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Abstract: The microstructure, texture, and mechanical properties of Inconel 718 fabricated
via hybrid wire-arc additive manufacturing (WAAM) with inter-pass forging, and the sub-
sequent modified post-deposition heat treatment (PDHT), were investigated. The modified
PDHT included homogenization at 1185 °C and double ageing at 720 °C, with furnace-
cooling to 620 °C; this process was first used for Inconel 718 obtained via WAAM and
inter-pass forging. In the as-printed material, two characteristic zones were distinguished,
as follows: (i) columnar grains with a preferable <100> orientation and (ii) fine grains with
a random crystallographic orientation. The development of static recrystallization induced
via inter-pass forging and further heating during the deposition of the next (upper) layer
provoked the formation of the fine-grained zone. In the as-printed material, particles of
(Nb,Ti)C and TiN, and precipitates of a Nb-rich Laves phase that caused premature cracking
and failure during mechanical testing, were detected. In the PDHT material, two zones
were found, as follows: (i) a zone with coarse uniaxial grains and (ii) a zone with a gradient
grain size distribution. PDHT resulted in the precipitation of v" nanoparticles in the y-Ni
matrix and the dissolution of the brittle Laves phase. Therefore, significant hardening and
strengthening, as well as increases in ductility and impact toughness, occurred.

Keywords: Inconel 718; wire-arc additive manufacturing; post-deposition heat treatment;
ductility; impact toughness; strengthening

1. Introduction

Ni-based superalloys are widely used in the aerospace, petroleum, and chemical
industries [1-4] because of their excellent corrosion resistance and good mechanical prop-
erties at room temperature and elevated temperatures [5-7]. Meanwhile, most Ni-based
superalloys are difficult-to-machine materials with poor weldability and formability [8,9],
which are associated with significant issues during the fabrication of parts and structures
using conventional techniques. On the other hand, Ni-based superalloys with high Cr,
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Fe, and Nb content, of which Inconel 718 is one, have received much attention and wide
application due to their good machinability and weldability [10]. Even in Inconel 718,
dendritic liquation, porosity in a fusion zone (FZ), and the cracking of a heat-affected zone
(HAZ) can happen after welding, which seriously deteriorates the mechanical properties
of the obtained welded joints [11,12]. To improve the mechanical properties and prevent
cracking of the welded joints, high-frequency microvibrations or ultrasonic treatments
are widely applied during welding [13,14]. However, these significantly complicate the
manufacturing process.

In recent years, additive manufacturing (AM) has gained wide recognition as a
game-changing technology that allows for the efficient fabrication of complex-shaped
parts [15-17]. Different AM technologies for producing the parts and structures of Inconel
718 can be used, which are as follows: selective laser melting [18-20], laser/electron beam
powder bed fusion [21], electron beam wire-feeding deposition [22], direct metal laser
sintering [23], and wire-arc additive manufacturing (WAAM) [24]. It is worth noting that
a heterogeneous microstructure, high porosity, residual stress, and hot cracking are often
associated with AM technologies [25]. Moreover, the epitaxial growing of columnar grains
along the <100> direction over the entire height of the as-printed material [26,27] may
result in a strong anisotropy of mechanical properties, as well as reductions in strength and
fatigue resistance [28,29].

Among the various AM technologies, WAAM vyields high productivity and cost-
efficiency [26,30-35]. The careful optimization of WAAM parameters is required to obtain
the desired structures and properties [26,36]. For instance, a deposition strategy with an
angle of 45° to the overlay direction provides a more homogeneous structure, finer grains,
and better mechanical properties in comparison to an angle of 90° [37]. Additionally, to
attain an optimal microstructure and optimal mechanical properties, post-deposition heat
treatment (PDHT) is essential. The standard heat treatment for wrought products, as
per AMS 5662 [38], which can also be used for Inconel 718 after AM [31-33], is solution
treatment at 970-980 °C, with soaking for 1 h and further water-quenching, then ageing at
718 °C and soaking for 8 h, with furnace-cooling to 620 °C and soaking at this temperature
for 8 h, followed by air-cooling. The solution treatment is associated with the dissolution
of the brittle Laves phase, yet needle-shaped 8-phase precipitates on the grain boundaries
still remain. These precipitates can provoke intergranular cracking, and hence a lack of
ductility [39]. Subsequent ageing can result in strengthening via the precipitation of y”
phase nanoparticles in the y-Ni matrix.

