Additive Manufacturing 66 (2023) 103476

Contents lists available at ScienceDirect = 1= k
Additive

MANUFACTURING

Additive Manufacturing

FI. SEVIER

journal homepage: www.elsevier.com/locate/addma
In situ interlayer hot forging arc-based directed energy deposition of el

Inconel® 625: process development and microstructure effects™

Francisco Werley Cipriano Farias® " Valdemar R. Duarte ", Igor Oliveira Felice *,
Joao da Cruz Payao Filho ¢, Norbert Schell 4, Emad Maawad ¢, J.A. Avila®, J.Y. Li', Y. Zhang’, T.
G. Santos ®", J.P. Oliveira ®®

& UNIDEMI, Department of Mechanical and Industrial Engineering, NOVA School of Science and Technology, NOVA University of Lisbon, 2829-516 Caparica, Portugal
b Laboratério Associado de Sistemas Inteligentes, LASI, 4800-058 Guimaraes, Portugal

¢ Program of Metallurgical and Materials Engineering, Federal University of Rio de Janeiro (UFRJ), CEP 21941-972 Rio de Janeiro, RJ, Brazil

4 Helmholtz-Zentrum Hereon, Institute of Materials Physics, Max-Planck-Str. 1, Geesthacht 21502, Germany

¢ Department of Strength of Materials and Structural Engineering, Barcelona School of Engineering (ETSEIB), Universitat Politecnica de Catalunya, Barcelona, Spain
f Herbert Gleiter Institute of Nanoscience, School of Materials Science and Engineering, Nanjing University of Science and Technology, Nanjing 210094, China

8 CENIMATi3N, Department of Materials Science, School of Science and Technology, NOVA University Lisbon, Caparica, Portugal

ARTICLE INFO ABSTRACT

Keywords: The typical as-built coarse and cube-oriented microstructure of Inconel® 625 parts fabricated via arc-based
Wire arc additive manufacturing directed energy deposition (DED) induces anisotropic mechanical behavior, reducing the potential applica-
Inconel

tions of arc-based DEDed Inconel® 625 in critical components. In this sense, the present work aimed to reduce
the grain size and texture by applying an in situ interlayer hot forging (HF) combined with post-deposition heat
treatments (PDHT). The produced samples were characterized through optical microscopy, scanning electron
microscopy coupled with electron backscatter diffraction, synchrotron X-ray diffraction, and Vickers micro-
hardness. Also, a dedicated deformation tool was designed and optimized via a finite element method model
considering the processing conditions and thermal cycle experienced by the material. It is shown that the in situ
interlayer deformation induced a thermo-mechanical-affected zone (dynamic recrystallized + remaining defor-
mation, with a height of ~ 1.2 mm) at the bead top surface, which resulted in thinner aligned grains and lower
texture index in relation to as-built DED counterpart. In addition, the effects of solution (1100 °C/ 1 h) and
stabilization (980 °C/ 1 h) PDHTs on the Inconel® 625 HF-DEDed parts were also analyzed, which promoted fine
and equiaxed static recrystallized grains without cube orientation, comparable to wrought material. Therefore,
the HF-DED process significantly refined the typical coarse and highly oriented microstructure of Ni-based su-
peralloys obtained by arc-based DED.

Hybrid process
Hot forging
Heat treatment
Equiaxed grains

1. Introduction

Directed energy deposition (DED') additive manufacturing pro-
cesses, especially arc-based ones (also known as wire arc additive
manufacturing - WAAM®), have high deposition rates (2 - 6 kg/h),
which makes them appropriate to fabricate medium to high volume
metal parts as well as for being used in repair operations [1]. Arc-based

DED systems consist of a heat source (a commercial welding machine, e.
g., gas metal arc —- GMA) that melts the feedstock material (in the form of
wire) and a movement system (e.g., a robotic arm or CNC machine) that
follows a previously optimized deposition strategy [2,3]. Arc-based DED
produces a primary part close to the final desired geometry, reducing the
material waste and post-processing time and cost (e.g., by machining
methods) [4-6]. Arc-based DED processes are especially advantageous
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for high-cost alloys and low-machinability materials (e.g., Ti- and
Ni-based alloys). In this context, Moor et al. [7] and English et al. [8]
assessed that arc-based DED could promote savings of up to 25-30 % in
the fabrication of Ni-based superalloys parts with complex geometries
(e.g., fittings, impellers, and spars for the aeronautic industry) [9] when
compared to traditional manufacturing routes (e.g., machining from a
billet) due to minimization of the buy-to-fly ratio and machining time
[10,11]. Additionally, due to the absence of dies and other dedicated
tools, arc-based DED increases the production chain flexibility and
promotes decentralization, which is especially advantageous for un-
conventional spare parts manufacturing (shorter lead times) [12].

Despite the abovementioned advantages, Ni-based superalloys parts
fabricated via arc-based DED, especially Inconel® 625 and Inconel®
718, have critical material- and process-related challenges [13,14].
Among them, it can highlight the coarse columnar grains and a highly
oriented microstructure [15-17], high distortions and residual stress
levels [18], low printability (susceptible to hot cracks) [19], poor heat
treatment response [20-23], and inferior mechanical properties (i.e.,
does not meet the ASTM B 446 — 03) and corrosion resistance (both
electrolytic and oxidation) [24-28], which can limit the full industrial
adoption of arc-based DED in the oil & gas, aeronautics, nuclear, and
naval fields for critical engineering parts owing to rigid standards re-
quirements (e.g., API 6ACRA, DNVGL-ST-F101, and AMS 5662
standards).

