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Non-contact ultrasound to assist laser
additive manufacturing

Jiasen Han1,6, Shuhao Wang2,6, Wenjun Ge3,6, Hui Chen 1,6 , Yajing Sun1,
Yuxiang Ai1, Weihao Yuan 4, Siyuan Ruan4, Weiming Niu1, Haiou Yang1,
Shuo Yin 4, Wentao Yan 3 & Xin Lin 1,5

In ultrasound-aided laser melting processes such as additive manufacturing, it
is generally believed that acoustic cavitation is essential for grain refinement
during solidification while acoustic streaming plays a negligible role. We pro-
pose a non-contact ultrasound approach to provide low-intensity ultrasound,
i.e., below the melt cavitation threshold, ensuring a pure acoustic streaming
regime. Without cavitation, it is found that fine equiaxed grains still can be
achieved. This is attributed to the combined effects of acoustic streaming and
Marangoni force, which create a high-frequency-shaking type melt flow in the
melt pool, leading to fatigue fracture of dendrites and thus grain refinement.
Moreover, low-intensity ultrasound can offer stable melt pool modulation
throughout layer-by-layer processing, enabling uniform grain refinement in
large-scale samples, which is a challenge for the current direct-contact ultra-
sound approach.

Laser melting based additive manufacturing (AM) is currently one of
the most extensively used AM techniques1–5, where a high-power-
intensity laser is used to melt metallic materials into a small melt pool
(~ 10−4 −10−3m), depositingmaterials in a layer-by-layermanner to build
3D parts6–9. The melt pool features steep temperature gradients (~ 105

-107K·m−1 10–12) and thus the solidification shows a strong epitaxial grain
growth along the deposition direction, leading to columnar grains in
the fabricatedpart formostmetallicmaterials,which is detrimental for
the mechanical properties13–16. The ultrasound-aided melt process, a
field-basedmethod for grain refinement used inwelding, cladding and
casting17,18, is recently employed for the laser AM process19,20. Up to
now, two physical mechanisms have been widely accepted for the
ultrasound effect on the melt process, namely the acoustic cavitation
and acoustic streaming19,21. However, there is a long-standing con-
troversy on which factor is dominant in grain refinement: acoustic
cavitation, acoustic streaming flow, or the synergistic effects of both?
Acoustic cavitation occurs when the ultrasonic intensity is higher than

the melt cavitation threshold, where the alternating ultrasonic pres-
sure is believed to induce bubble formation, oscillation, growth and
implosion, resulting in grain fragmentation and enhanced grain
nucleation22,23. Acoustic streaming, a swirling flow caused by ultrasonic
vibration, is recently observed via synchrotron X-ray imaging and
believed to play a role in grain refinement24. Most of the existing
researches claim that the acoustic cavitation is the crucial cause of
grain refinement while the acoustic streaming flow has minimal
impact25,26, e.g., in welding27, casting28, and cladding and AM22,23,29–31.
However, the commonly used high-intensity ultrasound (more than
hundreds ofW·cm-2 evenwith the amplitude of 2-3μmat the frequency
of 20 kHz) is generally several orders of magnitude higher than the
cavitation threshold of themelt32, and the effects of acoustic cavitation
and acoustic streaming flow on the melt solidification are both active
and thus difficult to be distinguished.

Another critical issue is that in all the existing research, the
ultrasound is loaded into the melt pool by a contact-transmission
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mode to ensure the intension, i.e., the ultrasound is directly trans-
mitted to themelt pool through the solid substrate19,20,25 by placing the
ultrasound transducer in contact. In practical applications, the
contact-transmission approach (Fig. 1b) poses a great barrier in pro-
ducing uniform refined grain structures, especially when manu-
facturing large-size or complex-shaped parts19,21. As the distance
between themelt pool and ultrasonic source varies at different regions