The microstructures of as-printed alloys are significantly different from those of
wrought products; thus, the standard heat treatment may not be optimal [40]. In the
case of Inconel 718 obtained via WAAM, Seow et al. [30] suggest using modified PDHT
with the following mode: homogenization at 1186 °C with soaking for 40 min and further
air-cooling, then ageing at 720 °C for 8 h with further furnace-cooling to 620 °C, and soak-
ing at this temperature for 8 h, followed by air-cooling. These PDHT results significantly
improve mechanical properties via the complete dissolution of the brittle Laves phase and
suppression of the needle-shaped d-phase precipitation. Yet, worse mechanical properties
were attained due to the coarse-grained microstructure [30].

In contrast, Xu et al. [33] proposed a new hybrid WAAM and inter-pass cold rolling
processing applied to produce Inconel 718 parts with an improved strength—ductility com-
bination. Inter-pass cold rolling prevents the growth of columnar dendrites throughout
the as-printed workpiece [32,41]. Grain refining, a reduction in the interdendritic liqua-
tion, and texture weakening are obtained [32,42,43]. The parameters of inter-pass cold
deformation (temperature, speed, and accumulated plastic strain) affect the microstruc-
ture, and, therefore, the mechanical properties of nickel-based superalloys [44,45]. For
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instance, due to an increase in plastic strain accumulation during inter-pass cold rolling, the
strength and hardness increase due to work hardening, while the ductility decreases [46].
Yet, standard PDHT is conducted after processing, and, therefore, needle-shaped 6-phase
precipitates remain.

Apparently, the influence of modified PDHT on the microstructure, texture, and
mechanical properties of Inconel 718 billets obtained via WAAM deposition with inter-pass
cold deformation has not been investigated. Thus, the present paper will study the effects
of modified PDHT on the structure and properties of Inconel 718 obtained through hybrid
WA AM-inter-pass cold deformation processing.

2. Materials and Methods

To produce the as-printed material (Inconel 718), the welding wire 3D print AM 718
(BOHLER, Diisseldorf, Germany) was used. The chemical composition of the welding wire
is presented in Table 1. According to an optical emission analysis performed using Foundry
Master OE750 (Hitachi, Uedem, Germany), the chemical composition of the as-printed
material conformed to the initial wire and standard Inconel 718.

Table 1. Chemical composition of Inconel 718, wt. %.

Condition Ni Cr Fe Nb Mo Ti Al C Si Mn Cu P B S
Wa}iieng 52.29 19.19 18.65 5.25 2.96 0.93 0.48 0.06 0.05 002 0.02 0.0032 0.002 0.0014
As-printed 51.98 19.14 18.96 5.28 2.98 0.93 0.47 0.06 0.05 0.02 0.01 0.0029 0.002 0.0008
50.0- 17.0- 4.75- 2.80- 0.65— 0.20-
ASTM B637 55.0 21.0 balance 550 3.30 115 0.80 <0.08 <0.35 <035 <030 <0.015 <0.006 <0.015