In this scenery, arc-based DED variants, hybrid processes, and
redesign of the feedstock material composition have been developed to
induce grain size refinement (columnar to equiaxial transition [29] or
recrystallization [30]) and reduce solidification segregation [31], which
can be achieved by the use of ultrasound vibrations [32-34], external
magnetic field [35], interlayer (cold or hot) deformation [36-38], forced
cooling systems [39], the addition of inoculants in the melt pool [40],
and increase the feedstock material alloying elements content [41].
Among these alternatives, the interlayer mechanical deformation vari-
ants stand out for simultaneously reducing the residual stress (promot-
ing local yielding), inducing grain size refinement (via dynamic and
static recrystallization mechanisms), and not altering the feedstock
material specification [42]. Deposition + interlayer deformation (roll-
ing, peening, or forging) was first employed in arc-based welding to
improve the welded joint fatigue life (relieving residual stresses) and
filler metal weldability [43-46]. However, considering the typical geo-
metric aspects associated with additive manufacturing (complex 3D
geometries and no deformation restrictions), the DED + interlayer
deformation has challenges related to higher residual stresses,
non-linear path planning, and coupled deposition and deformation pa-
rameters (i.e., avoiding the entire remelt of the deformed zone and not
induce deposition defects due to layer morphology modification). In
addition, typical commercials alloys fabricated by arc-based DED (e.g.,
Ti-6Al-4 V [47], Al series 2xxx [48], AISI 316 L stainless steel [49], and
Inconel® 718 [50]) showed adequate formability, reinforcing the po-
tential use of arc-based DED -+ interlayer deformation.

Concerning Ni-based superalloys, to the best of the authors’ knowl-
edge, only Zhao et al. [51] (laser-DED + interlayer hot rolling) and Li
et al. [52] (laser-DED + interlayer hot micro-forging) studied the
solid-solution strengthened superalloys (Ni 60 and Ni80-Cr20 alloys,
respectively) fabricated by DED + interlayer deformation. These authors
[51,52] observed that the interlayer deformation induced a finer and
less oriented microstructure, increased the microhardness, and reduced
the wear rate in relation to the deformation-free DED counterparts. For
precipitation-strengthened superalloys, only Inconel® 718 was studied.
Xu et al. [53] and Honnige et al. [18] (GMA-DED + interlayer cold
rolling), Zhang et al. [54] and Chen et al. [55] (GMA-DED -+ interlayer
hot rolling), Li et al. [36] (laser-DED + interlayer hot rolling), and Wang
et al. [56] (laser-DED + interlayer cold peening) observed that the
interlayer deformation induced a grain size similar to that of wrought
material (e.g., 8 [36], 12.7 [53], 25 ~ 30 um [54], and vs. 15 pm; both
after the homogenization heat treatment) and a low crystallographic
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texture index (< 3), improved the post-deposition heat treatment
response, and enhanced the quasi-static mechanical properties (meeting
the AMS 5662 requirements). Despite the efficient grain size refinement
and residual stress relieving due to interlayer cold or hot rolling, the low
path planning flexibility may limit its industrial scalability [57]. In
addition, both rolling, forging, and peening required a dedicated
auxiliary facility with high structural rigidity to enable material
deformation.

Recently, to overcome the path planning limitations and deposition
strategies restrictions, Duarte et al. [58] developed a GMA-DED process
coupled with an in situ coaxial hot forging mechanism, which deformed
the newly consolidated feedstock material and allowed unrestricted
changes in planar deposition directions. Furthermore, Duarte et al. [58]
reported that the in situ interlayer hot forging reduced the residual stress
and refined the microstructure of a CuAl8 alloy fabricated by GMA-DED.
Thus, considering the commonly observed coarse and highly oriented
microstructure of the Inconel® 625 fabricated by GMA-DED (both in
as-built and post-deposition heat-treated conditions) [13-28], the pre-
sent work aimed to refine the grain size and reduce the texture of the
Inconel® 625 fabricated by GMA-DED via an in situ interlayer coaxial
hot forging variant. To optimize the forging temperature, the coaxial
hammer was designed based on the thermal profile obtained through a
thermo-metallurgical finite element method (FEM) model. Inconel® 625
GMA-DEDed parts (with and without in situ interlayer hot forging) were
microstructurally characterized through optical microscopy (OM),
scanning electron microscopy (SEM) coupled with electron backscatter
diffraction (EBSD), synchrotron X-ray diffraction (SXRD) and micro-
hardness. Finally, the effect of post-deposition heat treatments (solution
and stabilization annealing) on Inconel® 625 fabricated by GMA-DED +
in situ interlayer hot forging was also evaluated.

2. Materials and methods
2.1. Materials and process description

An AWS A5.14 ERNiCrMo-3 (UNS N06625; Inconel® 625) filler
metal wire (diameter of 1.2 mm) was deposited on an ASTM A36 Q235
hot rolled carbon steel plate (80 x 10 x200 mm?) to build single-bead
10-layer walls. The arc-based DED machine consisted of a KEMPY
PRO MIG 3200 power source (gas metal arc — GMA) coupled to an in-
house developed 3-axis CNC machine [59]. Table 1 summarizes the
main deposition parameters, which were previously optimized consid-
ering the feedstock material supplier (ESAB®) guidelines. The electric
current and arc plasma voltage oscillograms were acquired with a data
acquisition system and a LEM LA 200-P current probe (sampling rate of

Table 1
Arc plasma-DED + in situ interlayer hot forging parameters.