of the part, the ultrasound transmitted into the melt pool will vary
significantly with different amplitudes, and it is difficult to maintain
consistent ultrasound19,33. This makes the ultrasonic effects in the melt
pool inconsistent and uncontrollable during the layer-by-layer AM
process, resulting in inhomogeneous solidified structures and
mechanical properties19, which is still an enormous challenge
encountered by the current high-intensity ultrasound-aided laser AM.
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Fig. 1 | Ultrasound-aided laser melting and deposition. a The schematic of low-
intensity ultrasound by non-contact-transmission mode. In this mode, the ultra-
sonic transducer with an energy amplifier is fixed with the powder feeder. The
ultrasound from the transducer enters the gas medium with great attenuation and
then transmits to the melt pool. Note that the energy amplifier is employed to
ensure that the weakened ultrasound is still strong enough at the position of the
melt pool. b The schematic of high-intensity ultrasound by the traditional contact-
transmission mode. c–e Grain structure in a single track deposited with low-

intensity ultrasound (c), without ultrasound (d) and high-intensity ultrasound (e).
f–h Large-size sample andmicrostructurewith low-intensity ultrasound (f), without
ultrasound (g) and high-intensity ultrasound (h). i–k Mechanical properties of as-
fabricated samples, where four tensile samples are tested for each case. Inconel 718
is selected as the model material. Details of facilities and calibration of ultrasonic
intensities are described in the “Methods” section and Supplementary Figs. 2 and 3.
The optimized laser parameters are given in Supplementary Fig. 1 and Table 2.
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In addition, as the high-intensity ultrasound causes strong bubble
oscillation and shocking waves in the melt pool, it is easy to induce
fusion defects such as pores and rough surfaces during the
process20,27,34, comprising the mechanical properties.

Here, we develop a non-contact low-intensity ultrasound-aided
laser AM technique (Fig. 1a) with two objectives: 1) ensuring consistent
ultrasound input to achieve uniform grain refinement and mechanical
property, and 2) evaluating the effect of acoustic streaming on the
laser melting process. Two common alloys, Inconel 718 and 316 L
stainless steel, are employed to demonstrate the universality of con-
clusions. Surprisingly, the non-contact low-intensity ultrasound
approach is able to induce refined grains, and more importantly,
ensure uniform refined structures with less fusion defects in the layer-
by-layer AM process of large-size samples, overcoming the critical
barrier of the current approach. Leveraging systematic experimental
characterizations and high-fidelitymodeling, the physicalmechanisms
of grain refinement by non-contact low-intensity ultrasound, such as
columnar-to-equiaxed-transition (CET), plastic fracture and fatigue
fracture of dendrites, are investigated quantitatively. The results pro-
foundly enhance the fundamental understanding of the ultrasound-
aided laser melting process, and our non-contact low-intensity ultra-
sound approach is a promising solution to control microstructure and
mechanical properties in melting-based AM and many other techni-
ques, such as cladding and welding.

Results
Superiority of non-contact low-intensity ultrasound
The non-contact ultrasound approach (Fig. 1a) is designed to provide
consistent low-intensity ultrasound below the melt cavitation thresh-
old in the melt pool, where the ultrasound transducer maintains a
constant distance with the melt pool by moving together with the
nozzle (more details in Methods and Supplementary Fig. 2b). For
comparison, the laser AM experiments without ultrasound and with
conventional contact-transmission high-intensity ultrasound (Fig. 1b)
are also conducted. Contact-transmission ultrasound can indeed
remarkably refine the solidified structures in single track experiments
with the model materials, where the coarse columnar grains (Fig. 1d)
are totally refined to equiaxed grains (Fig. 1e). However, in the multi-
layer AMprocess of a large-size sample, the contact-transmission high-
intensity ultrasound mode fails to consistently refine grain structures,
due to the significant transmission loss of ultrasonic energy with the
increasing distance from the ultrasound source, where the grain size
varies with position in the sample and columnar grains appear above a
certain height (~ 10mm in Fig. 1h). Actually, as the high-intensity
ultrasound leads to fusion defects, it is difficult to build a block sample
higher than 15mm (Fig. 1h).

