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Haynes® 282, a nickel-based superalloy, is renowned for its exceptional strength, thermal stability, and resis-
tance to oxidation and creep. While directed energy deposition arc-based additive manufacturing of this alloy has
been explored, the formation of large columnar grains and high texture leading to anisotropy and suboptimal
mechanical performance remains a significant challenge. This study introduces an interlayer in-situ mechanical
deformation approach, known as hot forging, to address these issues. The hot forging process, applied at high
temperatures, aims to refine grain structure, reduce porosity, and enhance mechanical properties. The dynamic
analysis of the process using a high-speed camera imaging allowed to calculate a forging force exceeding 1000 N.
Two single-bead multi-layered walls were fabricated, one with hot forging and one without. Results demon-
strated a 22 % reduction in porosity upon hot forging. Electron backscatter diffraction analysis indicated that the
hot forged sample has less texture, and the average grain size decreased from 1746 to 1262 pm and from 1053 to
696 pum in the top and middle wall regions, respectively. Synchrotron X-ray diffraction revealed a small variation
in phase composition and confirmed that hot forging promotes refined grain structures with less texture. The
ultimate tensile strength in the horizontal direction improved by 8 % with hot forging, while elongation
decreased by 30 %. Electrical conductivity and microhardness measurements were similar for both processes.
The findings confirm the efficacy of in-situ hot forging in enhancing microstructure and mechanical performance,
highlighting its potential for high-cost and low-machinability materials in arc-based additive manufacturing.

technology, and involves multiple pass depositions using established
welding techniques, which makes the initial setup straightforward due
to equipment low costs and versatility [3-5]. Nonetheless, the process

1. Introduction

Arc-based additive manufacturing (AM) is intricately connected to

Industry 4.0 due to its reliance on advanced technologies which are
fundamental to the fourth industrial revolution. Recognized as a supe-
rior rapid prototyping method for producing near-net-shape and com-
plex geometries with higher material efficiency and lower production
time [1], several key points underscore the relationship between this
process and Industry 4.0, namely automation and robotics, Internet of
Things (IoT), advanced materials processing, and reduction of material
losses [2]. Arc-based Directed Energy Deposition (DED) is an AM
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faces challenges related to material’s applicability (as some materials
exhibit low weldability) and the thermal nature of the process
(sequential thermal cycles and significant heat accumulation) that re-
sults in anisotropic metallurgical, electrical, and mechanical properties,
among other complexities [6-9].

Strategies and advancements have been developed to enhance
thermal management in arc-based DED processes, addressing issues such
as heat accumulation, thermal stresses, and resultant anisotropic
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properties. Key approaches include the control of heat input through the
adjustment of welding parameters (such as wire feed speed, current,
voltage, and travel speed) [10,11], interpass cooling (implementing
controlled cooling periods between deposition passes) [12], active
cooling techniques (utilizing external cooling systems) [6], thermal
modeling and simulation, and real-time temperature monitoring [13,
14]. Effective thermal management is critical in arc-based additive
manufacturing, as it significantly influences the formation and growth of
columnar grains. By adjusting the thermal history, it is possible to
control the microstructure and improve the mechanical properties of the
produced components [15].

In addition to thermal control, mechanical deformation applied
during or after the deposition process has shown promise in refining
columnar grains and transitioning them toward equiaxed structures
[16]. For example, techniques such as rolling or peening nucleation sites
and breaking down the elongated grain structure. In-process rolling
applied to each layer could significantly reduce the p grain size in
Ti-6Al-4V alloys with minimal deformation [17]. McAndrew et al. [18]
demonstrated that using rollers with large radius increases the recrys-
tallized area extent, resulting in a more uniform grain size, while higher
loads further enhance post-rolling refinement. Marinelli et al. [19]
observed that random texture formation after rolling a tantalum linear
structure led to isotropic mechanical properties, as the deformed layer
undergoes recrystallization during subsequent deposition, developing
new strain-free equiaxed grains. Hammer peening has also proven
effective for grain refinement and texture reduction in relatively thick
sections, particularly in Ti-6Al-4V alloys, where even minimal plastic
deformations improve mechanical properties [20,21]. Ultrasonic impact
treatment involves applying high-frequency ultrasonic vibrations to the
deposited layers, causing localized plastic deformation. This technique
can refine the microstructure by breaking up columnar grains and
encouraging equiaxed grain growth. It has been effective for stainless
steels, nickel-based alloys, and aluminum alloys, significantly reducing
porosity in the latter [22-24]. Post-deposition forging at high temper-
atures can also reduce columnar grain structures by promoting recrys-
tallization and grain growth into more equiaxed forms. During
mechanical deformation, particularly at elevated temperatures, dy-
namic recrystallization can occur, leading to the formation of new,
strain-free grains within the deformed microstructure, thus transforming
columnar grains into finer, equiaxed grains. This process also disrupts
the continuity of columnar grain boundaries, creating high-angle grain
boundaries that act as nucleation sites for new grains [25]. Furthermore,
post-heat treatments or the heat from subsequent deposited layers can
induce static recrystallization in arc-based AM, where new grains form
without external stress. This further refines the grain structure and re-
duces the prevalence of columnar grains [26].