Arc plasma-DED

Electric current® 72.1 [A]

Arc plasma voltage® 17.1 1
Wire feed speed 3.5 [m/min]
Travel speed 5.0 [mm/s]
Heat input” 209.6 [J/mm]
Idle time 90 [s]
Wire diameter 1.2 [mm]
Contact tip to work distance 10 [mm]
Shielding gas Ar (Type II; Grade C)

Shielding gas specification AWS A5.32

Shielding gas flow 15 [1/min]
Linear deposition length 100 [mm]
Layer numbers 10

Substrate preparation 1SO 8501-1

In situ interlayer hot forging

Pneumatic pressure 5 [MPa]
Frequency 8 [Hz]

# Root mean square
b Thermal efficiency (1 = 0.85) [60]
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5 kHz).

2.1.1. In situ interlayer hot forging system

The in situ interlayer hot forging system, detailed in Fig. 1, consists of
two pneumatics actuators (Festo ADN-12-10-I-P-A) positioned sym-
metrically in relation to the welding torch that pushes/pulls the moving
parts (gas nozzle and the circular crown hammer, which are mounted on
a linear bearing), which hot deformed the material immediately after
the deposition. The main in situ interlayer hot forging parameters are
the forging force (operationally expressed by the pneumatic pressure)
and the forging temperature (operationally expressed by the circular
crown hammer radius). The smaller the hammer radius, the higher the
forging temperature. For more details on the in situ interlayer hot
forging design, parameters, and equipment, see Duarte et al. [58].

2.1.2. Post-deposition heat treatments

Post-deposition heat treatments (PDHT) were performed in a furnace
with a heating rate of 20 °C/s. The soaking time was 1 h at the peak
temperature, and the cooling rate was 20 °C/s. The PDHTs (solution and
stabilization annealing) followed the Inconel® 625 specification (ASTM
B 446). The solution annealing (1100 °C/1 h) is used to promote the
Laves phase dissolution [20,60] and the homogenization of the solidi-
fication (as-built) interdendritic segregation. The stabilization annealing
(980 °C/1 h) promotes the MC-type carbide precipitation (stabiliza-
tion), preventing MgC-type carbide precipitation and alloy sensitization
[61,62]. In addition, the literature [20-22,53,63,64] highlighted that
the PDHT had a negligible effect on the grain size, grain morphology,
and crystallographic texture of Ni-based superalloys fabricated by
GMA-DED, which was related to the low driving force (dislocation
density and in-process developed deformation) for recrystallization or
significant grain boundary mobility. Thus, GMA-DEDed Ni-based su-
peralloys retain the primary solidification grain microstructure even

(a) (b)
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Gas diffuser

~
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after PDHT. In opposition, high-density energy DED processes (e.g.,
laser-based) can undergo static recrystallization during the solution
annealing due to the higher residual deformation developed during the
deposition [60,65,66]. Thus, since it is consensus that PDHT does not
promote significant grain size and grain morphology changes in
Ni-based superalloys obtained by GMA-DED and considering the present
objective (refining the grain size and reducing the texture), the stabili-
zation and solution annealing PDHTs were carried out only in the
arc-based DED -+ in situ interlayer hot forging (HF-DED) specimens.

2.1.3. Hot forging dynamic characterization

The hot forging system was dynamically characterized to assess the
forging conditions by measuring the hammer speed and deceleration,
which were used to calculate the forging force and strain rate during the
in situ interlayer hot forging. A Photron FASTCAM Mini WX50 high-
speed camera (operating at 10,000 fps and 512 x 256 pixels) with a
Nikon AF NIKKOR 28-105 mm macro lens was used. Data post-
processing was performed using a Python-based routine, where the
frames were binarized, allowing acquired the instantaneous position of
the moving parts (see Section 2.1.1).

A Fluke TI400 infrared camera (7.5-14 um wavelength) with an
acquisition rate of 9 Hz and a resolution of 320 x 240 pixels was used to
measure the forging temperature. To select the emissivity (0.76), the
infrared camera thermal cycle was previously validated with
thermocouples.

2.2. Microstructural characterization

The microstructure of the Inconel® 625 fabricated by GMA-DED was
characterized via OM (Leica DMI 5000 M) and SEM (SU3800 Hitachi).
The metallographic specimens were, in sequence, ground, polished, and
electrolytically etched (10 wt. % chromium trioxides — CroO3 — in water,
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Previous layers

_
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Fig. 1. Schematic representation of the arc-based DED + in situ interlayer hot forging: equipment (a) and process (b), and (c) location where the microstructure
characterization was performed at printed walls. HAZ corresponds to the heat-affected zone; @ and @ are the pneumatic actuators.
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5V for 20s). Fig. 1c shows the position in the samples where the
metallographic analyses were performed. The EBSD specimens followed
a metallographic procedure to that used for OM and SEM adding a final
mechanical polishing step with colloidal silica, 0.04 ym, for 2 h. EBSD
data post-processing was carried out using the open-source MTEX®
Toolbox [67]. Misorientations higher than 15° were considered
high-angle grain boundaries. The grain size was measured through the
intercept method (ASTM E 112) using a square grid [68].

2.2.1. Vickers microhardness

Vickers microhardness (Mitutoyo HM-112) profiles (straight vertical
line through the entire wall; Fig. 1b) were performed using a load of
0.3 kgf (HVy3), a dwell time of 15s, and an indentation distance of
0.5 mm, following the ISO 6507-1 standard.