Surprisingly, the low-intensity ultrasound, only with the acoustic
streaming effect, can also induce refined grain structures (Fig. 1c),
which corrects the traditional cognition that ultrasound without
cavitation is negligible for grain refinement. More importantly, as
consistent and controllable ultrasound can be provided in the melt
pool by moving the ultrasonic source and nozzle together during the
layer-by-layer AMprocess, uniformly refinedgrain structureswith little
fusion defects are obtained throughout the large-size sample with the
height of ~ 100mm (Fig. 1f). That is, our non-contact low-intensity
ultrasound approach retains the positive effect of grain refinement,
and eliminate the detrimental effect of fusion defects, thereby per-
fectly overcoming the challenges encountered by the conventional
contact-transmission ultrasound mode.

Consequently, the mechanical properties of parts by the non-
contact low-intensity ultrasound-aided laser AM are remarkably
enhanced. Compared with that without ultrasound, the yield stress
and ultimate tensile strength of Inconel 718 are enhanced by ~ 27.6 %
(from456 to 582MPa) (Fig. 1i) and 8.6% (from915 to 994MPa) (Fig. 1j),
with negligible reduction of plasticity (from 41.5 to 40.1 %) (Fig. 1k).

More significantly, the quality consistency is obviously enhanced,
where the values of tensile properties are highly repeatable with little
variation. This is attributed to the uniform refined microstructure
under the consistent and controllable ultrasonic effect. In contrast, the
mechanical properties by the high-intensity ultrasound show a large
variation (Fig. 1i–k), which is attributed to the fusion defects and
inhomogeneous microstructure due to the inconsistent ultrasonic
effect. For instance, the yield strength of tensile samples by the high-
intensity ultrasound varies in a big range from 427 to 757MPa (Fig. 1i),
showing poor quality consistency. This means the low-intensity ultra-
sound by our non-contact-transmission mode has the advantage in
reproducibility, which is critical for laser AM. In addition to laser AM,
the grain refinement mechanism of our non-contact low-intensity
ultrasound approach is expected to be universal in such melting pro-
cesses andhaspromising applications inother techniques suchas laser
cladding and welding.

Fusion defects
Similar to some previous reports35, our detailed results confirm that
the high-intensity ultrasound leads to fusion defects such as bulges,
pits, coarse ripples and even discontinuity in the melted single tracks,
and the stronger the ultrasonic intensity is, themore serious the fusion
defects are (Fig. 2f, g, i). In contrast, with the low-intensity ultrasound,
no obvious fusion defects are discovered (Fig. 2b–e, h), and the
smooth and continuous single tracks are comparable to that without
ultrasound (Fig. 2a). The shape of single track is further investigated in
terms of the aspect ratio (Fig. 2j), where the width and height of the
track cross section are detailed in Supplementary Fig. 4. The aspect
ratio of the melted track increases with the increase of the ultrasonic
intensity, i.e., the track becomes wider and flatter. However, the
increment of aspect ratio by the low-intensity ultrasound (from 2.91 to
3.23) is negligible, compared with the remarkable increment by high-
intensity ultrasound (from 2.91 to 6.9). Considering the fusion defects
caused by high-intensity ultrasound, such a tendency by high-intensity
ultrasound will make it difficult to accomplish the layer-by-layer
deposition of block parts. Under the ultrasound intensity of
2855.6W·cm−2, the single track becomes discontinuous and collapsed
(Fig. 2i), and hence, the multilayer melting and deposition of a block
sample cannot be accomplished successfully. Pore defects in the
deposited block samples are tested by X-ray computed tomography. It
is found that the stronger ultrasound results in more pores within the
block samples (Fig. 2k–o). Quantitative plots indicate that the increase
of porosity caused by the low-intensity ultrasound (from 7.9 to
17.5W·cm−2) is ignorable compared with that caused by the high-
intensity ultrasound (from 212.4 to 1911.6W·cm−2) (Fig. 2p). With low-
intensity ultrasound, the samples are deposited with near full density,
which is comparable to that without ultrasound. These confirm that
the non-contact low-intensity ultrasound effectively avoids fusion
defects, which are remarkable under the high-intensity ultrasound.
Similar conclusions can be drawn from the results of 316 L stainless
steel (Supplementary Fig. 5).