A wall sample with dimensions of 200 x 90 x 18 mm?® was produced using a hy-

brid Cold Metal Transfer (CMT) WAAM and forging setup (Figure 1a,b). The setup was
equipped with Fronius welding (welding source, remote control setup, cooling setup, wire
feeder, wire buffer, and welding torch (Fronius, Salzburg, Austria)), and forging systems
(Airpro, Taichung, Taiwan). The Fronius Trans Puls Synergic 5000 welding source (Fronius,
Salzburg, Austria) included an integrated feature set with digital control of CMT process-
ing [47]. The following process parameters were used: an arc current (I) of 140-170 A; an
arc voltage (U) of 13-15 V; a wire feed speed (V) of 6.0-7.0 m/min; a torch movement
speed (V) of 40-50 cm/min; and a shielding gas (argon, ALTERTEKH, Perm, Russia) flow
rate (Q) of 25 L/min. The strategy for layer deposition with a 45° / —45° oscillation is shown
in Figure 2. At a temperature of 200-300 °C, inter-pass forging over the entire layer was
carried out in three passes using a pneumatic hammer (Figure 1c). The temperature range
of inter-pass forging was estimated using a pyrometer (SensorTherm, Steinbach, Germany).
Temperature control was conducted at the beginning and end of inter-pass forging. The
following process parameters were used: a hammer movement speed (V) of 300 mm /min;
a hammer blow frequency (N) of 2820 blows/min; an impact energy (E) of 19.74 J; and a
pneumatic hammer pressing force of 300 N. The hammer had a semi-spherical shape with
a radius (R) of 30 mm. Inter-pass hot forging [48] can disrupt the wall geometry of the
as-printed Inconel 718; thus, inter-pass cold forging was conducted at lower temperatures,
as shown in Figure 1c. The first two passes forged the edges (A and B). The last pass of
inter-pass cold forging deformed the central part of the as-deposited layer (C). The regime
of inter-pass cold forging was selected based on the configuration of the pneumatic hammer,
ensuring the sufficient process productivity and deformation of each layer by 20 £+ 5%
without deformation-induced cracking.
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Figure 1. (a) A functional scheme of the hybrid CMT-WAAM forging setup (1, current welding
source TPS 5000 CMT; 2, remote control setup RCU 5000i; 3, cooling setup FK4000-R; 4, wire-feeding
mechanism VR7000-CMT; 5, wire buffer CMT; 6, welding torch Robacta Drive CMT; 7, pneumatic
hammer; 8, two-axis table; 9, machining center column; 10, control panel). (b) Hybrid Cold Metal
Transfer (CMT) WAAM and forging setup and (c) as-printed Inconel 718 with inter-pass forging paths
(A, 1st pass; B, 2nd pass; C, 3rd pass).

Figure 2. The schemes of the deposition strategy with (a) 45° and (b) —45° oscillations.
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Then, the as-printed sample was subjected to modified PDHT using an EVAK E1300
vacuum furnace (ERSTEVAK, Moscow, Russia) according to the following regime (Figure 3),
proposed in Ref. [30]: I, homogenization at 1185 & 5 °C for 40 min, followed by argon
cooling; II, the first ageing step at 720 &= 5 °C for 8 h, followed by furnace-cooling to 620 °C;
and III, the second ageing step at 620 & 5 °C for 8 h and further argon cooling.
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Figure 3. The modified PDHT regime of the as-printed material adapted from [30,49,50].

Samples used for microstructure characterization were grinded, polished (Bainpol
VT 10, Chennai Metco, Tamil Nadu, India), and then cleaned using an ultrasonic bath
(Sapphire, Moscow, Russia) in pure acetone (Reachem, Moscow, Russia). X-ray diffraction
(XRD) analysis was carried out using a SmartLab X-ray diffractometer (Rigaku, Tokyo,
Japan) in Cu ka-radiation in an angle range (26) of 40-100°, and with a step of 0.05°.
The microstructure was characterized in the transverse section using a Nova NanoSEM
450 scanning electron microscope (FEI, Praha, Czech Republic) equipped with a Hikari
electron-backscattered diffraction (EBSD) camera, an energy-dispersive spectroscopy (EDS)
detector, and a backscattered electron (BSE) detector at an accelerating voltage of 30 kV.
Low-resolution EBSD analysis was conducted with a step of 1 um, while high-resolution
EBSD analysis was carried out with a step of 0.2 um. Two phases (Ni (y-phase) and
NizTi) were selected during the matching of the Kikuchi patterns. The microstructure and
texture parameters were identified using TSL OIM Analysis software (v. 8.5.0). Element
distribution maps were obtained at a working distance of 10 mm using APEX software
(v. 2.0.0002.0001). The microstructure of the samples was investigated via transmission
electron microscopy (TEM), using a JEM-2100 (JEOL, Tokyo, Japan) transmission electron
microscope at an accelerating voltage of 200 kV.