In the context of discontinuous hot deformation, Xu et al. [27] uti-
lized a compact high-dynamic actuator as an integrated hammering
power source, enabling the generation of substantial hammering force at
relatively high frequencies. This technique effectively minimized
shrinking holes and closed pores, while enhancing microhardness and
compressive yield strength. Ma et al. [28] introduced a compound arc
and vibration shock forging-rolling (CAVSFR) method, which reduced
the average grain size of low carbon steels from 9.6 pm (using conven-
tional arc-based AM) to 6.4 pm. The grain refinement was attributed to
the combined effects of static-force rolling, vibration-shock forging, and
micro self-forging within the molten pool. Fu et al. [29] explored the hot
deformation behavior of TC4-DT titanium alloy fabricated via wire and
arc additive manufacturing (WAAM) with in-situ forging. This approach
facilitated the formation of macrostructures comprising fully equiaxed
prior-p grains, while preserving isotropy in mechanical properties. Also,
for Ti-based alloys, Maurya et al. [30] employed a hybrid method
combining WAAM with a single-step hot forging process. The resulting
microstructures revealed an instability region at high strain rates and
lower temperatures, associated with flow localization and lamellae
kinking. Conversely, high-efficiency and stable regions were linked to
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dynamic recrystallization within the temperature range of 900-950 °C
at strain rates below 1 s~ 1. Forged samples at 920 °C and strains of 0.6,
0.8, and 0.9 exhibited superior strength, elongation, and reduced texture
compared to as-received and stress-relieved samples. An innovative
in-situ forging adapted torch system was developed for arc-based AM
using a crown hammer to promote grain refinement and pore collapse,
featuring a system with path freedom that minimizes the distance be-
tween the hammer actuator and the wire, thereby simplifying the sys-
tem’s volume and complexity [31-34]. This technology proved effective
for various materials, enhancing mechanical properties and reducing
anisotropy. However, a significant challenge remains in adjusting the
distance between the hammer actuator and the wire, as different ma-
terial compositions and welding conditions result in varying molten pool
dynamics and thermomechanical behaviors.

Haynes® 282, a high-performance nickel-based superalloy, has not
yet been tested in additive manufacturing (AM) using the in-situ hot
forging mechanism. This alloy is known for its exceptional weldability
and fabricability, surpassing other wrought alloys with comparable
creep strength. Despite its high strength at temperatures up to 900 °C,
Haynes® 282 demonstrates remarkable formability, fabricability, and
forgeability. Its superior weldability, compared to other y-strengthened
alloys, is attributed to its enhanced resistance to strain-age cracking,
making it a prime candidate for advanced ultra-supercritical steam ap-
plications, including turbines and other critical components [35]. Cur-
rent research has shown that Haynes® 282 exhibits excellent resistance
to solidification cracking, outperforming the commonly welded 718
alloy. Furthermore, the alloy demonstrates superior strain-age cracking
resistance, highlighting its potential for both welding and advanced
manufacturing techniques. [36,37]. However, arc-based AM processes
for this material often result in a characteristic columnar grain
morphology due to directional heat extraction [38,39]. Pizano et al.
(2024) reported that during layer overlap, columnar grains underwent
epitaxial growth atop preceding grains. This competitive growth
mechanism filtered out preferential crystallographic orientations, lead-
ing to significant increases in grain size and texture with each successive
layer. These changes compromised mechanical performance and
increased anisotropy [40].

Given these findings, Haynes® 282 presents significant potential for
further investigation in advanced manufacturing, particularly in
addressing the challenges related to columnar grain formation in arc-
based AM processes. This study was conducted to understand the ef-
fects of in-situ hot forging as a mechanical deformation technique for
grain refinement. Thermal management was also employed to mitigate
the deleterious effects of excessive heat input, with the molten pool
dimensions measured to design the optimal distance between the
hammer actuator (or deformation region) and the wire. The as-built
materials were characterized using advanced microstructural and me-
chanical evaluation techniques. The results confirm the potential of hot
forging technology for enhancing the performance of this high-
application material.

2. Materials and methods
2.1. Materials and experimental procedure

The as-received Haynes® 282 was obtained in the form of a 1.1 mm
diameter wire and the chemical composition (in wt%) can be found in
Table 1. The setup used to produce the walls consisted of an adapted arc-
based DED torch mounted to a moving 3-axes head within a working
envelope of 2760 x 1960 x 2000 mm. A Oerlikon Citowave III 520 was
used as the process power source. Table 2 summarizes the main depo-
sition parameters, which were optimized considering single beads pre-
viously tested. The wire was deposited on an ASTM A36 carbon steel
plate (80 x 10 x 200 mm) to build 2 multi-layered and single-bead
walls, using hot forging (HF) and conventional (CO) arc-based DED
processes. To prevent the melt pool contamination, both substrates had
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Table 1
As-received Haynes® 282 wt composition.

Element Ni Cr Co Mo Ti Al Fe Mn Si C B
Weight (%) Balance 20 10 8.5 2.1 1.5 1.5 max. 0.3 max. 0.15 0.06 0.005
Table 2 p= /’ﬁq-mair/(mair — M) (€]

Detailed deposition parameters for Haynes® 282.
Welding mode GMAW - Synergic mode DC + Vv = (pref - psample) / Pref ®))

Wire feed speed 4.2 m/min
Travel speed 330 mm/min
Approximate voltage 17.4V

Contact tip to work distance 10 mm
Shielding gas Argon & Helium
Gas flow rate 19 L/min
Interpass Temperature 85°C-95°C
Forging Pressure 4 bar

Forging Frequency 8 Hz

to be roughed with an angle grinder. The length of the wall was defined
as 160 mm and a 2-minute dwell time was set, so that each subsequent
deposition started when the previously deposited layer reached a tem-
perature below 100 °C, avoiding distortions and defects caused by high
heat accumulation associated to WAAM [6]. Depositions were contin-
uously performed until the wall reached a height of 58 mm. This value
was defined considering a specimen arrangement for later microstruc-
tural and mechanical characterization.

