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Abstract

Ultrasonic-assisted laser-directed energy deposition (UA-DED) is a promising combined
technology for manufacturing high-value thin-walled Inconel 718 components in aerospace.
Nevertheless, the optimal ultrasonic frequency—a key parameter for achieving desirable
performance in thin-walled Inconel 718 alloys—remains to be determined. In this study,
we systematically investigated the influence of ultrasonic frequency (12–20 kHz) on the
microstructure and mechanical properties of thin-walled Inconel 718 fabricated by UA-DED.
The results revealed that an ultrasonic frequency of 20 kHz was optimal and can yield sig-
nificant improvements in the microstructures of the as-deposited sample coordinate planes,
manifested by the complete suppression of large pores, three-dimensional refinement of the
γ matrix grains, alleviation of Nb and Mo segregation, the reduction of fragmented Laves
particles, a decrease in residual macroscopic stresses, and homogeneous distributions of
γ′/γ′′ phases and γ-grain orientation. Meanwhile, the application of a 20 kHz ultrasonic
frequency endows the manufactured thin-walled 718 parts with superior mechanical prop-
erties, including a tensile strength of 899 MPa in the laser scanning direction and 877 MPa in
the build direction, along with the corresponding elongations of 34.8% and 38.9%. This work
demonstrates the potential of modulating ultrasonic frequency to tailor microstructures
and produce high-performance thin-walled Inconel 718 aerospace components.

Keywords: laser-directed energy deposition; Inconel 718; thin-walled component;
ultrasonic frequency; microstructure; mechanical property

1. Introduction
Inconel 718, a nickel-based superalloy strengthened by γ′ (Ni3 (Al, Ti)) and γ′′ (Ni3Nb)

precipitates, exhibits a high specific strength along with outstanding oxidation and cor-
rosion resistance [1]. These properties make it an ideal material for critical aerospace
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components such as combustor casings, seals, and disk- or ring-type parts, especially in the
thin-walled configurations [2–4]. The fabrication of such high-value thin-walled Inconel
718 components increasingly relies on advanced intelligent manufacturing technologies,
among which laser-directed energy deposition (DED) has seen particularly rapid develop-
ment in recent years [5]. In the DED process, Inconel 718 powders are continuously fed
into the interaction zone of a focused laser beam, forming a localized molten pool on the
substrate. As the laser follows a pre-programmed path, the melt pool rapidly solidifies
and overlaps with adjacent tracks. Through successive layer-by-layer deposition, near-
net-shape Inconel 718 components can be efficiently fabricated [6–8]. Consequently, DED
technology is particularly well-suited for producing complex-shaped, thin-walled Inconel
718 parts.

However, several critical challenges remain to be addressed in the DED of Inconel 718.
The rapid solidification inherent to the DED process typically produces microstructures
dominated by coarse columnar dendrites and a strong crystallographic texture [9,10]. Most
importantly, during service, thin-walled Inconel 718 components are often subjected to
combined thermal gradients, dwell periods, and cyclic mechanical loads [11,12]. Compared
to the bulk sections, these thin-walled geometries exhibit heightened sensitivity to the
microstructural features and defects introduced during manufacturing [13]. Specifically,
the non-equilibrium solidification promotes microsegregation of alloying elements such as
Nb and Mo in interdendritic regions [14]. This segregation facilitates the formation and
coarsening of the brittle Laves phase (Ni, Fe, Cr)2(Nb, Mo, Ti) [15]. The Laves phase is
a type of hard and brittle intermetallic compound that can markedly deteriorate the me-
chanical performance of as-deposited Inconel 718 [16]. Moreover, the intense local heating
followed by rapid cooling under a high thermal gradient generates high residual tensile
stresses in the as-deposited parts [17]. Furthermore, defects, particularly the pervasively
formed pores during deposition, critically undermine the in-service reliability of Inconel
718 components [18].

To address these challenges, the introduction of ultrasonic vibration during DED,
namely ultrasonic-assisted DED (UA-DED), has emerged as an effective in situ control
strategy [19–21]. This approach primarily relies on two ultrasonic effects, cavitation and
acoustic streaming [22]. When the ultrasonic intensity surpasses the cavitation threshold
of the melt pool, the alternating acoustic pressure promotes the formation, oscillation,
and eventual collapse of bubbles, thereby enhancing nucleation and fragmenting semi-
solid dendrite arms [23,24]. Meanwhile, the acoustic streaming induces strong, steady
convection within the melt pool. This significantly enhances the heat and mass transfer and
weakens the thermal boundary layer and thus suppresses the excessively epitaxial growth
while refining the grains [25,26]. Several researchers have carried out key preliminary
investigations into UA-DED. Ning et al. [27] found that the ultrasonic vibration during
Inconel 718 DED facilitated the dissolution of detrimental coarse Laves phases. This retains
more Nb in the γ matrix for subsequent γ′ precipitation, ultimately enhancing the yield
strength (YS) and ultimate tensile strength (UTS) after heat treatments. Moreover, UA-DED
has proven effective in suppressing process-induced microstructure defects [28,29]. Our
previous study [30] demonstrated that the ultrasonic vibration substantially reduces the
porosity of additively manufactured Inconel 718 alloys.