Grain structures
Themajor objective of using ultrasound in lasermelting is to tailor the
grain structures, mainly achieving grain refinement. Figure 3 depicts
the effects of ultrasound on the crystal structure of Inconel 718 single
tracks. The sample without ultrasound is featured by columnar grains
with several millimeters in length (Fig. 3a, g), which is a typical grain
structure caused by the steep temperature gradient. As expected, the
high-intensity ultrasound shows a strong ability of grain refinement,
inducing fully refined equiaxed grains with random orientations
(Fig. 3e, f, i). Surprisingly, the non-contact low-intensity ultrasound can
lead to refined grain structure with the intensities of 14W·cm−2 and
17.5W·cm−2 (Fig. 3c, d, h), while the grain refinement is not so pro-
nounced when the intensity is smaller than 10.5W·cm−2 (Fig. 3b).
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Figure 3j quantifies the correlation between the grain size and ultra-
sonic intensity for the single tracks. Compared with the average grain
size of 73.7μm without ultrasound, the grain refinement by high-
intensity ultrasound is obvious, reducing the average grain size to
30.2μm under the ultrasonic intensity of 849.6W·cm−2, and the grain
refinement by low-intensity ultrasound is not so remarkable until it
reaches to 17.5W·cm−2. By the low-intensity ultrasound of 17.5W·cm−2,
the refined grain size (44.6μm) is even comparable to the high-
intensity ultrasound of 212.4W·cm−2.

In previous ultrasound-aided melt processes, it is commonly
believed that acoustic cavitation is essential for producing a great
number of crystal nucleus and thus grain refinement, while the
acoustic streaming is just responsible for the grain transporting and

distributions36. Considering the small size of the melt pool in the
conditionof lasermelting, the effect of acoustic streamingon the grain
refinement is even deemed to be negligible, as the entire melt pool is
completely covered by the cavitation19. However, our results identify
that the fine equiaxed grains can also be produced by the low-intensity
ultrasound below the melt cavitation threshold, showing the ability of
low-intensity ultrasound with pure acoustic streaming in the grain
refinement, which corrects the long-standing inaccurate intuition.

To further assess the effect of ultrasound in layer-by-layer
deposition process, block specimens are deposited (Fig. 4a–j) by a
single-track-deposition strategy (Supplementary Fig. 1). As expected,
the sample without ultrasound is featured by the typical epitaxially
grown crystal structure, where columnar grains with an average size of
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109 μmparallel grown along the building direction (Fig. 4b). When the
ultrasound is loaded, however, the first few layers (about 2-3 layers)
exhibit refined columnar grains along the building direction for both
the non-contact low-intensity ultrasound (Fig. 4d) and contact high-
intensity ultrasound (Fig. 4h), rather than refined equiaxed grains in
the conditions of single tracks (Fig. 3d, f). This can be attributed to the

steep temperature gradient from the cold substrate to the first few
layers, where the epitaxial grain growth during the interlayer remelting
overcomes the effects of grain refinement of the ultrasound. As the
building height increases, the interlayer temperature gradient
decreases due to the heat accumulation, and then the ultrasonic
effects dominate the fusion process, and hence the samples turn to
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refined equiaxed grain structures (Fig. 4e, i). Since the high-intensity
ultrasound of 849.6W·cm−2 has a stronger effect than the low-intensity
ultrasound of 17.5W·cm−2, its conversion position of equiaxed grain
structure (Z≈0.6mm) is lower than that of the low-intensity ultra-
sound of 17.5W·cm−2 (Z ≈ 1.0mm) (enlarged view in Fig. 4l). In the
equiaxed grain zone of block samples, the grain refinement of low-
intensity ultrasound of 17.5W·cm−2 can be comparable to the high-
intensity ultrasound of 212.4W·cm−2 (Fig. 4k), which is similar to the
condition of single tracks.