Microhardness was measured on the transverse section of the as-printed wall in
the build direction. The measurements were carried out with a step of 0.1 mm using
a Vickers 402MVD (Instron, Norwood, MA, USA) microhardness tester, with a load of
0.2 kg and a dwell time of 10 s. Microhardness was estimated according to ISO 6507-
1 [51]. The measurements were derived for two 10-millimetre-in-length paths per state,
and then averaged. Impact toughness and tensile specimens were cut from the as-printed
wall sample, as shown in Figure 4a. The dimensions of the specimens are shown in
Figures 4b and 4c. The specimens for tensile testing were fabricated based on the standard
gauge length of Iy = 5.651/F, where F) is the transversal section area of the specimen. The
specimens were cut in the build direction because this direction is usually considered to
be a “weaker” one [31], although inter-pass forging and the applied deposition strategy
should provide better profiles of isotropic properties [33,36]. Moreover, the as-printed
Inconel 718 did not change significantly by height [52]; therefore, the scheme for cutting
samples for mechanical testing used the maximum length of the working part to cover a
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larger number of passes. Uniaxial tensile testing was performed at room temperature using
an Instron 8802 universal testing machine (Instron, Norwood, MA, USA) with a strain rate
of 1 x 1073 s~1. Impact toughness testing was carried out at room temperature using an
Instron 450 MPX pendulum impact testing machine (Instron, Norwood, MA, USA). For
each state (as-printed and PDHT), 4 samples were tested.

Build direction

S/
By

Figure 4. (a) A scheme of specimen cutting and sketches of specimens for (b) impact toughness
(adapted from ISO 148-1 [53]) and (c) tensile testing (adapted from ISO 6892 [54]).

3. Results and Discussion
3.1. Microstructure and Texture Characterization

The XRD patterns of the as-printed and PDHT materials are shown in Figure 5. Peaks
of the face-centered cubic (FCC) lattice of the y-Ni matrix were detected. The obtained
peaks may have also overlapped with the reflections of the y’ Niz(Al Ti), v (NizNb), and
5 (NizNb) phases [55]. After PDHT, the intensities of the (200)y, (220)y, and (311)y peaks
decreased significantly, while the intensity of the (111)y reflection increased. Apparently,
this phenomenon may be associated with some changes in the crystallographic texture.

The EBSD analysis of the as-printed and PDHT materials is shown in Figure 6. The
as-printed material exhibited two distinct microstructural zones (Figure 6a). The first zone
consisted of columnar grains with an average length of 600 £ 250 pm and a thickness of
120 =+ 60 um. The columnar grains had a strong preferred <100> orientation in the build
direction, which was associated with the epitaxial growth [26]. The second zone comprised
a fully austenitic (according to EBSD) structure with fine-equiaxed grains with an average
size of ~25 £ 15 um. A random crystallographic orientation in the fine-grained region
was observed. According to the kernel average misorientation (KAM) map (Figure 6b),
the KAM value gradually increased within the columnar-grained zone from the bottom
of the layer to the top. Higher KAM values at the top of these layers are potentially
associated with the retained effect of inter-pass forging. However, the opposite tendency
was observed in the fine-grained zone, wherein the KAM value decreased from the bottom
to the top; i.e., the maximum KAM value was found at the boundary with the previous

columnar-grained layer.
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Figure 5. XRD patterns of as-printed and PDHT Inconel 718.

500ium
e ==l

Zone |

h Layer thickness
N

500 pm
|

Figure 6. EBSD analysis of (a,b) as-printed and (c,d) PDHT Inconel 718 materials: (a,c) inverse pole

figure (IPF) maps and (b,d) kernel average misorientation (KAM) maps. (a1) IPF and (az) phase (red

color represents austenite (y)) maps with higher magnification inserted in (a). KAM maps in (b,d)

were collected from cropped areas in (a,c), respectively.