Nevertheless, the existing research is largely limited to the simple comparison of
Inconel 718 DEDed with and without ultrasonic vibration [27–32] or focuses on bulk
Inconel 718 DEDed with remarkably high ultrasonic frequencies above 25 kHz [33,34]. As
a key process parameter, optimal ultrasonic frequency and its effects on the microstructure
and property of the thin-walled Inconel 718 have not yet been elucidated. Here, we
systematically characterize the microstructure and mechanical properties of UA-DED thin-
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walled Inconel 718 samples under ultrasonic frequency modulation. The optimal frequency
is identified and used to achieve superior microstructures and mechanical properties.
This work demonstrates that modulating ultrasonic frequency enables precise control
over microstructure evolution, providing a viable pathway toward the manufacture of
high-performance thin-walled Inconel 718 components for aerospace applications.

2. Methods
2.1. Materials

The Inconel 718 powder used in this study was commercially produced via gas
atomization (AVIC Mate Powder Metallurgy Technology Co., Ltd., Beijing, China). The
elemental composition of the powder is provided in Table 1. The powder had a spherical
morphology and a size distribution of 53–150 µm. Prior to deposition, it was vacuum-dried
at 150 ± 10 ◦C for 2 h. The substrate material was 316L stainless steel. It was mechanically
ground and then cleaned with acetone to remove surface oxides and contaminants.

Table 1. Elemental composition of Inconel 718 powders (wt.%).

Elements Cr Nb Mo Al Ti Mn Si C Fe Ni

Inconel 718 powder 19.79 5.13 2.95 0.52 1.07 0.01 0.04 0.03 17.45 Bal.

2.2. UA-DED Setup and Procedure

The overall DED setup is illustrated in Figure 1. The DED system was assembled from
commercial modules (Nanjing Zhongke Raycham Laser Technology Co., Ltd., Nanjing,
China). A 2000 W fiber laser (IPG YLS-2000-CT, wavelength 1070 nm) served as the heat
source. The motion was controlled by a 6-axis robotic arm (KUKA KR30HA), which
manipulated a coaxial deposition nozzle (PRECITEC YC52). The powders were delivered
by a triple-hopper feeder (RC-PGF-D) using high-purity argon (99.99%) as both the carrier
and shielding gas.

Figure 1. Overview of the DED setup.

The ultrasonic system consisted of a power supply (Figure 2a) and an integrated
transducer assembly mounted on a vibration table (Figure 2b), with a rated power of
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4.8 kW and an operating voltage of 220 V. To ensure efficient vibration transmission into
the melt pool, the ultrasonic horn was secured via a coupling sleeve and brought into
rigid contact with the substrate. The ultrasonic frequency was set to 12 kHz, 16 kHz, or
20 kHz. It should be noted that 20 kHz is the upper limit of the ultrasonic frequency, as
stable fabrication of thin-walled parts became challenging beyond this value. Based on
the ultrasonic frequencies used, the as-deposited samples were named as 12-UA-DED,
16-UA-DED, and 20-UA-DED. A bidirectional scanning strategy was applied, and other key
deposition parameters were as follows: a laser power of 320 W, a scan speed of 4 mm·s−1, a
spot diameter of 1.6 mm, a hatch spacing of 1 mm, a powder feed rate of 7.2 g·min−1, and
a layer height of 0.42 mm.

Figure 2. Ultrasonic system used in this study: (a) ultrasonic power supply and (b) ultrasonic
integrated setup, consisting of the substrate, ultrasonic horn, coupling sleeve, and vibration table.