2.2.2. Synchrotron X-ray diffraction

Synchrotron X-ray diffractions (SXRD) were conducted at the High
Energy Materials Science P07 beamline of PETRA III at the DESY syn-
chrotron. A wavelength of 0.14235 A (87.09 keV) was used. Rectangle
samples (10 x 20 mm?; Fi g. 1¢) with a thickness of 2 mm were used, and
the X-ray beam was focused on the middle of the samples. Before X-ray
exposure, the samples were ground and polished. A 2D Perkin Elmer
detector with a pixel size of 200 x 200 um? was used to acquire the
Debye-Scherrer diffraction rings, which were integrated along the full
azimuthal angle to acquire the typical 20 x intensity diffraction pat-
terns. SXRD beam spot size and exposure time were 1 x 1 mm? and 4 s,
respectively. The instrumental peak broadening was determined using
LaBg (calibrant powder). For more details about SXRD set-up and data
post-processing, see Rodrigues et al. [69].

2.3. GMA-DED modeling

To assess the thermal profile during deposition and estimate the ideal
hot forging stroke position, a thermo-metallurgical finite element
method (FEM) model was developed based on an Inconel® 625 10-layer
single-bead wall deposited by GMA-DED. This model was developed
using the commercial ESI Sysweld® FEM software. The actual physical
dimensions of the substrate and GMA-DEDed wall and measured depo-
sition parameters were used as model inputs. Fig. 2 depicts the model
configuration and mesh size. In addition, two k-type thermocouples,
positioned at 9 and 14 mm (red dots in Fig. 2) from the deposited bead
edge, were used to validate the simulation results experimentally.

The present model was based on the energy balance and the multi-
phase transient heat flux with a volumetric and mobile heat source
(modified Fourier equation; Eq. 1) [70,71]. T, v, k, p, cp, and Q are the
temperature, deposition velocity, thermal conductivity, density, specific
heat, and the volumetric heat source, respectively. Both the feedstock
material and substrate isotropic physical properties (k, p, and c,) were
extracted from the ESI Sysweld® material database (detailed in the

o0 «

Deposition strategy
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Supplementary material). Q was modeled using the Goldak’s
double-ellipsoidal [72]. The heat source geometrical and deposition
electric parameters (refer to Table 1) are available in the Supplementary
material. The initial (¢t = 0; Eq. 2) and boundary (Eq. 3) conditions
considered that all the activated mesh nodes were at 27°C (Ty) and the
radiation and convection flux occurred on the model surface, respec-
tively. 7, ¢, o, and h are a unitary vector perpendicular to the model
surface, the Stefan-Boltzmann constant, the gray body emissivity (0.76),
and the convective heat transfer coefficient, respectively. h was defined
as 20 Wem 2eK ! for the surfaces exposed to air and 100 Wem 2eK?
for the substrate bottom surface (simulating the heat flux to the welding
table) [73].

0 oT il T 0 oT . oT oT

o (’“a) i ("5) "% (’“a—z) to=r (E‘Va) W

T(x,y,z,t =0) =T, =27°C (2)
T oT T\ _, ., B

— <E’ @’a?>' w = ea(T Tg) +h(T —Ty) 3

It is worth noting that multi-layered single-bead DED models are
symmetric in relation to the plane formed by the deposition and built
directions. Thus, a Neuman boundary condition along the heat source
path was adopted to reduce the computational time. Also, although the
GMA-DEDed layers are arc-shaped, rectangular-shaped beads reduce the
simulation error and computational time and simplify the meshing
process [74,75]. The model mesh had 12,800 3D hexahedral elements
and 16,609 nodes. The layers were finely meshed (2 x 1.5 x 0.46 mm?,
as shown in Fig. 2) to precisely predict the temperature during the
deposition, even considering the intense thermal gradient associated
with the GMA-DED. The layers elements were simulated using the
birth-and-death technique [76], and the substrate elements were pro-
gressively coarsened from the bead edge. Furthermore, the GMA-DED
model simulation performance, documentation, and validation fol-
lowed the ISO 18166 standard recommendations.

3. Results and discussion
3.1. Crown hammer design

3.1.1. GMA-DED modeling validation

Fig. 3 compares the simulated thermal cycles with the temperature
evolution measured by thermocouples. Proper matching in both heating
and cooling thermal cycles was observed. Measured and simulated peak
temperatures in all layers are similar, with maximum relative errors of
11.6 % and 8.0 % (thermocouple at 14 mm, 1st and 2nd layers,
respectively). For other layers, the maximum relative error is around 5
%. The small difference between the simulated and measured results can
be attributed to three main sources: i) the not exact idle time (90 s)

| «— Symmetry plane

" 14 mm

9 mm
<>

10 mm

h
N layer
n layer

Fig. 2. Finite element model mesh. The red dots represent the position of thermocouples.
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Fig. 3. Thermocouple and FEM model thermal cycles obtained at a point located 9 (a-b) and 14 mm (c-d) from the bead edge.

between layers, which can induce some difference in the observed peak
temperature and a non-temporal matching; ii) intrinsic variations (~ 1 -
2 mm) of the contact to work distance during deposition, which can
increase the arc power (maintained constant in the FEM model) [77]; iii)
slight difference in physical properties (k, p, and c,) of the feedstock and
substrate materials compared to those obtained from the ESI Sysweld®
database [78]. Also, Farias et al. [73] highlighted that discrepancies
between the mesh node and the exact thermocouple positions could also
be associated with minor peak temperature differences. Despite the
differences between measured and simulated thermal cycles, the present
model proved to be suitable for accurately estimating the thermal pro-
files during GMA-DED deposition.

