as-built condition, HF-DED increased (~30 HV) the 
material hardness compared to DED. Moreover, it is possible to verify 
that the peaks and valleys in the microhardness profile of HF-DED and 
DED are out of phase (minimum of HF-DED equaling the maximum of 
DED), which evidences the remaining deformation (dislocation density 
strengthening) and corroborates the misorientation profile (Fig. 3).

During part printing (DED condition), regions near the fusion line 
exhibit finer dendrites (higher cooling rate), which coarsen as the 

Fig. 6. – Microstructure of the Inconel 718 fabricated via arc plasma DED: condition without (DED) and with in situ interlayer hot forging (HF-DED). The red and 
yellow arrows indicate the MC-type carbides and Laves phase, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to 
the Web version of this article.)
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solidification front progresses [79]. In practical terms (refer to sche
matic representation in Fig. 13), if hardness indentation occurs close to 
the fusion line, it is expected to be higher (finer microstructure) 
compared to measurements taken near the top layer surface (coarse 
microstructure). Thus, hardness peaks and valleys occur throughout the 
hardness profile due to distinct ‘hard’ and ‘soft’ regions in each layer. In 
contrast, for the HF-DED condition, the ‘soft’ region corresponds to the 
area near the fusion line, unaffected by mechanical deformation (fine 
dendrites and misorientation stabilization, Fig. 4), while the deformed 
region (top layer surface) becomes harder (dislocation density 
strengthening). As a result, an out-of-phase pattern emerges in the 
hardness. As previously demonstrated (Fig. 4), the remaining deforma
tion, namely, the intragranular misorientation (Fig. 3), which is 
macroscopically expressed as an increase in hardness, serves as the 
driving force for static recrystallization during the heat treatment 

(homogenization step).
In relation to heat-treated conditions (Fig. 12b), no significant dif

ference was observed between DED and HF-DED. This result was ex
pected, as the grain boundary (Hall-Petch relation) and dislocation 
density (Bailey-Hirsh’s relation) strengthening have the least hardening 
contribution for Inconel 718 at the heat-treated state (precipitation- 
strengthened alloy), as previously computed by Farias et al. [8,9] 
(1100 ◦C/2 h + aging), Zhang et al. [80] (1150 ◦C/1.5 h + aging), and 
Sui et al. [81] (1040 ◦C/45 min + aging) for additively manufactured 
IN718. Compared to the available literature (Fig. 12c), the present work 
exhibited similar hardness to wrought and PBF materials and met the 
AMS 5662 hardness requirement (331 Brinell hardness, converted to 
346 HV using ASTM E140). When comparing the present results to those 
reported for IN718 DED (different heat treatment conditions), a higher 
hardness was observed, reinforcing the validity of the designed PDHT 

Fig. 7. – Scanning electron microscopy and Energy-dispersive X-ray spectroscopy of the interdendritic region.

Fig. 8. – High magnificence scanning electron microscopy and Energy-dispersive X-ray spectroscopy on interdendritic precipitate.
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[9]. Furthermore, compared to Zhang et al. [19] (450 HV) and Xu et al. 
[42] (443 HV), who also employed interlayer mechanical deformation 
(warm and cold rolling, respectively), the present results exhibit a 
similar magnitude (Fig. 12c). These findings emphasize the effectiveness 
of HF in altering the non-optimized microstructure of the IN718 DED 
and enhancing the material’s performance.

3.3.2. Elevated-temperature tensile testing
Fig. 14 depicts the elevated-temperature tensile testing results, 

where both conditions (DED and HF-DED) exhibited the typical strain- 
stress curve characteristic of ductile materials, meeting the elongation 
requirements specified in AMS 5662. Additionally, IN718 DED accom
plished the yield strength (YS) requirement (AMS 5662) for the vertical 
direction, while IN718 HF-DED was able to meet the YS requirements for 
both directions (vertical and horizontal). To the best of the authors’ 

Fig. 9. – (a) Synchrotron X-ray diffraction and (b) Schiel-Gulliver solidification model (Thermo-calc® and TCNI12 database) of the Inconel 718 fabricated via arc 
plasma DED.