The forging pressure was adjusted to 4 bar using a manual pressure
regulator valve coupled to the forging system, with an operational range
of 0-10 bar. This pressure value was selected based on preliminary tests
that evaluated the effects of various forging pressures on material
deformation. Pressures below 4 bar resulted in insufficient forging,
while pressures above 4 bar led to unstable process characterized by
uncontrolled spattering and undesirable system vibrations. The forging
frequency was established at 8 Hz, guided by prior studies [31,32] that
considered the system integrity and process duty cycle and travel speed.
The duty cycle and forging frequency can be adjusted depending on the
travel speed. Additionally, the forging pressure must be optimized for
each material as variations in alloy composition result in distinct me-
chanical, thermal, and microstructural properties.

To ensure and evaluate the microstructural homogeneity of the
deposited material, electrical conductivity measurements were per-
formed on the cross-section samples of both HF and CO walls. These
samples were sliced from the as-built walls in region of deposition sta-
bility using an industrial saw machine and embedded. This electrical
property, when evaluated on thermomechanically processed materials,
can be related to microstructural features and presence of subsuperficial
defects, namely cracks, pores, and lack of fusion [41]. For this reason,
Four-Point Direct-Current Potential Drop Measurement technique were
used to measure the electrical conductivity. A Jandel™ four-point probe
with 0.635 mm probe spacing and 40 pm probe tip radius was used
together with a Keithley™ 2450 Source Measurement Unit (SMU),
imposing an intensity of 79 mA between the external points. Moreover,
also to evaluate the presence of internal defects (pores, lack of fusion,
voids), the volume of voids (VV) was calculated via gravimetry tech-
nique, which is a simple and cost-effective method that provides reliable
results for internal porosity [42]. The mass of the samples was measured
in ambient air and fully immersed in acetone (apparent mass). With
these measurements, the density of the material (p) could be calculated
by Eq. 1, where pjq represents the density of acetone (7.96 x 10°
kg/ms), My and m)jq denotes the mass measured in air and while sub-
merged in acetone respectively. The void volume percentage was
calculated using Eq. 2 by comparing the density of the samples (psample)
to a benchmark density (pref — in this study, corresponds to the wire
feedstock material density calculated by the same methodology).

2.2. Hot forging process design and dynamic characterization

The hot forging process consists of a metal 3D printer prototype
based on Gas Metal Arc Welding (GMAW) principle with an adapted
torch with a symmetrically pneumatic system, ensuring consistent force
generation without imbalances, that actuates a crowned hammer tip,
forging the material immediately after its deposition. The forging force
(Fp), forging frequency (F), distance to arc centre (DAC), duty cycle (%),
forging step (Fs) are the main process parameters that may influence the
material deposition, including its microstructural features and me-
chanical properties as well as final geometrical shape. A detailed
description of the process development is presented in Ref. [31] and a
schematic illustration of the in-situ hot forging torch is depicted in
Fig. 1. In this study, the hammer’s design, which governs the DAC
parameter, was developed considering the videos recorded using a
Photron FASTCAM Mini WX50 high-speed camera, which operates at a
frame rate of 1000 frames per second with 1280 x 800 pixels resolution.
The camera was paired with a Nikon AF NIKKOR 28-105 mm macro lens
and a longpass filter with cut-on wavelength of 800 nm, allowing precise
observation of the melting pool and impact point. The objective was to
measure the molten pool size for different layers along the vertical
deposition of pre-deposition trials, when certain specific set of param-
eters was used. Thus, based on these measurements, the hammer crown
was designed to ensure that the contact between the hammer surface
and the deposited material occurred within a viscoplastic region, i.e.,
between the molten pool (liquid) and the solidified material. For mea-
surements, the wire feedstock was used for calibration. The camera was
also used to detect any potential issues during the deposition process. to
monitor potential issues during the deposition process. The video data,
combined with other parameters such as current, voltage, and temper-
ature, provides a comprehensive understanding of the arc-based process
[43].

The dynamic characterization of the HF process was conducted using
the same high speed camera setup. The purpose was to assess the forging
force and stress imposed to the deposited material by analyzing the
physical behavior of the hammer during forging. The video of the instant
of impact was divided into frames and the hammer position on a 2-D
plane could be registered for each image. Thus, the hammer vertical
movement over time was graphically analyzed, as presented in Fig. 2,
and the hammer velocity (vf) before the impact was calculated allowing
to estimate the impact time (8t). Finally, the forging force (Fp) could be
approximated using the principles of impulse and momentum, as out-
lined in Eq. 3, following the methodology defined in [31]. The quantity I
[N-s] represents the impulse, Q [kg-m/s] denotes the linear momentum,
m [kg] is the mass of the moving hammer parts, Av [m/s] indicates the
difference between initial and final velocities of the forging hammer, Fr
[N] stands for the average force exerted during the impact (forging), and
8t [s] reflects the duration of the impact. As the initial velocity of the
hammer is considered to be null, Av is assumed to be the final velocity
(vf). Also, the stress imposed to the material can be assessed considering
the estimated forging force and the contact area. The area formed during
each hammer strike is contingent upon both the bottom surface of the
hammer and the forging step, denoted as Fs, which represents the dis-
tance traveled by the hammer in a single cycle. The calculation steps and
equations are presented by Duarte et al., (2022) [31]. The forged area
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Fig. 1. Schematic illustration of the in-situ hot forging and process dynamics.
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Fig. 2. Hammer position over time during deposition, highlighting the moment
of forging and the impact time (5t). Region 2 represents a constant velocity
region and 3 is the reminiscent forging [31].