3.1.2. Forging hammer design

The validated thermo-metallurgical FEM model (Fig. 2 and Fig. 3)
was used to estimate the thermal profile during the deposition (Fig. 4a).
Also, according to the Scheil-Gulliver solidification model (Fig. 4b;
Thermo-Calc® software), the Inconel® 625 solidification range is from
1340 °C to 1135 °C, which was corroborated by previous experimental
data [79-81]. The sum of the melt pool (> 1340 °C) and mushy zone
(1135-1340 °C) lengths defines the minimum distance (hammer radius)
between the heat source (arc plasma) and the deformation tool. For a
smaller hammer radius, the deformation tool will strike over the melt
pool, resulting in liquid metal spattering and a poor layer surface [82].
Also, in the mushy zone, the material possesses a liquid film along the
grain boundaries (brittle temperature range) and can fracture during
localized deformation [83]. Thus, by combining  the
thermo-metallurgical FEM model and the Scheil-Gulliver solidification
data, the minimum hammer radius can be defined (19.3 mm). In addi-
tion, the forging zone (5.9 mm, as detailed in Fig. 4) was defined

considering the typical Inconel® 625 forging temperatures (900 —
1100 °C) [50,84,85]. Therefore, to ensure that the in situ interlayer hot
forging occurs within the usual Inconel® 625 forging temperature
range, the inner diameter was set to 20 mm.

Another important aspect of the hammer design is the outer diameter
(Fig. 1). Considering the hammer oscillation frequency and the torch
travel speed (detailed in Table 1), the hammer forges only 0.625 mm
(forging step, Fs) in each stroke [58], which means that the remaining
surface of the hammer (up to the outer diameter) will act over the
already forged material. Thus, the remaining hammer’s surface will
serve as a stopper since the hammer will stroke on the previously
deformed material. Therefore, the outer diameter of the hammer was set
at 25 mm to ensure that the deformation is limited by the previously
deformed material, forming an upper flat layer surface. Otherwise, if the
hammer’s outer radius were equal to the inner radius plus the forging
step, slight variations in the deposition conditions would change the
minimum forging temperature, resulting in an uneven bead surface.
Therefore, from the simulation results, the inner (20 mm) and outer
(25 mm) hammer radii were designed, as detailed in Fig. 1. In addition,
the thermography (Fig. 4c) showed that the minimum forging temper-
ature (905 °C) matched with the one estimated by the FEM model
(900 °Q), reinforcing its accuracy. It is worth mentioning that smaller
(17.5 mm; - 2.5 mm) and higher (22.5 mm; + 2.5 mm) inner radius
hammers were also tested, and the results obtained corroborated the
simulation approach methodology for the hammer design, i.e., 17.5 mm
stroked the liquid metal and 22.5 mm induces a low deformation at
layer surface.

The forging force was calculated using the principle of impulse and
momentum via high-speed camera filming. The forging force depends on
the hammer speed before contact (1 m/s) and impact time (2.7 um)
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[58]. Therefore, the average measured impact force (1917 N) applied
over the forging area (4.18 mm?) corresponds to an applied stress of
458.6 MPa. Additionally, considering the impact time and true strain
(0.11), the average strain rate was estimated (322.2 s h. Thus,
combining the dynamic hammer characterization with the Inconel® 625
flow stress curves (Fig. 5; JMatPro® software), it is possible to identify
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Fig. 5. Inconel® 625 flow stress curves (320 sh.

the forging conditions and the influence of the forging parameters on the
amount of strain promoted.

In summary, it is possible to conclude that the HF-DED forging
temperature and the deformation of the deposited layer can be adjusted
by controlling the hammer design, keeping the deposition parameters
constant. The inner radius of the hammer will determine the forging
temperature, and the outer radius will ensure the deformation unifor-
mity (stress and strain) and a flat final layer surface aspect.

3.2. In situ effect of interlayer hot forging on the microstructure

The last layer of the Inconel® 625 fabricated via arc-based DED had
the typical Ni-based superalloy as-built microstructure (Fig. 6a), which
was in good agreement with the previously observed in the literature
[13-28], i.e., this layer was composed by coarse and aligned columnar
grains almost parallel to build direction due to the nearly unidirectional
heat flux. In addition, the upper region (close to the layer surface)
possesses equiaxed dendrites due to the occurrence of the columnar to
equiaxed transition (CET), which were induced by the reduction of
thermal gradient in the melt pool [16], as described by the
Kurz-Giovanola-Trivedi model [86]. However, the length of the CET
region is smaller than the subsequent layer deposition penetration (~
1.34 mm), being observed only in the last deposited layer. The HF-DED
samples (Fig. 6b) showed a larger equiaxed zone in relation to DED (1.2
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As-built DED

kVi 4:9mm L*x400 BSE-CON

Fig. 6. Last layer (10th) upper surface microstructure: (a) DED and (b) HF-DED. The sub-figures (a.1, a.2, b.1, and b.2) correspond to red rectangles indicated in (a)
and (b). CET, PM and DRX mean to columnar to equiaxed transition, primary microstructure, and dynamic recrystallized, respectively.
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vs. 0.2 mm), which derivates from the dynamic recrystallization
induced by the in situ interlayer hot forging, i.e., the equiaxed grain zone
had different origins for the HF-DED (hot deformation) and DED (nat-
ural changes in thermal conditions). In addition, the interlayer hot
deformation is not enough to completely change the layer microstruc-
ture (bead height, ~ 2.5 mm, higher than the dynamically recrystallized
zone — 1.2 mm) so that the last deposited layer had two distinct zones:
thermo-mechanical-unaffected zone (primary microstructure without
remain deformation, PM) and thermo-mechanical-affected zone (dy-
namic recrystallized grains and deformed primary microstructure).