Fig. 10. – Effect of post-deposition heat treatment (1100 ◦C/2 h + aging) on the microstructure of Inconel 718 fabricated via DED and HF-DED.
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knowledge, this is the first report of IN718 DED simultaneously meeting 
the elongation and YS requirements at elevated-temperature. Previ
ously, Zhang et al. [19] (IN718 DED + interlayer warm rolling) 
demonstrated that the strength requirements could be met at the 
expense of ductility. Additionally, HF-DED exhibited an almost isotropic 
YS, which was primarily associated with its non-oriented microstructure 
and almost equiaxed grains (Fig. 5).

Comparing the present results with those reported in the literature, 
the present results (particularly HF-DED) demonstrate improvements in 
relation to Seow et al. [2] (plasma transferred arc DED) and Zhang et al. 
[19] (gas metal arc DED). Seow et al. [2], using a higher temperature 
heat treatment (1186 ◦C/0.66 h + aging), promoted undesirable sec
ondary grain growth, jeopardizing the material’s performance. Other
wise, Zhang et al. [19] used a lower solution heat treatment temperature 
(970 ◦C/1 h + aging), promoting insufficient Laves dissolution and the 
δ-phase precipitation, resulting in low elongation and YS. In relation to 
laser-based AM processes (laser-DED [84] and laser-PBF [86]) with 

higher temperature heat treatments (1050 ◦C/0.75 h + aging and 
1093 ◦C/1 h + aging, respectively), the HF-DED shows inferior perfor
mance. This behavior is expected since laser-based PBF exhibited a finer 
grain size than DED and HF-DED, as well as the fast cooling rate induces 
a finer solidification microstructure (cellular vs. coarse dendrites) and 
segregation pattern, which produces homogeneous chemical composi
tion (after heat treatment) and hardening phases distribution. However, 
for low temperature heat-treated PBF (980 ◦C/1 h + aging), the HF-DED 
and DED results were equivalent to laser-PBF [87] and electron beam 
PBF [85]. It is important to note that PBF and DED, although both AM 
processes, belong to different classes. Therefore, a direct comparison is 
intended only to provide a general perspective on the mechanical 
properties at elevated-temperatures and on the improvements induced 
by HF-DED, rather than to compare different classes of AM processes 
directly.

Fig. 11. – (a) and (b) Partial dissolution of Laves phases due to post-deposition heat treatment. The Laves phase in as-built condition (Fig. 9) exhibited a long-chain 
aspect. After post-deposition heat treatment, it is partially dissolved.

Fig. 12. – Vicker microhardness profile (HV0.3) of the Inconel 718 fabricated via arc plasma DED with and without Interlayer hot forging: (a) as-built, (b) heat- 
treated, and (c) comparison with the literature data. The cited works are, in sequence, wrought, cast, and PBF [82], Xu et al. [42], Kindermann et al. [3], Seow 
et al. [2], Zhang et al. [19], Wang et al. [83].
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4. Discussion

4.1. Grain size refinement mechanism

Considering that Inconel 718 is a low/medium stacking fault energy 
alloy, among the restoration phenomena (e.g., recovery and recrystal
lization), recrystallization is favored due to the large separation between 
partial Shockley dislocations [61]. This makes dislocation constriction, 
cross-slip, annihilation, and cell formation (recovery) more difficult. On 
the other hand, it promotes high-angle grain boundary migration 
(recrystallization), as evidenced by the change in grain size and shape on 
the top layer surface (EBSD data, Fig. 3). In addition, the rapid defor
mation (deformation stroke at a strain rate of 300 s− 1 [46]) results in a 
high Zener–Hollomon parameter, which also favor dynamic recrystal
lization over recovery. Therefore, despite the complex correlation be
tween thermal aspects (cooling cycles) and the deformation gradient, 
where both cooling rate and deformation rate decrease as distance in
crease from top layer surface and fusion line, it can be inferred from the 
abovementioned evidence (stacking fault energy, grain size, and 
morphology) that the main restoration mechanism active during in situ 
interlayer hot forging was recrystallization (dynamic and static).