Importantly, in the non-contact-transmission ultrasound mode
(Fig. 1a), as the ultrasound transducer is fixed with the nozzle and
maintains a constant distancewith themelt pool, the ultrasonic energy
in the melt pool is stable and consistent, regardless of the size and
geometry of the sample. Therefore, when the building height keeps
increasing, the non-contact low-intensity ultrasound is always effective
and creates a uniform refined grain structure throughout the sample
(Fig. 4e, f, l). However, for the contact-transmission high-intensity
ultrasound, the refined equiaxed grains gradually become coarser
along the building direction and turn back into column grains again at
the building height of Z ≈ 10mm (Fig. 4j, l), indicating that the ultra-
sonic effect is weakened at this position. Unlike our non-contact
ultrasound mode, the distance between the ultrasound source and
melt pool in the contact-transmission mode is instantaneously chan-
ging, and then the intensity of ultrasound in themelt pool is not stable
during the process, especially along the building height featuring a
periodic intensity19. We measured the ultrasonic amplitude along the
building height of the sample (Supplementary Fig. 7). The ultrasonic
vibration attenuates gradually along the building height and almost
disappears at the height of 15mm (about half of the fading period in
our condition). This shows that the effectof contact-transmissionhigh-
intensity ultrasound isnot stable in the layer-by-layer process. A similar
phenomenon is also identified in the 316 L stainless steel sample
(Supplementary Fig. 8).

Owing to the inhomogeneous microstructures produced by the
contact-transmission high-intensity ultrasound, the values of
mechanical properties of samples show poor consistency, although
some high values of strength can be obtained (Fig. 1i–k). In contrast,
the mechanical properties of samples produced by non-contact-
transmission low-intensity ultrasound are highly repeated with little
variation (Fig. 1i–k), which is attributed to the uniform refined micro-
structures and less fusion defects.

The results show the superiority of low-intensity ultrasound by
our non-contact-transmission mode in producing large-size part with
uniform refined microstructures. Theoretically speaking, the great
challenge of producing constant energy in melt pool by traditional
contact-transmission approach19 can be solved by accurate and real-
time regulation on the output of the ultrasound and then uniform
microstructures can be made in large-size part. However, we believe
that the non-contact ultrasound approach provides another con-
venient and applicable way.

Discussion
The key physical phenomena in this work are that the low-intensity
ultrasound below the melt cavitation threshold is also able to refine
grain structures, andmeanwhile induces fewer fusion defects than the
high-intensity ultrasound. Theunderlyingmechanisms are exploredby
leveraging in-situ monitoring, post-process characterizations and
high-fidelity multi-physics simulations.

As revealed by the in-situ monitoring and corresponding simula-
tions, themorphology of themelt pool under low-intensity ultrasound
(Fig. 5b, e and the Supplementary Movies 2 and 5) is quite similar to
that without ultrasound (Fig. 5a, d and the Supplementary
Movies 1 and 4), showing a convex and relative stable surface with gas-
induced mild fluctuations during the deposition process. The melt
pool flow by high-intensity ultrasound is much fiercer, showing a