Fig. 7 compares the interlayer regions between DED and HF-DED
conditions. Apart from the top of each sample (Fig. 6), it was observed
that the HF-DED promoted overall finer non-aligned dendrites close to
the fusion line. However, due to the competitive grain growth in the
melt pool, the microstructure turns to be oriented away from the fusion
line, similar to that observed by Farias et al. [87] (Inconel® 625 clad-
dings deposited by powder plasma transferred arc welding) and Li et al.
[16] (Inconel® 625 parts fabricated by GMA-DED). These results suggest
that the HF-DED improves the nucleation sites density at the fusion line,
i.e., some remaining dynamic recrystallized grains (non-remelted) or
those static recrystallized (reheating thermal cycle) in the
thermo-mechanical-affected zone act as epitaxial growth sites, inter-
rupting the coarse and highly oriented grains throughout several layers
(as typically observed for the Ni-based superalloys fabricated by
arc-based DED processes) and promoting finer and less aligned dendrites
from the fusion line [56,88].

The image orientation map (EBSD data detailed in Fig. 8) corrobo-
rated the OM and SEM results (Figs. 6 and 7), showing that the DED
fusion line had continuous columnar epitaxial grains. In contrast, the
HF-DED material showed small equiaxed grains and a thinner and less
oriented microstructure compared to its DED counterpart. This latter
feature was attributed to the higher number of nucleation sites observed
at the fusion line (Figs. 7a and 8b). In addition, the static recrystalliza-
tion driving force and kinetics depend on the deformation level, peak
temperature, and time [89]. Also, considering the high penetration of
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arc plasma-DED processes and fast cooling rate, the remaining defor-
mation zone had low static recrystallization driving force and kinetics
despite undergoing a high peak temperature (just below the melting
temperature), which did not induce an intensity static recrystallization
close to fusion line for HF-DED during the reheating thermal cycles
(Fig. 8d andFigure 8e), as typically visualized in the heat-affected zone
of cold rolled plates welded [90] or interlayer cold deformed DEDed
parts [18].

The meso-texture was evaluated using the EBSD data and expressed
by the orientation distribution function (ODF; Fig. 8c and f) and pole
figures (PF; Fig. 9), which showed that the HF-DED had a less oriented
microstructure (5.4 vs. 7.6 index). However, both conditions had the
typical fusion-based processes crystallographic texture (cube compo-
nent, (<100>{100}) [53]. In addition, the HF-DED material also
showed some rotation concerning the ideal cube component (¢p; = 45°;
HF-DED, ¢ = 45° + ~ 15°), which can be related to the change of top
layer surface morphology (from the arc-shape — DED - to flat surface —
HF-DED), inducing a deeper penetration at the melt pool center (similar
to the first layer deposited at the substrate, i.e., flat surface), which tilted
the grains and promoted some rotated cube aspects, as also previously
reported by Gustafsson at al. [91] (Inconel® 625 GTA welded) and
Eghlimi et al. [92] (duplex stainless steel GTA welded).

The HF-DED lower texture index was related to the recrystallized and
equiaxed grains formed in the fusion line and the thinner aligned grains.
Therefore, considering the overall maintenance of columnar grains and
cube texture aspect, it is possible to indicate that the HF-DED slightly
influences the solidification conditions. In addition, the kernel average
misorientation (KAM; Fig. 8b, e, and g), which is directly correlated with
the geometrically necessary dislocations density [93], depicts that the
next layer deposition did not entirely annihilate the HF-DED effects,
showing a remaining thermo-mechanical-affected zone that can induce
static recrystallization during the subsequent thermal cycles and/or
post-deposition heat treatment. From KAM results, it is possible to
confirm that the equiaxed grains close to the fusion line were recrys-
tallized (KAM values below 1.5) [94]. Thus, the HF-DED induced thinner

As-built HF-DE

010KV, 5,61 -x00. BSE-COMP,

SU3800:20,0kVi4.Smm L=

Fig. 7. Comparison of interlayer microstructure on Inconel® 625: (a) HF-DED and (b) DED. FL means fusion line.
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columnar grains, reduced the texture index, and promoted a remaining
thermo-mechanical-affected zone.