2.3. Microstructure Characterization

In this study, thin-walled Inconel 718 geometry (Figure 3a) with dimensions of 40 mm
length (along the laser scan direction, i.e., X direction in Figure 3b) × 25 mm height (along
the build direction, i.e., Z direction in Figure 3b) × 2 mm thickness (along the transverse
direction, i.e., Y direction in Figure 3b) was fabricated. The Inconel 718 samples for mi-
crostructural analysis were cut from the middle region of the thin-walled geometry. The
middle region was selected to eliminate the boundary effects from the start and termination
of deposition. The microstructures of three sample coordinate planes (i.e., Z–X, Z–Y, and
X–Y planes in Figure 3b) of the samples were examined. Following conventional mechani-
cal grinding and polishing, the samples were electrolytically etched in a 10% oxalic acid
solution (Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China) at 4 V
for 15 s. Microstructural examination was conducted using an optical microscope (OM,
Carl Zeiss AxioCam-MRc5, Carl Zeiss AG, Jena, Germany) and a scanning electron micro-
scope (SEM, TESCAN MIRA3, TESCAN, Brno, Czech Republic). The SEM was equipped
with both an energy-dispersive spectrometer (EDS, Aztec X-MaxN8, Oxford Instruments,
Abingdon, UK) and an electron backscatter diffraction detector (EBSD, Oxford Instruments
Aztec Nordys-max3, Oxford Instruments, Abingdon, UK). For crystallographic texture and
local strain analysis, EBSD mapping was performed with a step size of 1.75 µm under an
accelerating voltage of 20 kV. Prior to EBSD analysis, the samples were electropolished
using an electrolyte composed of 10% HClO4− (Shanghai Aladdin Biochemical Technology
Co., Ltd., Shanghai, China) and 90% CH3OH (Shanghai Aladdin Biochemical Technology
Co., Ltd., Shanghai, China) (by volume) at 10 V for 120 s. The phase identification was
performed using X-ray diffraction (XRD, Rigaku Ultima IV, Rigaku Corporation, Tokyo,
Japan) with Cu Kα radiation (λ = 1.54056 Å) and a step size of 0.02◦ at 40 kV and 30 mA.
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Figure 3. (a) Macroscopic image and (b) schematic diagram of the deposited thin-walled Inconel
718 samples.

Besides the aforementioned microstructures, the residual macroscopic stress was
measured at the Z–X plane center using an X-ray diffractometer (Proto Manufacturing Ltd.,
Tecumseh, ON, Canada) using the sin2ψmethod. The stress measurements were conducted
on the (311) plane of the face-centered cubic Ni using Mn Kα radiation (λ = 2.10314 Å).
Prior to the stress test, the sample surfaces were electropolished to eliminate the unmelted
alloy particles.

2.4. Mechanical Property Assessment

Tensile tests were conducted at room temperature using an INSTRON 5966 universal
testing machine (Instron, Boston, MA, USA) under a constant loading rate of 0.6 mm/min.
Tensile strain was recorded using a non-contact video extensometer (Instron Advanced
Video Extensometer AVE 2, Boston, MA, USA) with a displacement resolution of 1 µm.
Tensile testing was conducted along two orthogonal orientations: the X and Z directions
(Figure 3b). The dimensions of the tensile sample are depicted in Figure 4. The sample was
extracted from the middle region of the thin-walled geometries, with the center of its gauge
section located 12.5 mm from the substrate. Tensile tests along the X or Z direction were
repeated three times to ensure high reproducibility and reliability of the reported results.
The fracture morphology was examined using SEM.

Figure 4. The sample dimension for tensile tests.

3. Results
3.1. OM Analysis

Figure 5 presents the pore characteristics of the thin-walled Inconel 718 samples
deposited under ultrasonic frequency modulation. Obviously, large pores of approximately
100 µm were observed across the Z–X, X–Y, and Z–Y planes of the 12-UA-DED sample
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(Figure 5a–c), and they were also visible on the Z–X and X–Y planes of the 16-UA-DED
sample (Figure 5d,e). In particular, these large pores were absent on all coordinate planes
of the 20-UA-DED sample, where only small spherical pores were observed (Figure 5g–i).

Figure 5. Pore analysis of the thin-walled Inconel 718 samples: (a–c) 12-UA-DED, (d–f) 16-UA-DED,
and (g–i) 20-UA-DED.

The probability density function of pore size in the UA-DED thin-walled Inconel
718 samples is shown in Figure 6a, with no differentiation between the Z–X, X–Y, and Z–Y
planes due to negligible differences in the pore data. It can be seen that the pore sizes of all
samples were predominantly smaller than 12 µm. As the ultrasonic frequency increased,
the pore size distribution shifted toward a small-sized zone, with the size of less than
2 µm being predominant in the 20-UA-DED sample. The relevant porosity analysis results
are summarized in Figure 6b. The porosity decreased monotonically with increasing the
frequency, i.e., declining from 0.86% at 12 kHz to 0.72% at 16 kHz and 0.08% at 20 kHz. Note
that the porosity decrease was minor from 12 kHz to 16 kHz, while at 20 kHz, the porosity
dropped by roughly one order of magnitude compared to those at the two low frequencies.
This finding demonstrated the remarkable densification effect from the ultrasonic frequency
approaching 20 kHz.