In relation to static recrystallization (post-deposition heat treat
ment), the deformation gradient (dislocation density), evidenced by the 
misorientation gradient (Fig. 3g), influences the static nucleation rate 
and consequently the grain size. Regions with higher misorientation (i. 
e., higher dislocation density) exhibit a faster nucleation rate [62]. 
Consequently, regions close to the fusion zone, which present higher 

misorientation, tend to develop a finer grain size due to the larger 
number of nuclei formed. In contrast, regions farther from the fusion 
zone tend to exhibit a coarser grain size, as clearly demonstrated in 
Fig. 3c and 4a.

Analyzing the effect of the subsequently deposited layers on the HF- 
DED (Fig. 4a), it is possible to observe a small ribbon of recrystallized 
grains (dotted black lines), which are almost equiaxed and have a grain 
spread orientation (GOS, Fig. 4b) less than 1◦ [63]. These recrystallized 
grains either remained (i.e., did not melt) from the previously deposited 
layer (dynamically recrystallized) or recrystallized during the multiple 
reheating thermal cycles. The differentiation between them can be evi
denced by the presence of columnar grains with similar orientation both 
before and after the ribbon of recrystallized grains. Thus, these new 
grains did not participate in the subsequent deposited layer solidifica
tion and were nucleated during the multiple reheating thermal cycles 
(refer to the schematic representation – Fig. 15). Additionally, away 
from the layer’s center, a distinct orientation is observed before and 
after the ribbon of recrystallized grains, i.e., these grains persist (not 
totally remelted) after the subsequent layer deposition, acting as an 
almost non-oriented substrate. The presence or absence of remaining 
dynamically recrystallized grains can be directly correlated with the 
finger-type penetration aspect of gas metal arc-based DED (Fig. 15) [64]. 
Thus, the region far away from the layer center (non-completely 
remelted) tends to have a finer microstructure than in the layer center, 
as reported by Gao et al. [65] (arc-based DED + interlayer incremental 
forming). The grain size refinement mechanism observed for IN718 
HF-DED closely resembles that reported by Wang and Shi [43] (Inconel 

Fig. 13. – Correlation between the microstructure and hardness profile of Inconel 718 fabricated via DED and HF-DED at as-built condition.
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Fig. 14. – Elevated-temperature (650 ◦C) tensile test of the Inconel 718 fabricated via arc plasma DED: (a) tensile-strain curve, (b) tensile properties results, and (c) 
comparison with the literature. The references cited are Seow et al. [2], Zhang et al. [19], Sui et al. [84], Sun et al. [85], Teng et al. [86], and Trosch et al. [87].

Fig. 15. – Schematic representation of the grain size refinement of the in situ interlayer hot forging for alloys that did not undergo allotropic solid-state phase 
transformation.
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718 laser-DED + interlayer cold ultrasonic peening). However, it differs 
in that the deformed zone is incompletely melted due to the lower 
penetration of laser-DED compared to arc-based DED. Furthermore, it is 
worth mentioning that the columnar grain width in the HF-DED was 
lower than that of the DED, which can be attributed to the melting pool 
vibration induced by the hot forging strokes (dynamic loading) and the 
consequent restriction of lateral growth during solidification [40,50,
66].