The microstructure after PDHT was distinctively different from that of the as-printed

condition, yet a clear structural inheritance could be found. The following two zones

were distinguished (Figure 6¢): the first zone was a zone of large uniaxial grains with

a diameter of 2.1 &= 0.7 mm; the second zone was a zone with much finer grains and a

pronounced grain size gradient ranging from 90 £ 30 um (upper part) to 0.9 £ 0.2 mm
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(lower part). Obviously, the zone of the large grains was formed from the columnar grains
via their aggregation growth [30,56] during homogenization at the first stage of PDHT
(Figure 3) [57]. Apparently, texture randomization occurred in this zone. In the second
zone, gradient strain distribution after inter-pass forging and temperature gradient during
the next layer deposition provoked the development of the gradient grain microstructure
during homogenization. Obviously, coarser grains were observed in the regions with the
higher accumulated strain (i.e., KAM) due to a higher driving force for grain growth [58].
We noted a uniform KAM distribution after PDHT, and low KAM values (Figure 6d). It is
worth mentioning that the texture of the as-printed material was not inherited after PDHT.
The sharp border between the deposited layers, even after PDHT, was also notable.
SEM-BSE images showed bright particles in the welding wire, as-printed wall, and
PDHT material (Figures 7-9). In the welding wire (Figure 7), the particles with irregu-
lar and cubic shapes were identified as the Nb-rich Laves phase and (Nb,Ti)C carbides,

respectively [59-61]. The volume fraction of both particles was 0.7 &= 0.1% (Figure 10).

EDX mapping
ek o, SR oo

Canbide

300 wm
I

Figure 7. SEM-BSE observations of welding wire 3D print AM 718: (a) longitudinal section;
(b) transverse section. Corresponding results of EDS-analysis are presented in (a,b).

In the first (columnar-grained) zone of the as-printed material, Laves phase precipitates
and (Nb, Ti)C carbides were within the interdendritic space (Figure 8a,b), likely due to den-
dritic solidification during the WAAM process and elemental segregation herein [32,62,63].
According to Ref. [64], the precipitates were formed via the following mechanism: L — y
— v + MC carbide — v + MC carbide + Laves phase. The thickness of the Laves phase
precipitates was 2.7 & 2.2 um. In the second (fine-grained) zone, Laves phase precipitates
were smaller, with an average size of 2.2 &+ 1.8 um (Figure 8c). The refinement of the
Laves phase could be attributed to the effect of plastic deformation (the breaking of initial
eutectic particles) during inter-pass forging, and their slight dissolution/coagulation could
be because of deposition-induced heating. Carbides were also observed herein (Figure 8c),
similar to the first zone. However, the volume fraction of the particles was almost the same
as that in the welding wire (Figure 10). It is worth mentioning that Ti/N-rich particles (red
dashed circle in Figure 8d) may have been the same as TiN nitrides. TiN particles could
serve as nucleation sites of NbC carbides during solidification because the two phases
were isomorphic [31,65]. According to Ref. [30], the particles were partially inherited
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from the welding wire material because their dissolution temperature was higher than
the temperature of WAAM processing. It should be noted that the interdendritic microp-
ores in the microstructure of the as-printed material were formed during crystallization

(Figure 8a) [26]. Yet, the porosity was very low (the volume fraction was < 0.5%) when using
the CMT technique for layer deposition [47] and inter-pass forging [32,33,39]. Obviously,
the Laves phase and (Nb,Ti)C carbides were stress concentrators due to their irregular

shape and brittleness. Yet, the ductile y-Ni matrix prevented cracking of the as-printed

material during hybrid WAAM processing.

pores 300 um

150 pm
——

carbides

— 10 um . Laves phase LV LI

F 100 wm e e ik 00 i

Nb
Laves phase
gl TiN
V4

10 um
[ hema]

Figure 8. SEM-BSE observations of as-printed Inconel 718: (a) interlayer boundary, (b) zone 1,

(c) zone 2, and (d) element distribution maps generated via EDS-analysis from the selected region in

zone 1.
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Figure 9. SEM-BSE observations of PDHT Inconel 718: (a) interlayer boundary, (b) zone 1, (c) zone 2,
and (d) element distribution maps generated via EDS-analysis from the selected region in zone 1.
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Figure 10. The volume fractions of the Laves phase and (Nb,Ti)C carbides in the welding wire,
as-printed wall, and PDHT Inconel 718.