The pore analysis results indicated that the application of the 20 kHz frequency
markedly and effectively suppresses the large-pore formation in the thin-walled Inconel
718 samples. It seems that at 16 kHz and below, the acoustic streaming is weak and
unable to efficiently propel the entrapped bubbles. Consequently, these bubbles may
be retained near the alloy solidification front (e.g., in interdendritic regions and along
the melt-pool boundary), where they could coalesce into large-sized ones [35]. When
the applied frequency is increased to 20 kHz, the ultrasonic input is expected to exceed
the melt-pool cavitation threshold, thereby maximizing the cavitation effect [36]. The
subsequent oscillation and collapse of cavitation bubbles can produce pressure pulses
and micro-jets, which effectively fragment and disperse the entrapped bubbles [37]. On
the other hand, the intense acoustic streaming can enhance the melt-pool convection and
solute transport [38], further suppressing bubble retention and growth before terminal
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alloy solidification. Therefore, the pores are basically smaller and fewer in the 20-UA-DED
thin-walled Inconel 718 alloys.

 

Figure 6. (a) Probability density function of the pore size and (b) porosity of the UA-DED thin-walled
Inconel 718 samples.

3.2. XRD Analysis

Figure 7 displays the XRD patterns of the thin-walled Inconel 718 samples deposited
via ultrasonic frequency modulation. The primary diffraction peaks corresponding to the
face-centered cubic γmatrix—(111), (200), and (220)—were clearly seen on the Z–X, X–Y,
and Z–Y planes of the three samples, and the Laves phase is also identified. It is difficult
to differentiate the matrix γ and the precipitates γ′ and γ′ ′ due to their similar lattice
parameters [39]. Moreover, the δ phase or MX carbides or nitrides cannot be identified,
probably due to their low volume fractions of less than 3%.

 

Figure 7. XRD patterns of the thin-walled Inconel 718 samples: (a) 12-UA-DED, (b) 16-UA-DED, and
(c) 20-UA-DED.

The crystal perfection of a metal or alloy can be reflected by the broadening of its
diffraction peak profiles, typically represented by the full width at half maximum (FWHM)
of the profiles [40]. The peak profile broadening is primarily attributed to the combined
effects of the domain size and microstrain [41]. Here, we determined the FWHM of the (111)
diffraction peaks for all UA-DED thin-walled Inconel 718 samples using a pseudo-Voigt
function, after deducting the background and Kα2 component from the measured peak. As
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seen from Table 2, on the Z–X plane, the FWHM monotonically increased from 0.317◦ to
0.393◦ when increasing the ultrasonic frequency from 12 kHz to 20 kHz, on the Z–Y plane
it decreased from 0.372◦ to 0.304◦ with the ultrasonic frequency, and on the X–Y plane it
exhibited a nonlinear variation with frequency.

Table 2. FWHMs of the (111) diffraction peaks for UA-DED thin-walled Inconel 718 samples.

Samples Plane FWHM of (111) Diffraction Peak (◦)

12-UA-DED Z–X 0.317 (±0.004)
12-UA-DED X–Y 0.377 (±0.004)
12-UA-DED Z–Y 0.372 (±0.004)
16-UA-DED Z–X 0.359 (±0.005)
16-UA-DED X–Y 0.313 (±0.004)
16-UA-DED Z–Y 0.308 (±0.004)
20-UA-DED Z–X 0.393 (±0.005)
20-UA-DED X–Y 0.374 (±0.004)
20-UA-DED Z–Y 0.304 (±0.003)

The FWHM variations in the (111) diffraction peaks for UA-DED Inconel 718 samples
indicated coordinate plane- and ultrasonic frequency-dependent microstructural evolution
during manufacturing. Specifically, the Z–X plane corresponds to the cross-section of melt
pools, and it is thought to experience intense agitation from ultrasonic vibration under a
high frequency of 20 kHz. This intense agitation could reduce the domain size and increase
the microstrain [42], thus deteriorating the crystal perfection to some extent and leading to
severe peak profile broadening. For the Z–Y plane, the heat dissipation along the thickness
direction is extremely constrained during deposition. A high ultrasonic frequency may
produce great energy into the melt pool, which may cause subsequent microstructure
recovery [43] on the heat dissipation-limited plane. Consequently, the high frequency of
20 kHz can improve the crystal perfection on the Z–Y plane; the relevant sample had a
small FWHM value. Additionally, on the X–Y plane, the (111) peak broadening might not
be governed simply by the intense melt pool agitation (on the Z–X plane) or by the thermal-
assisted microstructure recovery (on the Z–Y plane); it exhibited a nonlinear relation with
the ultrasonic frequency.