The synchrotron X-ray diffraction, 2D Debye-Scherrer rings (Fig. 10),
were used to evaluate the meso/macro texture. It can be observed that
the DED material did not possess any continuous rings but rather had
spotty features, which is a clear indication of coarse grains and highly
oriented microstructure. In situ interlayer HF induced the formation of

almost continuous diffraction rings and reduced the “spotty feature”,
indicating a finer and less oriented microstructure. The 2D Debye-
Scherrer rings analysis supports the EBSD data (ODFs and PFs), i.e.,
the HF-DED has a less oriented and more refined microstructure. In
addition, the synchrotron X-ray diffraction 2D Debye-Scherrer rings
were fully integrated along the azimuthal angle (—180 to 180°) to
evaluate the diffraction pattern (26 vs. intensity) as shown in Fig. 11,
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Fig. 9. — Pole figure of the Inconel® 625 arc plasma DEDed and in situ interlayer hot forging DEDed, both in as-built condition.
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Fig. 11. Synchrotron X-ray diffractogram.

which detailed similar diffraction patterns for both DED and HF-DED.
The main observed differences were related to peak intensity, where
the HF-DED material showed (111) and (011) y diffraction peaks with
higher intensity (i.e., less oriented) in relation to DED.
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According to the experimental solidification model of DuPont et al.
[95,96], the Nb-bearing Ni-based superalloys (e.g., Inconel® 625) so-
lidification initiates with the formation of y and the elemental segre-
gation, especially of Mo, Nb, and C, to the interdendritic liquid. This is
followed by the first eutectic reaction (L — y + MC-type carbide),
consuming C, and finishes with the second eutectic reaction (L —
v + Laves). These results were in good agreement with the simulated
solidification sequence (previously shown in Fig. 4b), where both
MC-type carbides and Laves phase was confirmed by the synchrotron
X-ray diffraction (Fig. 11). In addition, Inconel® 625 Scheil-Gulliver
solidification simulation predicted the formation of 8. Also, as Van
et al. [97] reported, the multiple thermal cycles can induce the
solid-state precipitation of §. As reported by Oh et al. [98] using
high-speed in situ synchrotron X-ray diffraction, ¢ and n phases have not
been observed experimentally. This indicates that although these phases
are thermodynamically predicted under a solid/liquid local equilibrium
condition (Scheil-Gulliver model), the thermal conditions (fast colling
rate) during DED suppress their formation. Thus, given the
non-significant effect of the in situ interlayer HF variant on solidification
conditions concerning the conventional DED [38,58,59], similar
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constituents (as shown in Fig. 11), and the maintenance of cube texture
component, the main differences between the HF-DED and DED pro-
cessed materials were related to the remaining
thermomechanical-affected zone (Fig. 8c) and the KAM distribution,
with high dislocation density in the HF-DED part.

The Vickers microhardness profile (Fig. 12) shows that the HF-DED
material had a higher hardness than its DED counterpart. Close to the
top bead surface (10th layer), the localized deformation and finer grain
size due to dynamic recrystallization induce a significant hardness in-
crease; however, due to the remelting and multiple thermal cycles, the
hardness drops from the last layer surface to the substrate direction. The
conventional DED material also has a higher hardness in the last layer
surface, which was attributed to previously observed CET fine grains
(Fig. 6). Throughout the whole part, the HF-DED had a higher hardness
than DED, which is related to the remaining deformation (as identified
in the KAM map of Fig. 8).

The Inconel® 625 is a solid-solution strengthened Ni-base alloy;
thus, considering the non-significant effect of HF-DED on the solidifi-
cation conditions and phase presents and the Zhang et al. [68] results
(solid solution strengthening mechanism did not change for different
Inconel® 718 laser powder bed fused conditions), it can be stated that
the solid solution strengthening mechanism was similar for both DED
and HF-DED conditions. Also, according to Gao et al. [99] and Li et al.
[16], the Taylor strengthening (dislocation density) is preponderant in
relation to grain boundary strengthening (Hall-Petch relationship) for
Inconel® 625, which explains the hardness difference of ~ 60 HVj 3 in
the last layer. Given the higher KAM (Fig. 8c; Taylor strengthening) and
thin aligned and recrystallized interlayer grains (i.e., finer grain size), a
similar analysis can be extended to the remaining part, explaining the
higher hardness of HF-DED samples compared to the DED material.

Correlating the hardness profile (Fig. 12) with the HF-DED micro-
structure (Fig. 6b), it is possible to estimate the total length (~ 2.1 mm)
of the thermo-mechanical-affected zone (dynamically recrystallized
grains — ~ 1.2 mm - and deformed primary microstructure — ~ 0.9 mm),
which is higher than the subsequent layer penetration (~ 1.34 mm).
Thus, the HF-DED microstructure showed, at the top layer (10th;
Fig. 6b), a dynamic recrystallization zone, which is remelted (Fig. 7a),
remaining the deformed primary microstructure between the layers
(confirmed by the KAM map - Fig. 8e) and some recrystallized grains
that originated during the thermal cycles (Fig. 4a). Therefore, the HF-
DED produced a deformed microstructure, which can have a potential
grain size refinement during annealing heat treatments (see Section 3.3),
as observed at cold worked low/medium stacking-fault energy welded
materials [100].

3.3. Insitu interlayer hot forging effect on post-deposition heat treatment
response

Given the remaining thermomechanical-affected zone expressed by
the KAM distribution (Fig. 8) and the higher hardness of HF-DED
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condition, the in situ interlayer hot forging can have two distinct grain
size refinement mechanisms: in situ (via dynamic recrystallization) and
post-process (static recrystallization — during reheating thermal cycles
and/or PDHT) [18,36,53-56]. Thus, considering that the in situ grain
size refinement was not efficient (completely remelted) to significantly
alter the grain morphology and the main crystallographic cube texture
(Fig. 8), the present work also sought to improve the grain size refine-
ment via static recrystallization of  the remaining
thermo-mechanical-affected zone using post-deposition heat treatments
(solution and stabilization annealing). HF-DED (980 °C/1 h) and
HF-DED (1100 °C/1 h) conditions are denominated as HF-DED-980 and
HF-DED-1100, respectively.