The homogenization of the as-printed material at 1185 °C caused the dissolution of the
Laves phase (Figure 9a—c) because the homogenization temperature was higher than the
eutectic reaction temperature (Figure 3) [66]. Therefore, the Laves phase was mostly absent
in the PDHT material (Figure 10). Only carbides/nitrides of 2.1 £ 0.6 ym in size were
preserved (Figure 9d). Indeed, the volume fraction of (Nb,Ti)C carbides was independent
of PDHT (Figure 10) because the applied temperatures were lower than the (Nb,Ti)C
dissolution temperature [30]. Meanwhile, the y”’ phase precipitated from the y-Ni matrix
during subsequent ageing (Figure 11). The v nanoprecipitates could be observed using
selected area electron diffraction and dark-field images (Figure 11b,c). The precipitates had
a sandwich-like structure due to the specific ordering reaction [49,67]. The disk-shaped y”
nanoprecipitates had dimensions of 16 & 4 nm (diameter) x 5 & 1 nm (height) (Figure 11b).

Figure 11. TEM observations of PDHT Inconel 718: (a) bright-field image; (b) dark-field image in the
(OTl)y” reflection; (c) selected area electron diffraction (SAED) patterns of the (001) y-Ni zone axis
from the field indicated by the dotted circle in (a).

3.2. Microhardness and Mechanical Properties

A non-uniform microhardness distribution was observed in the build direction of the
as-printed wall (Figure 12a). The fine-grained zone had slightly higher microhardness
(318 £ 39 HV( ;) compared to the columnar grains (282 + 23 HVj,), which is in good
agreement with earlier papers [19,68]. Inter-pass forging significantly refined the grains,
increasing the microhardness value of the as-printed material. PDHT drastically increased
the microhardness by 170 HVj; and resulted in a greater homogeneous microhardness
distribution. However, the coarse-grained zone still had the lowest hardness value.



Metals 2025, 15,78

11 0f 18

0 - 17— a 1 b
1 Ser e 77 e 1400
% . I' ak g &
9 ~""""'$; L. R e I g
X . Fy 13 1200 A o cp— —
60‘ @ & =) =] _— \ A
8 i 66 !‘9 = s E g // N
¥’ A 4 R|= o [ PDHT
B B T o I B Rl |
%o b2 (2 5|
Caiy ﬁ = ,D b |
Be | S T [E 2 oo
E © g‘v a2 i o 800 4
* . 9‘ 4] A o 7] b b .
8s] &, s )4l o |8 2 As-printed
g s & P s |8 g
2, b N A B =600 4
1= ; A = "ﬁ O .
A :’1'0 - 1- As-printed A=y K= ,
i 42 -PDHT * A, Lo =
31 & , AL TElE & o
&, ]
*e & J
%, a1 200 4
- 2 M FE
: S - 2
oé‘ o “é{* %
0 o T L] 1 0 L L T 1
250 350 450 550 0 9 10 15 20

Microhardness (HV ,)

Engineering strain (%)

Figure 12. (a) Microhardness distribution and (b) engineering stress—strain curves of as-printed and
PDHT Inconel 718.