On the other hand, for all UA-DED thin-walled Inconel 718 samples, the intensity ratio
of the (111) to (200) diffraction peaks ranged from 2.20 to 3.74, which was close to 2.38 of
the standard reference Ni, indicating negligible crystallographic texture in these samples.

3.3. SEM Analysis

Figure 8 shows the SEM morphologies of Laves phases in the thin-walled Inconel
718 samples deposited under ultrasonic frequency modulation. It can be seen that the
ultrasonic vibration fragmented the Laves phase into discrete particles with a short chain,
contrasting with the continuous, long-chain Laves phase typically found in conventional
DED alloys [30]. As the ultrasonic frequency increased from 12 kHz to 20 kHz, the fraction
of the Laves phase decreased, and further refinement of this phase was evident when the
frequency was modulated from 16 kHz to 20 kHz. These frequency-dependent changes
in the Laves phase morphology were associated with the extent of elemental segregation
during deposition [14]; particularly, the high frequency of 20 kHz might effectively alleviate
the local Nb/Mo enrichments required for Laves-phase nucleation and growth.
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Figure 8. SEM morphologies of Laves phases in thin-walled Inconel 718 samples: (a–c) 12-UA-DED,
(d–f) 16-UA-DED, and (g–i) 20-UA-DED.

Figure 9 depicts the morphologies of the γ′/γ′′ precipitates around the Laves phase
in the UA-DED thin-walled Inconel 718 samples. In the 12-UA-DED sample (Figure 9a),
the γ′/γ′′ precipitates exhibited inhomogeneous sizes, and for the 20-UA-DED sample in
Figure 9b, these precipitates, with an average size of approximately 10 nm, distributed
uniformly. This finding demonstrated that high-frequency ultrasonic-assisted deposition
improves the homogeneity of γ′/γ′′ precipitation. Intuitively, the high-frequency ultrasonic
vibration could provide great energy input during deposition, which effectively lowers
the nucleation barriers [44,45] of γ′/γ′′ precipitates. On the other hand, at 20 kHz, the
intense melt-pool convection could enhance the solute redistribution near the Laves phase
and increase the density of nucleation sites, thus resulting in a uniform size distribution of
γ′/γ′′ precipitates.

Figure 9. SEM morphologies of γ′/γ′′ precipitates in thin-walled Inconel 718 samples: (a) 12-UA-DED
and (b) 20-UA-DED.
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3.4. EDS Analysis

Figure 10 displays the EDS analysis of the thin-walled Inconel 718 samples deposited
under ultrasonic frequency modulation. The elemental composition analysis was per-
formed at specific points on the Z–X plane for each sample: points A (γ matrix) and B
(Laves phase) for the 12-UA-DED sample, points C (γmatrix) and D (Laves phase) for the
16-UA-DED sample, and points E (γmatrix) and F (Laves phase) for the 20-UA-DED sam-
ple. The results of EDS analysis are summarized in Table 3. Additionally, the elements Mn,
Si, and C were not analyzed, considering their extremely low contents. The EDS analysis
results indicated that, relative to the γ matrix, the Laves phase was strongly enriched in
Nb, Mo, and Ti but depleted in Cr, Fe, and Al. This finding aligns well with the typical
elemental composition of Laves phase precipitates from the matrix alloy. Moreover, with
increasing the ultrasonic frequency, the Nb content in the γmatrix increased from 2.3 wt.%
at 12 kHz to 4.0 wt.% at 16 kHz and further to 4.7 wt.% at 20 kHz, while in the Laves
phase it decreased from 28.3 wt.% to 26.5 wt.% and then to 21.2 wt.%, accordingly. This
demonstrated the significant alleviation of Nb aggregation in the high-frequency UA-DED
sample. Furthermore, compared with Nb, Mo exhibited slight mitigation in segregation,
possibly due to its lower diffusivity and high atomic mass [46].

Figure 10. EDS analysis of the thin-walled Inconel 718 samples: (a) point A corresponding to γmatrix
and point B to Laves phase in 12-UA-DED sample, (b) point C corresponding to γmatrix and point
D to Laves phase in 16-UA-DED sample, and (c) point E corresponding to γmatrix and point F to
Laves phase in 20-UA-DED sample.

Table 3. EDS analysis results of the γmatrix and the Laves phase in the UA-DED thin-walled Inconel
718 samples (wt.%).

Position Al Ti Cr Fe Nb Mo Ni

A (γmatrix) 0.7 0.6 20.5 20.4 2.3 2.9 Bal.
B (Laves) 0.3 1.3 13.8 12.3 28.3 5.4 Bal.

C (γmatrix) 0.8 0.9 19.9 19.1 4 3 Bal.
D (Laves) 0.4 1.4 14.1 12.6 26.5 5.9 Bal.