depressed surface with shaking fish-scale ripples (Fig. 5c, f and the
Supplementary Movies 3 and 6), which is also reported previously20,34.
Without ultrasound, the typical steady vortex flow dominated by
Marangoni force37 is clear in the cross section of the melt pool (Fig. 5g
and Supplementary Movie 7). The non-contact low-intensity ultra-
sound induces acoustic pressure on the melt pool surface, which,
together with the Marangoni force, leads to a high-frequency-shaking
pattern flowwithin themelt pool (Fig. 5h and SupplementaryMovie 8).
As theultrasonic effect is not strong enough, theoverallflowpatternof
the melt pool remains similar and steady, with a slight forward and
upward movement. Consequently, the stable melt pool ensures the
excellent surface quality of the fused track. Under high-intensity
ultrasound (Fig. 5i and Supplementary Movie 9), however, the pow-
erful ultrasonic vibration dominates over the Marangoni flow. Speci-
fically, when the vibration-induced strong inertial force acts towards
the negative Z-axis, the melt flows downward and forward with high
speed, generating a concave surface with ripples. The upward inertial
force elongates the melt pool rear and creates an unstable tail region,
leading to the fusion defects such as discontinuities, large bumps, and
depressions.

Compared with acoustic cavitation, the grain refinement
mechanisms of low-intensity ultrasound with acoustic streaming are
obviously different and have never been explored, which will be dis-
cussed below. Significantly, this work is not claiming that one
mechanism overpasses the other. As the strong effect of acoustic
cavitation by high-intensity ultrasound on the grain refinement is
commonly recognized, it will not be discussed here.

Comparedwith the case without ultrasound, one differencemade
by the low-intensity ultrasound is the varied flow pattern in the melt
pool, which inevitably influences the temperature distribution of the
melt pool, especially in the mushy zone. The varied temperature gra-
dient (G) and solidification rate (R) may prompt the columnar-to-
equiaxed-transition (CET) during solidification. In this regard, the
corresponding G and R values are extracted and evaluated using the
extended Hunt criterion38–40. The G2·R−1 value in the solidification front
is always higher than the columnar threshold, even when the low-
intensity ultrasound is loaded (detailed in Supplementary Fig. 12 and
Supplementary Movies 10 and 11). This indicates that the CET cannot
happen and is not responsible for the grain refinement under low-
intensity ultrasound.

Theplastic fracture of dendrites causedby the impactofmeltflow
in themushy zone is another possible reason for grain refinement. The
dynamical features of dendrites in melt flow can be described as20:

σf =
6μvL2

r3
ð1Þ

where σf is the stress in the dendrite caused by the melt flow,
μ =0.006 kg·(m·s)−120 is the viscosity, ν is the melt flow speed, L is the
dendrite arm length, and r is the radius of the secondary dendrite arm.
By the morphology of the microstructure (Supplementary Fig. 10), a
dendrite arm with size L = 60μm and r = 1.45μm is selected as an
example. Themelt flow speed ν in the mushy zone without ultrasound
and with low-intensity ultrasound can reach the maximum of
0.726m·s−1 (Fig. 5j and Supplementary Movie 12) and 1.678m·s−1

(Fig. 5k and SupplementaryMovie 13), and thus induces the maximum
stress σf of 30.9MPa and 71.3MPa according to Eq. (1), respectively. As
the yield strength of Inconel 718 dendrites at the temperature of
1609.15 K is 37.3 MPa20,41 (Supplementary information: C. Dendrite
stress and fatigue fracture behavior - 2) Yield stress of dendrite), it can
be concluded that the melt flow without ultrasound cannot break the
dendrite arms,while the addition of low-intensity ultrasoundwill cause
more significant plastic deformation of dendrites. However, as the
fracture strength of Inconel 718 dendrites in the mushy zone is
currently not available41, strictly speaking, it is unable to judgewhether
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Fig. 5 Melt pool evolution with ultrasound. a–c High-speed camera images of
melt pool surface morphologies under the ultrasonic intensity of 0W·cm−2 (a),
17.5W·cm−2 (b) and 849.6W·cm−2 (c), respectively. d–f Simulation results showing
the melt pool surface morphologies under the ultrasonic intensity of 0W·cm−2 (d),
17.5W·cm−2 (e) and 849.6W·cm−2 (f), respectively. g–i Velocity profiles in the cross
section of the melt pool under the ultrasonic intensity of 0W·cm−2 (g), 17.5W·cm−2

(h) and 849.6W·cm−2 (i). j, k The maximum transient flow velocity in the mushy

zone of themelt pool under the ultrasonic intensity of 0W·cm−2 (j) and 17.5W·cm−2

(k). l,mVariation offlow velocity with time at three points in themushy zone of the
melt pool with the ultrasonic intensity of 0W·cm−2 (l) and 17.5W·cm−2 (m). The
velocity illustrated in the figure corresponds to the resultant velocity of X, Y, and Z
components. The Supplementary Movies 1–15 are attached in the
Supplementary file.
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the melt flow under low-intensity ultrasound can cause the plastic
fracture of dendrites or not.