remains constant throughout the process as the hammer’s geometrical
characteristics and deposition parameters, such as travel speed and
forging frequency, are maintained constant.

I= AQ=mAy=Fpét 3

2.3. Microstructural and mechanical characterization

The cross sections extracted from the Haynes®282 walls for elec-
trical conductivity measurements were also used for microstructural
characterization. An Olympus CX40 inverted optical microscope (OM)
was used to assess the microscopic features of samples manufactured by
HF and CO arc-based processes. The cross-sectional specimens were
embedded, grinded until the grit P 4000, polished using 3 microns
diamond paste and etched by swabbing the material for 200 seconds
with the Kalling’s N° 2 reagent. The texture and grain size were

evaluated through electron backscatter diffraction (EBSD) using an FEI
Apreo Scanning Electron Microscope (SEM) equipped with an EDAX
Hikari EBSD detector. The EBSD patterns were indexed using the Ni-rich
FCC matrix, and the grain size was estimated considering the average
circular equivalent diameter. Synchrotron X-ray diffraction (SXRD) was
used as part of the microstructural characterization. Measurements were
performed at the PO7 beamline of the High Energy Materials Science
(HEMS), PETRA III/DESY, using a wavelength of 0.1423 A and an
incident beam of 0.5 x 0.5 mm. A Perkin-Elmer detector was used to
acquire the 2D Debbye-Scherrer diffraction rings and qualitative infor-
mation on the grain size, texture and orientation of the analyzed ma-
terial was captured on the central region of the wall cross-section for the
two samples (HF and CO). LaBg powder was used for calibration.

Microhardness measurements performed using a Mitutoyo HM-112
Micro-Vickers Hardness Testing Machine, with a load of 1.0 kgf (HV1.0)
and indentation time of 10 s were used to create a hardness heatmap to
evaluate the uniformity within the as-built materials. A vertical distance
of 500 pm between 2 consecutive indentations was used to avoid any
interference between consecutive measurements [44]. Regarding the
mechanical characterization, specimens for tensile test were extracted
from HF and CO walls after lateral milling of the as-built parts using
electro-discharge machining (EDM). Samples were extracted in hori-
zontal and vertical directions. Tensile tests were performed using a
Shimadzu AG-50kNG Universal Mechanical Testing Machine with a
constant displacement of 0.03 mm/s.

3. Results and discussion

The hammer design was developed using images from high-speed
videos recorded during pre-deposition trials. Using the deposition pa-
rameters presented in Table 1, a preliminary single-bead multi-layered
wall was fabricated, and the respective molten pool size was measured
over different layers. For the measurements, the welding wire was used
for calibration and the measurements are presented in Fig. 3 — for
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Fig. 3. Illustration of the molten pool and its measured length along different layers (a-e), and representation of the hammer fundamental design dimensions. The red

line depicts the molten pool length measured from the welding wire.

different layers. In continuous depositions with no thermal control, it is
expected a higher heat accumulation on the upper-deposited layers
comparing to the bottom ones, leading to larger molten pools for these
layers on the top of the walls [6]. However, the interpass time was
employed to allow heat dissipation and reduce the material surface
temperature below 100 °C before starting a new layer deposition. This
approach, also known as passive natural cooling, was sufficient to
maintain the molten pool size approximately constant after the 8th
layer, where a maximum length of 16.0 mm was observed. Hence, a
forging hammer designed with 20 mm of inner radius was considered
convenient for this deposition set of parameters as the impact would
always occur in a region in the weld pool where the material is partially
solid and partially liquid (mushy zone). The 20 mm hammer inner
radius and the 5 mm forging zone/surface are highlighted in Fig. 3(f). It
is essential to emphasize that the assessment of the molten pool size is
required for each distinct material tested, as well as for varying
parameter sets, even when using the same material. Variations in wire
feed speed and travel speed result in different heat inputs, which
significantly affect the molten pool dynamics and geometry. Recent
studies have employed numerical simulations to analyze the behavior of
the molten pool shape [45-47]. However, due to the complexity and low
repeatability of welding processes, in situ monitoring using high-speed
and/or thermal cameras has proven to be an effective solution.