Fig. 13 details that the HF-DED-980 material had a significant grain
size refinement in relation to as-built DED (61 vs. 375 um; Fig. 14).
However, some aligned non-recrystallized grains persisted. Moreover,
the HF-DED-1100 showed a fully equiaxed (recrystallized grains)
microstructure with a grain size comparable to wrought material and
other arc plasma-DED -+ interlayer deformation processes (Fig. 14).
These results proved that the double grain size refinement mechanisms
could occur in Inconel® 625 HF-DEDed, i.e., (i) thin columnar grains
and some equiaxed grains can form at the fusion line due to the dynamic
recrystallization and (ii) equiaxed grains due to the static recrystalliza-
tion of the thermomechanical-affected zone during PDHT. Additionally,
DED material (typical columnar microstructure; Fig. 13a) had aligned
grains (average aspect ratio > 3); PDHT reduced the aligned grains
content and promoted equiaxed ones (1 < aspect ratio < 2). Besides, the
HF-DED-1100 material had a better heat treatment response than the
HF-DED-980 one, which can be related to its higher peak temperature
that increased the static recrystallization kinetics and allowed less
deformed zones (regions far away from the fusion line) also underwent
static recrystallization [89]. In addition, despite the HF-DED-980 ma-
terial possessing a low texture index (Fig. 8), the solution annealing
(HF-DED-1100) eliminated the casting/welding/additive
manufacturing typical cube texture (Fig. 13).

Similar to the as-built conditions (DED and HF-DED), the synchro-
tron X-ray diffraction data (Fig. 15a) did not significantly differ between
the HF-DED-980 and HF-DED-1100. However, the intensity of the main
y peaks ({111} and {100}) had a low difference, which is a clear indi-
cation of a low cube texture, reinforcing the ODF results (Fig. 13). Also,
the KAM distribution (Fig. 15b) indicated that HF-DED-980 had a
slightly higher remaining dislocation density (higher median local
misorientation), which can be related to the low temperature and time
(stabilization annealing — 980 °C/ 1 h) to complete the static recrystal-
lization process. These results matched the hardness profile, which, even
considering the HF-DED-1100 finer grain size, reveals that the Taylor
strengthening mechanism was preponderant, resulting in a higher (~ 15
HVj 3) hardness of the HF-DED-980 concerning the HF-DED-1100 ma-
terial. Moreover, comparing the HF-DED-1100 and HF-DED-980 with
their DED counterpart (Fig. 16 and Fig. 12, respectively), it is possible to
indicate that despite the significant grain size reduction (observed in
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Fig. 12. - Vickers microhardness (HVy 3) profiles of the DED and HF-DED materials.
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Fig. 13. Electron backscatter diffraction (EBSD) analysis of Inconel® 625 performed at interlayer region: (a) orientation image map (OIM) and (b) orientation
distribution function (ODF; ¢, = 45°) in DEDed condition; (c) OIM and (d) ODF in HF-DED-980 condition; (e¢) OIM and (f) ODF in HF-DED-1100 condition. The EBSD

data were acquired in the interlayer region, following the Fig. 1c.

Fig. 14), the KAM median of HF-DED-1100 and HF-DED-980 is lower
(0.82 and 0.89; Fig. 8c) than that in the DED material (1.19; Fig. 15b),
which can explain the DED higher hardness compared to HF-DED-1100
and HF-DED-980 conditions. Therefore, Taylor strengthening mecha-
nism (dislocation density) is superior to the grain boundary for Inconel
625 fabricated via arc plasma DED. The heat treatment reduced the
dislocation density and grain size (static recrystallization; Fig. 13). Thus,

12

a concurrent effect occurred: hardness decreases due to the lower
dislocation density and increases owing to the smaller grain size.
However, among these mechanisms, the dislocation density is prepon-
derant; thus, despite the finer grain size after the heat treatment, the
hardness of HF-DED-1100 and HF-DED-980 conditions is lower con-
cerning the as-built DED and HF-DED conditions.
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4. Conclusions

The present work evaluated the effect of the in situ interlayer hot
forging (HF) on the grain size, grain morphology, and crystallographic
texture of the Inconel® 625 fabricated via gas metal arc direct energy
deposition (DED). Initially, the deformation tool (a circular crown
hammer) was designed based on a thermo-metallurgical experimentally
validated FEM model. The as-built DED had a typical microstructure
(coarse and cube-aligned grains); the HF-DED induced a thermo-
mechanical-affected zone (due to dynamic recrystallization) and pro-
moted finer and non-aligned dendrites and some equiaxed grains close
to the interlayer fusion line. However, the as-built HF-DED had a low
overall effect on the grain size and crystallographic texture. Post-
deposition heat treatments (980 °C / 1 h and 1100 °C/ 1 h, following



F.W.C. Farias et al.

the ASTM B 446 standard) drove static recrystallization on the thermo-
mechanical-affected zone, which promoted a significant change in grain
size (from 375 to 30 pm) and grain morphology (majority of equiaxed
grain with aspect ratio < 2), eliminating the typical cube texture of Ni-
based superalloys additively manufactured. The solution annealing heat
treatment (1100 °C/ 1 h) had a more profound effect on the grain size
refinement. Therefore, the DED + in situ interlayer hot forging grain size
refinement was mainly related to the thermo-mechanical-affected zone
static recrystallization during post-deposition heat treatment. In
conclusion, DED + in situ interlayer hot forging proved to be a suitable
alternative to overcome the coarse and oriented microstructure
commonly observed in the Ni-based superalloys obtained by arc plasma-
DED.
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