As mentioned above, the melt pool flow driven by the low-
intensity ultrasound and Marangoni force is a high-frequency-shaking
type acoustic streaming flow (SupplementaryMovie 8), rather than the
steady-centrifugal-convection type acoustic streaming flow observed
in bulk melt conditions37. Without ultrasound, the flow velocity in the
mushy zone gradually increases or decreases in a certain direction
(points in Fig. 5l and Supplementary Movie 14). However, when the
low-intensity ultrasound is added, the flow velocity is featured by high
frequency fluctuating at different positions of the mushy zone (points
in Fig. 5m and Supplementary Movie 15), leading to high frequency
cyclic drag forces on the dendrite arms and hence possible fatigue
fracture. The fatigue life of the dendrites in the mushy zone can be
estimated by the Basquin equation42:

Sa = S
0
f ð2Nf Þb ð2Þ

whereNf is the fatigue life, Sa is the fatigue strength amplitude, S’f = 2.8
σy is the fatigue strength coefficient (σy = 37.3 MPa20,41 is the yield
strength), and b = −0.26 is the fatigue strength index (The determi-
nation of S’f and b is detailed in Supplementary information: C. Den-
drite stress and fatigue fracture behavior). For the low-intensity
ultrasound case, we randomly selected several regions within the
mushy zone andextracted the temporal evolutionof their velocities, as
shown in Fig. 5m. Both Point 1 and Point 3 exhibited a velocity
frequency of 20 kHz, with average velocity amplitudes of approxi-
mately 0.41m·s−1 and 0.33m·s−1, respectively. Taking the dendrite arm
above, for example, the stress in the dendrite arm caused by the melt
flow σf is calculated as 17.4MPa and 14MPa by Eq. (1), respectively, i.e.,
the Sa is respectively 17.4MPa and 14MPa for the two points. Thus, it
can be evaluated by Eq. (2) that the fatigue life of dendrites Nf is lower
than 488 cycles (Point 1 in Fig. 5m) and 1134 cycles (Point 3 in Fig. 5m).
In low-intensity ultrasound case, the maximum surviving time of the
mushy zone is approximately 0.134 seconds (detailed in Supplemen-
tary Fig. 13). The periodical impact of melt flow on the dendrites is
about 2680 cycles during the 0.134 seconds under the effect of 20 kHz
ultrasonic vibration, meaning that the fatigue fractures of dendrites
(Point 1 & 3 in Fig. 5m) can occur.

Furthermore, we conduct a series of fatigue fracture analyses on
dendrite arms with different geometries (Supplementary information:
C. Dendrite stress and fatigue fracture behavior - 5). Evaluation on
fatigue behaviors of other dendrite arms). The findings reveal that
dendrite arms with longer length or smaller diameter are more sus-
ceptible to fatigue fracture, while some of the shorter and thicker
dendrite arms are less likely to experience fatigue-induced failure. It
should be mentioned that the dendrite arms (Supplementary Fig. 10)
are selected from the solidified structure, where the dendrites are fully
grown already. In practice, when the dendrites grow from small to
large gradually, they are continuously subjected to ultrasonic impacts,
whichmay result in fatigue fragmentation easier before they have fully
grown. Another interesting thing is that some ultra-high frequency
melt flow (nearly 40 kHz) is found in the mushy zone (Point 2 in
Fig. 5m), indicating a higher potential for melt-flow-induced fatigue
fracture of dendrites. The ultra-high frequency melt flow in the melt
pool may result from the phase discrepancies of the periodic inertial
forces by the ultrasound, which will not be discussed further in
this work.