For the forging dynamic evaluation, it is feasible to propose that the
vertical motion of the hammer initiates from a zero-velocity state, un-
dergoes acceleration at a defined rate, and achieves a constant velocity
just before the impact moment. This behavior can be discerned through
the hammer bottom surface temporal position depicted in Fig. 4, where
the typical linear displacement is noted before the impact. Fig. 5 pre-
sents a sequence of frames of the hammer vertical movement, starting
from the upper position (Fig. 5-a) to the lowest position (Fig. 5-f)
through series of sequential intermediate points, depicted in Figs. 5-b to
5-e. In total, more than 50 frames are taken into consideration for
measurements surrounding the impact moment, with one repetition of

5
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Fig. 4. Hammer position over time during deposition of Haynes®282 with
HF process.

the measurements to guarantee repeatability. Derived from linear
regression, the final velocity before the impact, v, and the impact time,
8t, were determined to be approximately 0.85 m/s and 0.5625 ms,
respectively. Considering a mass of 0.675 kg for the moving components
of the torch, the approximate instantaneous force due to impact applied
to the material during forging was calculated to be 1022 N. The forging
step was measured to be 0.6875 mm, with the average width of the hot
forged sample being 6.23 mm. Consequently, the calculated average
area forged in each hammer stroke is 4.28 mm?, and the estimated
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Hammer surface

Fig. 5. Sequence of frames illustrating the hammer vertical movement from upper (a) to lower (f) positions, pointing the hammer bottom surface with a red cross.

The dashed line depicts the hammer surface.

pressure is approximately 239 MPa. It is advisable to measure and
control the material’s temperature during impact, as the forging dy-
namics can fluctuate even with minor temperature variations.

An immediate consequence of the forging process is the collapse
and/or reduction of the material’s internal voids (delamination, pores,
and cracks if eventually formed). Considered one of the significant de-
fects in Ni-based superalloys, particularly relevant to manufacturing
processes with high cooling rates, such as in WAAM [48], the volume of
internal voids (VV) was evaluated, revealing that the HF process resulted
ina 22 % reduction in VV compared to the conventional process. Despite
conventional WAAM exhibited a reasonable and low level of voids
(1.09 %), forging achieved even lower levels (0.89 %), consistent with
findings in previous literature for other engineering alloys [34].

The average electrical conductivity, measured using the Four-Point
Direct-Current Potential Drop Measurements technique along the
entire sample height, was found to be identical for both specimens
(3.6 % IACS). This confirms that the difference between the processes
did not affect this specific material property. Since both the electric and
thermal conductivities depend on electron mobility, it is also expected
that the hot forging arc-based AM variant also does not affect the ma-
terial’s thermal conductivity. Fig. 6 illustrates the evolution of electrical
conductivity along the sample height. Moreover, measurements showed
a standard deviation of 2.7 % and 2.4 % for CO and HF samples,
respectively. This low deviation suggests high material homogeneity
within each sample, a characteristic which will be later confirmed by
microhardness evaluation along the vertical direction of the cross sec-
tion. The correlation between electrical conductivity and hardness pat-
terns is well-established, as both measurements depend on the
material’s microstructure. [41].
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Fig. 6. Average electrical conductivity measured by the four-point potential
drop technique along the sample height.

3.1. Microstructural characterization

Fig. 7a-b depicts the macrostructure evaluation of the CO and HF
wall cross sections samples, respectively. Large columnar grains ori-
ented towards the Z axis are evident in Fig. 7a, these grain structures are
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characteristic of WAAM parts and are associated to directional heat
extraction during additive manufacturing. The presence of columnar
grains can lead to an anisotropic behavior in terms of mechanical,
electrical, and thermal properties [49]. This negative effect was suc-
cessfully reduced by the hot forging process, as observed in Fig. 8b.
Although the reduction of the grain size could be qualitative, columnar
grains were still observed in the microstructure. High strength in
WAAM-fabricated materials is attributed to a fine microstructure, a high
density of dislocations, and low-angle grain boundaries [50]. In this
context, higher grain boundary density could be observed in the HF
sample (Fig. 8b) when compared to the CO (Fig. 8a) condition. More-
over, the effect of dynamic recrystallization is also noted, as evidenced
by the presence of new, smaller grains, resulting in a more refined grain
structure. This increment in grain boundary density, and consequently
higher expected dislocation density, suggests an overall improvement in
mechanical strength in the HF wall when compared with CO wall.
Finally, in Fig. 9a-b it is also noted the differences in dendrite orientation
and microstructure morphology across the fusion layer. In Fig. 9a, the
microstructure before the fusion layer reveals a coarse dendrite
morphology when compared to the microstructure after the fusion line,
which can also be observed in Fig. 9b. This effect may have been caused
by the heat cycles created by post layers depositions. Although this effect
is visible in the 2 walls, the HF (Fig. 9b) reveals a more significant
microstructure refinement and a different dendrite orientation when
compared with the region after the fusion line.

To quantitatively investigate the microstructure of the fabricated Ni-
based superalloys, EBSD analysis was conducted at three distinct posi-
tions on the material’s cross sections: bottom, middle and top. The EBSD
data confirms a reduction in the average grain size in the top and middle
regions of the HF specimen compared to the same regions of the CO
specimen (1746 vs 1262 pm and 1053 vs 696 pm respectively), repre-
senting a percentual reduction of approximately 28 % and 34 %,
respectively. No reduction in grain size for the HF sample compared to
the CO was observed on the bottom region of the walls. During the first
deposited layers, the molten pool exhibits a reduced length owing to
higher cooling rates and lower heat accumulation compared to upper
deposited layers. Consequently, it is hypothesized that, particularly in
the HF-WAAM process, the hammer impacts the material in a region of
lower temperature where the hot forging effectiveness diminishes,
thereby elucidating the absence of significant changes observed in the
material’s microstructure. Fig. 10 (left) and Fig. 11 (left) depict the
EBSD images of the bottom, middle, and top regions of the CO and HF
wall samples, respectively. Although columnar grains are observed in
both samples, it is evident that the microstructure is more refined in the
HF sample. This refinement is attributed to plastic deformation and
recrystallization induced by the hot forging process, which reduces the
length of these columnar grains effectively reducing the material
texture. Once more, it is anticipated that this microstructural charac-
teristic can contribute to enhance the strength and more isotropic