The engineering stress—strain curves and the resulting mechanical properties of the
as-printed and PDHT Inconel 718 are shown in Figure 12b and Table 2, respectively. The
as-printed material possessed modest strength (yield strength (YS) = 530 MPa; ultimate
tensile strength (UTS) = 800 MPa). After PDHT, significant strengthening (YS = 1020 MPa;
UTS = 1160 MPa) occurred. Surprisingly, PDHT somewhat increased ductility (ultimate
elongation (UE) increased from 14-17%; reduction in area (RA) increased from 18-23%).
It should be noted that the welding wire had high strength and ductility simultaneously
(Table 2). Although, in both Inconel 718 conditions, specimens demonstrated mostly ductile
fractures (Figure 13), many secondary microcracks were detected near and within the Laves
phase-containing eutectic regions in the as-printed material (Figure 14a). Meanwhile, in the
PDHT material, a few microcracks were found inside and along the carbides (Figure 14b).
The impact toughness of the as-printed material (Table 2) was quite high (65 ]/cm?). After
PDHT, the impact toughness increased to 80 J/cm?. The fracture of the as-printed material
was macroscopically flat, but microgrooves were detected (Figure 15a—c). PDHT caused a
uniform, ductile-dimpled fracture (Figure 15d—f).

Table 2. Mechanical properties of Inconel 718.

Condition UTS, MPa YS, MPa UE, % RA, % KCU, J/cm?
As-printed 800 + 98 530 + 34 14 + 10 1849 65 =+ 10
PDHT 1160 + 85 1020 + 17 17410  23+11 80 +4
Welding wire 1150 + 15 805 + 10 2545 36 + 13 .

3D-printed AM 718




Metals 2025, 15,78

12 0f18

Figure 13. Fracture overview and microphotographs of tensile specimens of (a-c) as-printed and
(d—f) PDHT Inconel 718.
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Figure 14. Fracture profiles of tensile specimens of (a) as-printed and (b) PDHT Inconel 718.

Hybrid WAAM with inter-pass forging produced the as-printed wall with the layered
bimodal microstructure, consisting of columnar- and fine-grained zones (Figure 6a). The
fine-grained zone formation was ascribed to non-uniform plastic strain distribution after
inter-pass forging and the subsequent static recrystallization of the deformed material
during the deposition of the next (upper) layer [33]. Indeed, non-uniform temperature
distribution and, therefore, more-developed recrystallization in the upper part of the
previous layer during processing, defined the gradient distribution of the KAM value in
the build direction (Figure 6b). The development of columnar grains throughout interlayer
boundaries was suppressed, which, according to Refs. [28,29], promoted the reduced
anisotropy of mechanical properties, higher strength, and fatigue resistance. However,
(Nb,Ti)C carbides, TiN nitrides, and Laves phase precipitates promoted premature failure
during the mechanical testing of the as-printed material [69]. The precipitates served as
stress concentrators [70] and, thus, provoked early microcrack nucleation (Figure 14a).
Furthermore, microgrooves on the fracture surface after impact testing (Figure 15a—c) and
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the decreased impact toughness value (Table 2) were related to simplified crack growth
along the rows of the brittle precipitates (Figure 8). On the other hand, the layered bimodal
microstructure (Figure 6a) was associated with the enhanced impact toughness value of the
as-printed material if crack propagation occurred throughout different zones [71].

Figure 15. Fracture overview and microphotographs of impact toughness specimens of (a—c) as-
printed and (d—f) PDHT Inconel 718.

Subsequent PDHT resulted in significant hardening and strengthening, as well as
increases in ductility and impact toughness (Table 2). Apparently, the observed phase evolu-
tion strongly affected the mechanical properties of the program material. The improvements
in ductility and impact toughness (Table 2) could be attributed to the dissolution of the
brittle Laves phase at the first step (homogenization) of PDHT (Figures 9 and 10), causing
minor microcracking under tension (Figure 14b) and ductile-dimpled fracture during im-
pact testing (Figure 15d—f). At the second and third steps (ageing), increases in hardness
and strength were caused by precipitation of " nanoparticles in the y-Ni matrix (Figure 11)
due to the dispersion-strengthening effect [19,72]. Contrarily, significant grain coarsening
after PDHT (Figure 6) supposedly caused softening due to the Hall-Petch effect [73,74]. Yet,
a negligible effect of grain size on ductility was anticipated [75]. Interestingly, the obtained
microstructure of the PDHT material could transform during and following use. According
to Ref. [76], long-term (3000 h) thermal cycling of Inconel 718 induced a phase transforma-
tion of the metastable v’ into a stable intragranular 5-phase. Therefore, a several-percent
decrease in mechanical properties was determined after the thermal cycling.