E (γmatrix) 0.8 1.2 19.9 19 4.7 3.1 Bal.
F (Laves) 0.5 1.4 14.9 13.6 21.2 4.5 Bal.

It is reasonable that at the high ultrasonic frequency of 20 kHz, the intense melt-pool
convection effectively promotes the solute transport and mitigates the Nb accumulation
in the interdendritic regions during the final stage of solidification [47]. Note that the
reduced amount of Nb-rich interdendritic liquid can suppress the formation of continuous,
long-chain Laves phases [48]. This was consistent with the discrete, short-chain, and even
spherical Laves morphology presented in Figure 8g–i.

https://doi.org/10.3390/cryst16010072

https://doi.org/10.3390/cryst16010072


Crystals 2026, 16, 72 11 of 19

3.5. EBSD Analysis

Figure 11 presents the EBSD analysis results of the γ matrix grains in the thin-
walled Inconel 718 samples deposited via ultrasonic frequency modulation. As shown
in Figure 11a–c, when a 12 kHz ultrasonic frequency was applied, the γmatrix grains re-
mained mostly coarse. Notably, on the Z–Y plane, the coarse columnar grains were largely
aligned with the build direction (Figure 11c). However, even at the low frequency of 12 kHz,
the ultrasonic assistance promoted a columnar-to-equiaxed transition of γmatrix grains on
the Z–X and X–Y planes—a significant difference compared with Inconel 718 deposited
without ultrasonic vibration, as specified in our previous work [30]. Moreover, the appli-
cation of 16 kHz frequency refined the γ matrix grains to a certain extent (Figure 11d–f),
and the columnar morphology on the Z–Y plane became less pronounced relative to the
12 kHz frequency case. Furthermore, the 20 kHz frequency ultrasonic-assisted deposition
could produce fine, nearly equiaxial γ grains across all coordinate planes, as depicted in
Figure 11g–i.

Figure 11. EBSD morphologies of the γ matrix grains in the thin-walled Inconel 718 samples:
(a–c) 12-UA-DED, (d–f) 16-UA-DED, and (g–i) 20-UA-DED.

To quantitatively evaluate the geometrical characteristics of the γmatrix grains shown
in Figure 11, the mean fitted ellipse major diameter (MD) and mean fitted ellipse aspect ratio
(AR) of these grains were determined for the UA-DED thin-walled Inconel 718 samples. As
shown in Figure 12a, the 12-UA-DED sample exhibited markedly different MD values across
the three coordinate planes, indicating a clear deviation from the desired equiaxed grain
morphology. This has not been improved, although the use of a relatively high frequency
(16 kHz) could decrease the MD value, except that for the Z–Y plane. It is worth noting that
for the 20-UA-DED sample, the MD of γ grains on the Z–Y plane significantly decreased,
and by considering the variations for the other two coordinate planes, the application of a
high frequency of 20 kHz indeed greatly optimized the three-dimensional morphology of
the γmatrix grains. This finding was also verified by the analysis result of AR presented in
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Figure 12b. Specifically, when the frequency was modulated from 12 kHz to 16 kHz, the
AR values of γ grains remained nearly unchanged on the three coordinate planes, with the
Z–Y plane still exhibiting a high AR of approximately 2.7. In contrast, a further increase to
20 kHz led to a clear reduction in AR across all coordinate planes, especially a dramatic
decrease of 0.7 for the Z–Y plane. Consequently, the 20-UA-DED sample exhibited low AR
values and relatively consistent γ-grain geometries in three dimensions.

 

Figure 12. Mean fitted ellipse parameters of γ matrix grains in thin-walled Inconel 718 samples:
(a) major diameter and (b) aspect ratio.

Figure 13 depicts the pole figures of the γmatrix grains in thin-walled Inconel 718 sam-
ples deposited under ultrasonic frequency modulation. For these UA-DED samples, the
γmatrix grains exhibited a weak crystallographic preferred orientation across each coor-
dinate plane. This finding is consistent with the XRD analysis presented in Section 3.2.
Moreover, a striking discrepancy in maximum pole density (MPD) values was observed
across the three coordinate planes for the 12-UA-DED sample (e.g., 3.3 on the Z–X plane
in Figure 13a versus 6.2 on the X–Y plane in Figure 13b), while the 16- and 20-UA-DED
samples exhibited comparable MPD values on all coordinate planes (Figure 13d–i). In
addition, the MPD of the γ matrix grains somewhat decreased as the ultrasonic frequency
was modulated from 12 kHz to 16 kHz and then to 20 kHz.