Fig. 8. Optical microscopy of CO (left) and HF (right) samples, highlighting the differences in grain boundary density.
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Fig. 9. Differences in dendrite orientation and microstructure morphology across the fusion layer: CO sample (left) and HF sample (right). The red dashed line details
the fusion boundary between consecutively deposited layers.
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Fig. 10. Orientation image maps (left) obtained from EBSD analysis of Ni-based superalloy Haynes®282 of top, middle and bottom regions of the CO sample. On the
right, kernel average misorientation (KAM) maps of the same regions.
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Fig. 11. Orientation image maps (left) obtained from EBSD analysis of Ni-based superalloy Haynes®282 of top, middle and bottom regions of the HF sample. On the

right, kernel average misorientation (KAM) maps of the same regions.

mechanical response. The microstructure near the substrate tends to be
more refined primarily due to steep thermal gradients — resulting from
the heat deposited onto the cooler substrate — higher cooling rates
owing to direct contact with the substrate, efficient heat dissipation
facilitated by the substrate’s high thermal conductivity acting as a heat
sink, and metallurgical factors. The substrate and initial layers serve as
effective nucleation sites for grain formation due to their relatively
lower temperatures and existing grain structures, characteristics
inherent to the process [51,52]. Ultimately, the average grain size in the
lower region of both walls was significantly smaller compared to other
regions, with no distinguishable difference between the HF and CO walls
in this specific area. In this study, as the interaction between the sub-
strate and deposited material was not evaluated, this region holds lesser
significance compared to others. Nevertheless, analyses pertaining to
substrate composition, preheating application, and other pertinent fac-
tors must be addressed.

During hot forging, the material is subjected to high temperatures
and pressures, leading to dynamic recrystallization. This process
continuously replaces deformed grains with new, smaller grains during
the deformation itself, resulting in a fine-grained microstructure. The
high temperature facilitates atomic movement, promoting the

nucleation and growth of new grains [53,54]. As seen in Fig. 10 and
Fig. 11, the hot forging process promoted the expected new nucleation
sites, as a clear reduction of the average grain size was observed. A slight
difference is observed for Kernel Average Misorientation (KAM), which
is a quantitative measure used to analyze the local deformation or
misorientation within polycrystalline materials. High KAM values typi-
cally indicate regions of high local deformation or strain, while low KAM
values suggest regions with minimal deformation. In this regard, as
expected by the deformation process, a frequency increase in higher
angles KAM values was observed in the HF sample (Fig. 11 - right), while
values closer to 0 were observed more frequently in the CO sample
(Fig. 10 - right).

When grains exhibit preferred orientations, it results in anisotropy in
the mechanical, physical, and chemical properties of materials. There-
fore, measuring grain orientations in polycrystalline materials using
EBSD data is a significant milestone in the development of crystallo-
graphic characterization techniques. Polar maps of CO and HF samples
(Fig. 12 and Fig. 13, respectively) were generated to extract information
regarding the orientations of the grains along the < 001 >, <111 >,
and < 101 > directions. Overall observation revealed a significantly
higher texture intensity in the < 001 > orientation compared to
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Fig. 12. Pole figures of top, middle and bottom regions of the CO sample fabricated via DED-AM.
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Fig. 13. Pole figures of top, middle and bottom regions of the HF sample fabricated via DED-AM.

< 111 > and < 101 > orientations at all three different positions. This highly directional temperature gradient and thermal flux collectively
orientation preference aligns with the growth direction of face-centered contributed to the generation of this preferred orientation, thus pro-
cubic materials [55]. During the layer-by-layer deposition process, the moting texture anisotropy. Similar phenomena have been widely
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reported in other Ni-based alloys prepared by fusion-based additive
manufacturing processes [56]. Comparing the texture intensities of
grains along the < 001 > orientation at these three different positions, it
was found that the grains in the middle regions exhibited the highest
texture intensity, while those at the bottom exhibited the lowest (22.652
(middle) > 13.560 (top) > 3.804 (bottom)). This is primarily attributed
to the presence of more random grains growing from newly nucleated
grains in the lower regions [57]. Considering the HF sample, it can be
observed that it exhibits a microstructure with lower pronounced crystal
orientation. The lower texture index is associated with the formation of
recrystallized and equiaxed grains within the fusion line, as well as
thinner aligned grains. Therefore, considering the overall maintenance
of columnar and cubic texture aspects, it can be inferred that the
HF-WAAM process has a slight influence on solidification conditions.
However, both conditions exhibit typical fusion-based crystal structures
(cubic components, (<100 > {100}) [58].