In comparison to the data of other works that considered CMT/Plasma-WAAM
processing, the proposed strength—ductility combination was equal to the best results
produced via hybrid WAAM-rolling processing with the standard/modified PDHT
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(Figure 16) [30,31,33,39,77,78]. Meanwhile, the wrought Inconel 718 possessed lower ductil-
ity (UE = 12%) [79] in comparison to the PDHT Inconel 718 (UE = 17%), while the strength
value was nearly the same (YS = 1020-1060 MPa). The improved UE of the PDHT Inconel
718 could be compared to the absence of needle-shaped d-phase precipitates that formed
during the standard heat treatment (as per AMS 5662) of the wrought Inconel 718. In
turn, the precipitates promoted intergranular cracking, and, therefore, a lack of ductil-
ity [39]. Thus, hybrid CMT-WA AM-forging processing and subsequent modified PDHT
is a promising technique that helped us to fabricate large parts and constructions with
attractive mechanical properties.

1200 1 Hybrid WAAM-forging/rolling
o 6 InE +standard/modified PDHT
1000 - e
o ————
’ o 0 ~.
_ 800 4 / o : 5 \\\
& : o \
2 600 1 Y = \
@ af 7
P ~ o®
ll..--._-_-"_/
200 O Seow 2019 O Xu 2019
O Xu 2018 O Zhang 2021
© Alonso 2021 O Wang 2020
0 ACurrent work 0 Wrougth AMS 5662
0 10 20 30 40

UE (%)

Figure 16. Yield strength (YS) and ultimate elongation (UE) combination of Inconel 718 obtained
using CMT /Plasma-WAAM processing adapted from [30,31,33,39,77,78].

The proposed approach has enabled researchers to produce large parts with ex-
ceptional quality and high repeatability, using simple equipment on a single platform
(CMT welding torch and hammer) for the oil and gas industry, as well as the nuclear
industry [80-82]. It is also worth noting that CMT-WAAM processing was highly effi-
cient, whereas inter-pass forging resulted in good mechanical properties for the as-printed
material (Inconel 718).

One future direction of our research is the study of the effects of the hybrid WAAM-
inter-pass forging approach on the microstructures and mechanical properties of as-printed
walls produced from other structural materials (Inconel 625, maraging steels, and others)
and the development of post-deposition heat treatment regimes.

4. Conclusions

The effect that modified post-deposition heat treatment (Step I, homogenization at
1185 £ 5 °C for 40 min with argon cooling; Step II, the first ageing step at 720 £ 5 °C for
8 h, followed by furnace-cooling to 620 °C; Step 111, the second ageing step at 620 &= 5 °C for
8 h with argon cooling) had on the microstructure, texture, and mechanical properties of
Inconel 718 fabricated via hybrid wire-arc additive manufacturing with inter-pass forging
was studied. The following conclusions were drawn:

1.  The as-printed material possessed a layered bimodal microstructure, consisting of
a columnar-grained zone with a <100> orientation, and a fine-grained zone with a
random crystallographic orientation. The fine-grained zone was formed via static
recrystallization induced through inter-pass forging and further heating during the
deposition of the next (upper) layer. Particles of (Nb,Ti)C and TiN and precipitates
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of the Nb-rich Laves phase were found in the as-printed alloy. The Laves phase
precipitates provoked premature cracking and failure during mechanical testing.

2. After modified post-deposition heat treatment, the following two zones were observed:
(i) a coarse-grained zone and (ii) a gradient-grained zone. Texture randomization
also occurred. The dissolution of the brittle Laves phase and precipitation of y”
nanoparticles were observed during homogenization and ageing, respectively.

3. Modified post-deposition heat treatment of the hybrid wire-arc additively manu-
factured components with inter-pass forging resulted in simultaneous increases in
strength, ductility, and impact toughness. For instance, the yield strength increased
from 530-1020 MPa, elongation to fracture increased from 18-23%, and impact tough-
ness increased from 65-80 J/cm?.
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