Figure 13. Pole figures of the thin-walled Inconel 718 samples: (a–c) 12-UA-DED, (d–f) 16-UA-DED,
and (g–i) 20-UA-DED.

Figure 14 shows the kernel average misorientation (KAM) distributions of the γmatrix
grains in thin-walled Inconel 718 samples deposited under ultrasonic frequency modula-
tion. At the low frequencies of 12 kHz and 16 kHz, the KAM of γ grains was distributed
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inhomogeneously across the Z–X, X–Y, and Z–Y planes, and it varied significantly for
different coordinate planes (Figure 14a–f). Note that the application of 20 kHz markedly
homogenized the KAM distribution on each coordinate plane as well as between the coor-
dinate planes (Figure 14g–i). The KAM is generally considered to arise from the presence of
geometrically necessary dislocations (GNDs) in crystal structures [49], and its homogeneous
distribution in Figure 14g–i implies a uniform three-dimensional arrangement of GNDs in
the 20-UA-DED sample. Nevertheless, the KAM values averaged over the three coordinate
planes for these UA-DED samples were very close (around 0.5◦), indicating a consistent
density of GNDs induced by the ultrasonic vibration without frequency dependence.

Figure 14. Kernel average misorientation distributions of γ matrix grains in thin-walled Inconel
718 samples: (a–c) 12-UA-DED, (d–f) 16-UA-DED, and (g–i) 20-UA-DED.

The EBSD analysis results demonstrated that applying a high ultrasonic frequency of
20 kHz remarkably refined the γmatrix grains, modified the columnar grain morphology,
suppressed the preferential grain growth, and homogenized the GND distribution in three
dimensions. This is because an applied high ultrasonic frequency could provide great
energy input in the melt pool, which effectively reduces the nucleation barrier [44,45], in-
creases the nucleation rate, and ultimately refines the γmatrix grains. Moreover, the intense
cavitation effect at 20 kHz might produce transient high-pressure pulses and micro-jets,
which could disrupt the solidification front of alloys, thus greatly facilitating the columnar-
to-equiaxed transition of the matrix grains [50]. Additionally, the enhancement of melt-pool
convection at the high frequency of 20 kHz could promote the solute homogenization and
uniform nucleation, which can weaken the crystallographic texture of deposited Inconel
718 alloys [51]. Also, the observed homogeneous KAM distribution in the 20-UA-DED
sample was consistent with fine, nearly equiaxial γ grains with random orientation.

3.6. X-Ray Residual Stress Analysis

Figure 15 displays the residual macroscopic stresses measured in thin-walled Inconel
718 samples deposited under ultrasonic frequency modulation. It can be seen that the
stresses in both the X and Z directions were compressive, with the magnitude in the X
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direction approximately being three times greater than that in the Z direction. Moreover,
as the ultrasonic frequency was increased from 12 kHz to 16 kHz and then to 20 kHz, the
compressive stresses in the two directions of the UA-DED samples gradually decreased,
and the 20 kHz frequency deposited sample was almost in a stress-free state (–35 MPa)
along the Z direction.

Figure 15. Residual stress of the UA-DED thin-walled Inconel 718 samples.

The frequency-dependent variations in the residual macroscopic stress observed in the
UA-DED Inconel 718 samples might be associated with the ultrasonic vibration-induced
strain-hardening, composition/microstructure homogenization or softening effects [52,53].
Intuitively, the low-frequency ultrasonic vibration could induce cyclic strains within the
melt pool during deposition, promoting the mobility and pile-up of GNDs [54] and thereby
contributing to strain hardening of the alloys to some extent. This strain-hardening effect
most likely led to large stresses in the as-deposited alloys. In contrast, the high-frequency
ultrasonic vibration can generate vigorous agitation within the melt pool. This action
significantly homogenized both the elemental composition (Section 3.4) and the microstruc-
tures (Sections 3.3 and 3.5) and possibly enhanced the subsequent dynamic recovery of
the alloys. The resulting uniformity in composition and microstructure, combined with
this potential softening effect, effectively alleviated the thermal stresses induced during
deposition. Consequently, the high-frequency UA-DED sample exhibited low macroscopic
residual stresses.

3.7. Tensile Properties

The room-temperature tensile properties of the thin-walled Inconel 718 samples de-
posited via ultrasonic frequency modulation were evaluated, and the representative stress–
strain curves together with the relevant YS, UTS, and elongation data along the Z and X
directions are presented in Figure 16. It can be observed that as the ultrasonic frequency
was modulated from 12 kHz to 16 kHz and then to 20 kHz, the YS were nearly unchanged
for the samples loaded along either the Z or the X direction, while for the UTS of samples,
it increased from 807 MPa to 861 MPa and then to 877 MPa along the X direction and
remained constant along the other direction. Most importantly, the application of a high
ultrasonic frequency led to a significant improvement in the elongation of the as-deposited
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samples in both directions. Specifically, the elongation increased by a total of 41% along the
Z direction and by 58% along the X direction. Consequently, the 20-UA-DED sample exhib-
ited superior mechanical properties, with a YS of 465 MPa (416 MPa), a UTS of 899 MPa
(877 MPa), and an elongation of 34.8% (38.9%) when loaded along the Z (X) direction.