In situ SXRD (Fig. 16) reveals that the IN718 DED experienced non- 
significant changes during PDHT (also reported by EBSD data, 

Fig. 3S), as evidenced by the smooth alterations in the 2D Debye- 
Scherrer diffraction rings (Fig. 16b) and full width at half maximum 
(FWHM, Fig. 16c). Moreover, it is noteworthy that 2D Debye-Scherrer 
diffraction rings exhibited a dotted pattern [14], which serves as volu
metric evidence of the coarse microstructure of IN718 DED. These re
sults are also corroborated by tracking the {200} diffraction peak 
intensity (Fig. 16c), i.e., the grain size and texture aspects of IN718 DED 
are almost insensitive to PDHT, which is consistent with existing liter
ature [2–4,8,17–24,55] and EBSD data (Fig. 3S, Supplementary Mate
rial). HF-DED showed a notable decrease in FWHM during PDHT 

Fig. 16. – In situ synchrotron X-ray diffraction data. (a) The diffractograms evolution with the time, (b) examples of 2D Debye-Scherrer diffraction rings alteration 
with the time, and (c) full width at half maximum (FWHM) and peak intensity evolution of the {111} and {200} diffraction peaks, respectively.
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(Fig. 16c), which is linked to restoration phenomena (recovery and 
recrystallization) [61]. Moreover, for medium/low stacking fault energy 
materials (e.g., Inconel 718) [88], the main restoration phenomena are 
typically attributed to recrystallization, as evidenced by Fig. 4. At 
approximately 1500 s (Fig. 16c), an intense reduction in FWHM is 
observed, which was correlated with a decrease in microstrain due to 
recrystallization [89–91]. Subsequently (3200–4000 s), the slight in
crease in FWHM is associated with an increase in grain number; finally 
(4000–7200 s), the slight reduction in FWHM can be related to grain 
growth (both a reduction in microstrain and grain number). In addition, 
the intensity of the {200} diffraction peak continually decreased for 
HF-DED, indicating that static recrystallization and grain growth sub
stantially modified the primary microstructure during PDHT. In situ 
SXRD results support the previously presented ex situ evidence (Figs. 3 
and 4) used to describe the grain size refinement mechanism induced by 
in situ interlayer hot forging.

4.2. Elevated-temperature tensile behavior

The strengthening mechanisms observed in Inconel 718, particularly 
those associated with age hardening (γ′ and γ″ precipitates), are depen
dent on loading orientation and crystallographic texture [81,92–96], 
which can be rationalized by the Taylor factor [97]. Cube texturized 
materials (such as IN718 DED, Fig. 5) exhibited a lower Taylor factor [9,
98] compared to non-oriented materials [9], which is also observed in 
the present work when comparing DED and HF-DED (Fig. 4S – Supple
mentary Material). Farias et al. [8], Liang et al. [99], and Sazerat et al. 
[100] demonstrated that, due to the columnar grain structures typically 
observed in additively manufactured Ni-based superalloys, the plane 
transverse to the building direction exhibits a less oriented microstruc
ture (higher Taylor factor) compared to the plane parallel to the building 
direction. Consequently, the horizontal specimens (cross-section paral
lel to the building direction) tend to have lower strength than the ver
tical specimens due to the softer nature of the cube-textured material 
(lower Taylor factor) [2,9,97]. In addition to crystallographic aspects, at 
elevated-temperatures, the grain cores become stronger than the grain 
boundary regions [101], where deformation tends to concentrate. This 
means that a larger grain boundary area can reduce the material’s 
performance at elevated-temperatures, especially the elongation and 
consequently the ultimate tensile strength – UTS. Therefore, HF-DED 
can have dual effects: (i) refining the grain size and inducing a 
non-oriented microstructure (i.e., strengthening the material) and (ii) 
increasing the grain boundary length (i.e., reducing material perfor
mance) [101].