Synchrotron X-ray diffractograms and 2D Debye-Scherrer rings were
used to evaluate the differences in phase composition, volume fractions
and texture of the as-deposited materials obtained by both processes.
The observed diffraction rings of CO and HF samples (Fig. 14, left and
right respectively) present patchy and discontinuous characteristics,
which is a suggestion of oriented microstructure and coarse grains. The
less intense features on the HF sample indicates a finer and less oriented
microstructure, in accordance with the EBSD analysis (Figs. 10, 11, 12
and 13). The diffraction patterns were further processed and presented
in Fig. 15 after full integration of the 2D Debye-Scherrer rings along the
azimuthal angle. Similar diffraction patterns were observed for the
samples, including the phase composition. The low fraction of pre-
cipitates of the as-built material emphasizes the essentiality of applying
post-deposition heat treatments (PDHTs) to improve the microstructural
characteristics and consequently the mechanical properties. Pizano et al.
and Zhang et al. [39,40,59] used different combinations and tempera-
tures for HIP, solution and aging heat treatments to promote an increase
in strength by changing the MC- and M3Ce-type carbides and others y’
precipitates growth, and enhancing the microstructural heterogeneity,
in terms of texture and grain size. As this work aimed to evaluate the
effects of in-situ hot forging during arc-based additive manufacturing on
the deposited material, PDHTs were not applied. However, it is crucial to
highlight that heat treatments optimization is imperative to improve the
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mechanical properties of superalloys prepared by additive
manufacturing [39]. As also reported by Farias et al. [32], o and n phases
have not been observed. In this study, it was suggested that while these
phases are thermodynamically predicted under a solid/liquid local
equilibrium condition (using the Scheil-Gulliver model), the thermal
conditions, specifically the rapid cooling rate during DED processes,
inhibit their formation. The main differences observed were associated
with peak intensity, wherein the HF sample exhibited (111), (200), and
(220) diffraction peaks of higher intensity (indicating lower orientation)
compared to the CO sample.

Despite the homogeneous composition of the bulk deposited metal,
dendritic structures were observed, and this morphology typically
exhibit microsegregation due to non-equilibrium solidification. This
phenomenon, commonly encountered in solidified structures such as
castings and welds, leads to chemical inhomogeneity, which can
adversely affect mechanical properties [60,61]. The formation of the
Laves phase, a result of segregation, is particularly significant in
nickel-based superalloys used in aerospace applications. This phase can
compromise structural integrity, potentially leading to premature fail-
ure of critical components during service, with serious implications for
safety and financial cost[61]. Also, it is well established that Ni-based
superalloys containing Nb and Fe can form the metastable y’’ phase
[62]. Additionally, most y’’-containing alloys include elements like Al
and Ti. Although the Haynes 282 alloy lacks Nb in its chemical
composition, other elements such as molybdenum, silicon, iron,
aluminum, and titanium can lead to significant enrichment of the
interdendritic regions, resulting in segregation [61]. Consequently, it is
crucial to consider that phases such as Laves and y’> may constitute a
minor yet significant portion of the microstructure of this superalloy
under investigation.

Fig. 16 presents the heatmap of hardness measurements for CO and
HF samples, with values ranging from 250 HV to 325 HV for both walls.
According to the theory of mechanical hardening for hot forging pro-
cesses, an increase in hardness is expected for the forged material. This is
attributed to the plastic deformation experienced during forging, which
introduces dislocations into the metal crystal structure. Theoretically,
these dislocations impede the movement of other dislocations,
enhancing resistance to further deformation and resulting in strain
hardening, which increases the metal’s hardness and strength. [63].
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Fig. 14. 2D Debbye-Scherrer diffractions rings of the CO (left) and HF (right) Haynes®282 samples.
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Fig. 15. Synchrotron X-ray diffractograms of the CO (top) and HF (bottom) as-
built samples.

However, the analysis revealed no significant difference in hardness
between the two samples, with only a 1.1 % increase for material in
which the HF process was used. The average hardness values for CO and
HF samples were 282.3 + 3.1 HV and 285.4 + 2.8 HV, respectively,
indicating a negligible variation in hardness between the processes.
Additionally, the percentage standard deviations of average hardness
were low for both processes (1.1 % for CO and 1.0 % for HF), confirming
the uniformity of the deposited material as previously verified by con-
ductivity measurements. In nickel-based superalloys, material
strengthening is more significantly influenced by solid solution effects
than by grain size, as described by the Hall-Petch relationship. Solid
solution strengthening occurs when atoms of different elements are
added to the metal matrix, creating lattice distortions due to the size
mismatch between the solute atoms and the host metal atoms. These
distortions impede dislocation motion, which is critical in plastic
deformation. In high-temperature applications, the effectiveness of
grain size strengthening is further diminished due to grain growth or
recrystallization [64-66].

3.2. Mechanical characterization

The tensile specimens retrieved in both vertical and horizontal ori-
entations were tested at room temperature and the resulting stress-strain
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Table 3
Values of UTS, 0.2 % (OYS) and E for Haynes®282 CO and HF specimen on
vertical and horizontal directions.