 

Figure 16. Tensile properties of thin-walled Inconel 718 samples deposited under ultrasonic frequency
modulation: stress–strain curves along (a) the Z direction and (b) the X direction as well as the relevant
strength and elongation data along (c) the Z direction and (d) the X direction.

The negligible variation of YS for these UA-DED samples was probably due to their
similar microstructure characteristics, including the substructure (i.e., the domain size
and microstrain as specified in Section 3.2), basically coarse matrix grains with sizes
exceeding 20 µm (Section 3.5), and KAM values (i.e., the GND density as specified in
Section 3.5), which were thought to provide the same resistance to the onset of dislocation
glide [55]. Moreover, the enhancement of UTS with increasing ultrasonic frequency along
the X direction might originate from the decrease of porosity (Figure 5), reduction of the
fragmented Laves phase (Figure 8), the mitigation of Nb/Mo segregation (Figure 10 and
Table 3), an increase in the grain boundary density (grain refinement in Figure 11), and
the homogeneous distribution of KAM (Figure 14), which collectively enhanced the work-
hardening capacity of the samples during plastic deformation [51]. Such increased work-
hardening capacity could effectively delay the onset of necking instability [56], thereby
enhancing the UTS. Furthermore, when the samples loaded along the Z (build) direction,
the UTS might be governed by the bonding quality between interlayers [57], which was
possibly independent of the magnitude of ultrasonic frequencies applied during deposition.

The significant improvement in ductility of the UA-DED samples can be attributed to
several interrelated microstructural effects induced by high-frequency ultrasonic vibration.
First, the refined and uniform microstructure with homogeneous elemental composition in
the high-frequency UA-DED sample helped alleviate stress concentration, delay damage
initiation, and hinder microcrack propagation during tensile loading [58]. Second, the
increased density of grain boundaries produced at high ultrasonic frequencies acted as
effective barriers to crack propagation [59]. Additionally, the random crystallographic orien-
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tation in the high-frequency UA-DED sample promoted homogeneous plastic deformation
by enabling a great number of grains to favorably align their dislocation slip systems under
macroscopic stress [60]. Furthermore, the homogeneous distribution of GNDs—particularly
evident in the 20-UA-DED sample—facilitated strain accommodation across grain bound-
aries [61] and helped stabilize localized strain regions during tension [62]. Consequently,
increasing the ultrasonic frequency substantially enhanced the ductility of the as-deposited
samples under loading along both the Z and X directions.

Figure 17 presents the tensile fracture morphologies (Z direction) of the UA-DED
thin-walled Inconel 718 samples. Both the 12 kHz and 20 kHz deposited samples displayed
typical ductile fracture features, characterized by the presence of high-density dimples
resulting from microvoid nucleation, growth, and coalescence [63]. A comparison between
Figure 17a,b revealed that the dimples in the 20 kHz UA-DED sample were notably finer
and more densely distributed than those in its 12 kHz counterpart, suggesting improved
mechanical properties for the former.

Figure 17. Representative fracture morphologies of the thin-walled Inconel 718 tensile test samples:
(a) 12-UA-DED and (b) 20-UA-DED.

4. Conclusions
In summary, this study demonstrated that 20 kHz is the optimal ultrasonic frequency

for tailoring the microstructure and mechanical properties of UA-DED thin-walled Inconel
718 alloys. At this frequency, the enhanced cavitation and acoustic streaming can eliminate
large pores and reduce porosity to 0.08%. Meanwhile, the microstructure is refined and
homogenized, featuring fine and nearly equiaxed γ grains, a fragmented and reduced
Laves phase, uniformly distributed nanoscale γ′/γ′′ precipitates, and a three-dimensionally
uniform arrangement of GNDs. These microstructural improvements collectively enhance
the UTS, increase the ductility by up to 58%, and reduce the residual stresses through
the composition-microstructure homogenization and potential dynamic recovery. This
work provides important insights into the microstructural control and mechanical property
optimization in the ultrasonic-assisted additive manufacturing of nickel-based superalloys.
Future studies will focus on evaluating long-term high-temperature performance under
extreme service conditions, thereby facilitating the engineering application of this process
for fabricating complex thin-walled Inconel 718 components in the aerospace field.
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