In the DED condition, since the horizontal specimens are perpen
dicular to the columnar grains (refer to Fig. 17), plastic deformation 
tends to initiate and concentrate at the grain boundaries, resulting in 

lower elongation than the vertical specimens, which in consequence 
resulted in a lower UTS. In the vertical specimens, both the grain core 
and grain boundaries underwent the same loading (an iso-stress state), 
which leads to a homogeneous deformation in both regions and a 
consequent increase in the elongation and UTS. Therefore, the observed 
anisotropic behavior for DED (elongation, YS, and UTS) and the superior 
performance of vertical specimens can be explained based on the crys
tallographic texture (Taylor factor, i.e., YS and UTS) and grain stereol
ogy (columnar grains, i.e., elongation and UTS). Unlike DED, the HF- 
DED induced an almost non-oriented microstructure (Fig. 5), charac
terized by a banded structure composed of recrystallized grains and 
remaining primary columnar grains (Figs. 3 and 4). Thus, due to the 
formation of the ribbon of the recrystallized grains (Fig. 4), vertical 
specimens experienced heterogeneous elastic strain, as Young’s 
modulus depends on crystallographic orientation [102]. This tends to 
concentrate deformation in regions with a lower Young’s modulus 
(remaining primary grains, refer to Fig. 17), inducing a lower YS 
compared to DED. Additionally, the higher grain boundary density 
(finer grain size) reduces ductility and, consequently, lowers the UTS of 
vertical specimens compared to conventional DED. Regarding horizon
tal specimens, HF-DED enhances elongation, YS, and UTS compared to 
DED. The improvement in material’s performance can be directly 
associated with the finer and less oriented microstructure (Figs. 4 and 5), 
which enhances material strength (strengthening mechanisms depend 
on crystallographic texture [81,92–96]) and reduces deformation con
centration in the remaining columnar grains (i.e., deformation is most 
homogeneous). Therefore, HF-DED was able to simultaneously elimi
nate the YS anisotropy and induce a material strength similar to that 
observed for the Inconel 718 fabricated by several additive 
manufacturing processes (e.g., DED and PBF), while also meeting the 
AMS 5662 elongation requirement.

The fractography of horizontal specimens (Fig. 18) revealed a clear 
ductile fracture mode aspect (DED and HF-DED), reinforcing the 
observed tensile-strain curves and the higher elongation (Fig. 14). DED 
conditions showed the typical fractography of Ni-based superalloys 
fabricated by fusion-based additive manufacturing and welding [2,4,19,
26,44,84], where the dimples tends to nucleate in the incoherent 
interface between the Laves phase and the matrix (γ), creating the ‘so
lidification’ (dendritic) pattern aspect on the fracture surface (refer to 
yellow arrows in Fig. 18). On the other hand, the grain size refinement 
and non-aligned Laves phase (Fig. 7) induced by HF-DED altered the 
fracture surface, resulting in a mix of oriented and non-oriented dimple 
patterns (primary columnar and recrystallized grains, respectively). 
About the vertical specimens, no significant difference was observed 
between the DED and HF-DED (Fig. 5S, Supplementary Material), both 
of which exhibited a ductile fracture aspect (nucleation and coalescence 
of microvoids, presumably from remaining undissolved Laves particles).

4.3. Considerations and practical implications of in situ interlayer hot 
forging

As previously reported [33], the introduction of interlayer mechan
ical deformation makes the DED system more complex and costly, which 
can put the HF-DED industrial use and scalability into question, espe
cially due to it does not deliver significant gains in overall mechanical 
properties. However, considering the HF-DED’s capacity to induce an 
isotropic material, the cost-performance trade-off may justified in spe
cific scenarios, especially for applications in structural components 
subjected to multi-axial loading, complex stress states (structural service 
condition), or cyclic loading [103,104]. In addition, another potential 
application of HF-DED is in repair operations. Farias et al. [105] sum
marized that, although DED has often been considered suitable for 
repair, its coarse microstructure can result in a ‘softer’ repaired region 
compared with the harder base material. This issue is particularly crit
ical for age-hardened alloys (e.g., Inconel 718), where high-temperature 
heat treatments (dissolve interdendritic eutectics) cannot be applied 

Fig. 17. – Schematic representation of the loading direction and the micro
structure aspects.
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without compromising the integrity of the base material [106]. Another 
interesting application of HF-DED lies in its ability to tune the micro
structure locally. By alternating between HF-DED and conventional 
DED, it is possible to generate regions with finer, non-oriented grains 
alongside regions with coarser, oriented grains. The capability to locally 
tune the microstructure cannot be achieved solely by controlling depo
sition parameters in non-transformable alloys, due to the high pene
tration and broad thermal distribution characteristic of arc-based DED 
processes.