UTS (MPa) 0.2 % OYS (MPa) Elongation (%)
CO Vertical 715 443 56 %
CO Horizontal 732 453 46 %
HF Vertical 714 485 38%
HF Horizontal 795 522 32%
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curves are depicted in Fig. 17. Values of ultimate tensile strength (UTS),
0.2 % offset yield strength (OYS) and elongation (E) are presented in
Table 3. No significant difference (less than 2.5 %) between vertical and
horizontal directions was observed for UTS and 0.2 % OYS values on CO
wall tensile samples. Nevertheless, the elongation in the vertical direc-
tion was higher (56 % vs 46 % in the horizontal direction), possibly
attributable to the alignment of the material’s microstructure. In arc-
based additive manufacturing processes, the microstructure of the
deposited material tends to align more favorably in the vertical direction
due to the layering process and heat flow. This alignment can result in
improved elongation characteristics along the vertical axis. The ultimate
tensile strength (UTS) and 0.2 % offset yield strength (0.2 % OYS) of HF
tensile samples exhibited similar trends to the CO ones. However, the
variation from horizontal to vertical orientation was more pronounced
(11 % for UTS and 7.5 % for 0.2 % OYS) in the forged material. In this
study, the hot forging promoted an increase in grain boundary density,
however grains remained with a columnar morphology. Consequently,
the increase of strength (especially UTS) was observed for samples on
the horizontal direction under load, as defects propagation encountered
more boundaries (or barriers) during the movement along this specific
orientation. Hot forging led to a noticeable reduction in elongation when
comparing HF to CO samples. This decrease can be attributed to the
effects of dynamic recrystallization, which results in grain refinement
and the formation of a directional texture. Additionally, the redistribu-
tion of residual stresses and the increased dislocation density caused by
strain hardening contribute to improved strength but limit the material’s
ability to undergo plastic deformation. Moreover, the presence of
microdefects, such as hot and cold cracks, non-metallic inclusions,
segregation of alloying elements, impurities, and secondary phases,
further reduces elongation. These defects hinder the material’s plastic
deformation capability, act as initiation points for cracks, and lead to
localized embrittlement and grain boundary weakening, ultimately
compromising ductility. The mechanical properties of nickel-based su-
peralloys are influenced by grain size, strengthening phases, dislocation
density, recrystallization, texture, element segregation, secondary pha-
ses, and carbide morphology. Refined grains, controlled precipitation,
and fine carbides enhance strength and ductility, while coarse grains,
uneven precipitates, residual dislocations, partial recrystallization, and
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brittle phases reduce elongation and toughness.

As previously mentioned, it is expected that the forging process
promotes a grain size reduction which increases the amount of grain
boundaries that difficult dislocation slips and increase the material
strength. According to the Hall-Petch equation, smaller grain size
translates into higher mechanical strength [34]. When comparing
overall results between HF and CO samples, this effect was only signif-
icantly effective for the HF sample obtained on the horizontal direction
because not fully equiaxed grains were obtained in the HF produced
microstructure, as previously observed in Fig. 10 and Fig. 11. If a more
intense grain refinement was observed, with equiaxed grains formation,
an increase of strength in both horizontal and vertical directions would
be expected. Despite lower elongation, hot forged materials often
exhibit superior mechanical performance, in terms of ultimate tensile
strength, which makes them desirable for applications where these
properties are critical, such as aerospace components, automotive parts,
and high-performance machinery. It is worth noting that the HF process
altered the 0.2 % offset yield strength (OYS) even without changes in
hardness. This result confirms that, for this material, solid solution
strengthening is the primary mechanism for material strengthening.
Additionally, hot forging in a nickel-based superalloy predominantly
affects its microstructure, such as grain refinement or texture changes,
which can enhance the yield strength without significantly impacting
the hardness. Fig. 18 depicts the fracture surfaces of horizontal samples
after the tensile test, which presented a ductile aspect, mainly composed
of dimples. No significant differences were observed between the CO
and HF specimens, which can be attributed to the minimal variation in
phase composition and volume fractions resulting from the hot forging
process. Furthermore, due to the position where secondary phases are
generally nucleated in nickel-based super alloys, the dendritic
morphology was still found on the fractographies [67,68].

4. Conclusions

In this study, the effects of hot forging on the arc-based additive
manufacturing of Haynes®282, a nickel-based superalloy, were evalu-
ated in terms of microstructure and mechanical behavior. Thermal
control during deposition was managed using interpass time, and a high-

Fig. 18. Fracture surfaces of the CO and HF horizontal tensile samples after the test.
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speed camera was employed to measure the molten pool dimensions,
which facilitated the calculation of the optimal hammer size. Two
single-bead multi-layered walls were fabricated: one with hot forging
and one without. The instantaneous impact forging force was deter-
mined to be 1022 N, leading to a 22 % reduction in volume of voids.
Both walls exhibited similar electrical conductivity and hardness levels,
with the forged sample showing a discrete increase of 1.1 % in hardness.
The microstructure of the forged material displayed a higher grain
boundary density and a lower average grain size, with reductions of
34 % in the middle regions and 28 % in the top regions compared to the
non-forged material. The hot forged microstructure was finer and less
oriented, as confirmed by synchrotron X-ray diffraction rings, indicating
successful grain refinement. Both walls exhibited the same phases,
mainly y — fcc and y’ phases. The forged sample in the horizontal di-
rection presented increased ultimate tensile strength (UTS), highlighting
the impact of grain refinement. As expected, elongation was reduced in
the hot forged material. This study marks the first application of hot
forging for Haynes®282 in arc-based additive manufacturing and
demonstrates its effectiveness. Further process optimization and thermal
monitoring improvements could enhance deformation efficiency, lead-
ing to better grain refinement and mechanical performance.
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