As demonstrated along the present work, HF-DED is able to signifi
cantly alter the grain size, grain morphology, and crystallography 
texture of IN718 DED (Figs. 3–5) through the combined effect of 
remaining deformation (induced by HF) and static recrystallization 
(post-deposition heat treatment), which eliminates the materials prop
erties dependent on loading direction and allows to IN718 DED to meet 
the grain size requirements (AMS 5662). In other words, HF-DED pro
motes a finer grain size material with isotropic tensile properties 
(Fig. 14). Additionally, when comparing HF-DED and DED in a perfor
mance perspective, the HF-DED (horizontal direction) improves the 
strength properties (especially YS and UTS) in relation to DED; other
wise, for vertical direction, strength properties were slightly reduced, 
which is attributed to the generation of a duplex microstructure (fine 
grains and remaining primary grains, Fig. 17). However, it is worth 
mentioning that the IN718 DED did not meet the YS requirement (AMS 
5662) for both directions, which is only achieved through the HF-DED, 
even when compared with the previous literature (Fig. 14c).

One critical point to highlight in relation to HF-DED is the correlation 
between the deformation depth (dynamic recrystallized zone +

deformed zone), penetration, and layer thickness. As represented in 
Fig. 15, if the penetration is deeper than the deformation induced by HF, 
its entire effect will be erased. Thus, HF restricts the DED process win
dow, where low penetration parameters are recommended. Otherwise, 
when the penetration is inferior to the deformation depth, the remaining 
deformation zone (i.e., that which was not fully remelted) will undergo a 
double grain size refinement (deposition of subsequent layers and post- 
deposition heat treatment). However, this refined grain region is smaller 
than the original layer thickness, where remnant and partially recrys
tallized columnar grains persist. Thus, considering the dynamic aspect of 
the HF and its limitation in inducing high depth deformation without a 
layer malformation, promoting a fully recrystallized layer becomes a 
challenge. In relation to thick parts (multi-layer multi-bead), Duarte 
[107] demonstrates that HF-DED can print them without inducing ge
ometry and path planning limitations.

Therefore, the use of HF-DED can be justified by its ability to 

promote a fine and non-oriented microstructure, resulting in isotropic 
tensile behavior. These aspects are particularly important for Ni-based 
superalloys (e.g., Inconel 718), which typically exhibit a coarse and 
oriented microstructure and are used in critical conditions (e.g., strin
gent material requirements). In this regard, in situ interlayer hot forging 
emerges as an alternative to improve the microstructural aspects of non- 
transformable alloys [105]. However, in applications where the com
bination of adequate performance and a refined microstructure does not 
justify the increased system complexity and production costs, the use of 
HF-DED is not advisable.

5. Conclusions

The present work evaluated the effect of the in situ interlayer hot 
forging (HF) on the microstructure and mechanical properties at 
elevated-temperatures of the Inconel 718 fabricated by arc-based 
directed energy deposition (DED). The grain size refinement mecha
nism of HF-DED was carefully described. The first mechanism is 
attributed to the dynamically recrystallized zone generated by localized 
deformation at the top surface of the just-deposited layer. This localized 
deformation also induces a non-recrystallized zone (remaining defor
mation), which can subsequently experience recrystallization during 
reheating thermal cycles and/or post-deposition heat treatments. This 
significantly altered the grain size (from columnar to equiaxed, meeting 
the AMS 5662 requirement) and crystallographic texture (from cube 
texture to almost non-oriented). Furthermore, IN718 HF-DED exhibited 
almost isotropic behavior during the elevated-temperature tensile test 
and met the elongation and yield strength requirements of AMS 5662. 
These results underscore the effectiveness of dynamic interlayer defor
mation systems in refining grain size and improving the performance of 
parts fabricated via arc-based DED.
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