In addition to laser AM, the non-contact-transmission low-
intensity ultrasound mode can be conveniently adapted and applied
for other laser melting conditions such as laser cladding and welding,
and the physical mechanisms of grain refinement by low-intensity
ultrasound is expected to be universal. Nevertheless, the quantitative
effects of ultrasound would change to some extent, as the melt pool

behaviors, such as melt pool size, shape, and strength of Marangoni
flow, are quantitatively different in other conditions.

In summary, we reveal that the non-contact low-intensity ultra-
sound with pure acoustic streaming has the ability to induce uniform
and refined grain structures in laser AM of large and complex-shaped
parts, although the grain refinement is not so remarkable as the high-
intensity ultrasound. It corrects the long-standing inaccurate spec-
ulation that the acoustic streaming is a negligible factor, andprovides a
new understanding that the combined action of acoustic streaming
and Marangoni force generates a high-frequency-shaking type melt
pool flow, leading to fatigue fracture of dendrites in the mushy zone
and thus the grain refinement. Moreover, by the non-contact low-
intensity ultrasound technique, it is convenient to provide stable and
consistent ultrasonic effects in the melt pool to ensure homogeneous
refined grain structures for large complex-shaped parts, which is a
challenge for the contact-transmission high-intensity ultrasound
approach. The conclusions are generally applicable to metallic mate-
rials such as Inconel 718 and stainless steel 316 L. This non-contact low-
intensity ultrasound technique can be extended to a broad range of
conditions such as laser AM, cladding, welding and polishing, where
the moving melt pool is tiny and with inherent strong melt flow.

Methods
Low-intensity versus high-intensity ultrasound
Nickel-based alloy Inconel 718 powder is selected as the model mate-
rial. Furthermore, 316 L stainless steel powder is used for additional
experiments to demonstrate the generality of the conclusion. The
ultrasonic intensity in the melt pool (Im) is described as ref. 19
Im =0:5ρmcmð2πf mAmÞ2, where ρm is the material density, and cm, fm,
and Am are the speed, frequency and amplitude of the ultrasound in
the material, respectively. With the commonly used contact-
transmission mode to introduce ultrasound (Fig. 1b), the ultrasound
is transmitted through the substrate into the melt pool, where the
substrate material is the same as the feeding powder of the melt pool.
Given the little variation of density and sound speed between the
substrate (solid state) and the melt pool (liquid state), the ultrasound
dissipation at the solid-liquid interface is negligible19. The ultrasound
amplitude on the substrate surface can be measured (Supplementary
Fig. 2a and3a) and considered as that in themeltpoolAm,which is used
to calculate the ultrasonic intensity in the melt pool (Im). The ampli-
tude of ultrasound at 20 kHz on the substrate surface provided by our
equipment ranges from 3 to 15 μm. Note that 3μm is the minimum
amplitude that can be stably provided. For the Inconel 718 with a
density of 7400 kg·m−3 and sound speed of 4047m·s−143, the minimum
ultrasonic intensity with the amplitude of 3 μm is calculated as
212.8W·cm−2, which is above the cavitation threshold of melt
(100W·cm−2 19,20). Likewise, the minimum ultrasonic intensity is also
greater than the cavitation thresholdof stainless steel 316 Lmelt. In the
literatures studying other metals, it can be estimated that the
employed ultrasound with an amplitude of several tens of microns is
much higher than the melt cavitation threshold19. It means that both
the acoustic cavitation and acoustic streaming exist in the melt pool,
which is defined as the condition of high-intensity ultrasound (or
cavitational ultrasound).

As mentioned above, the employed ultrasonic intensity provided
by the contact-transmission mode is always higher than the cavitation
threshold of the melt, even with the minimum amplitude of 3 μm.
Then, we design a non-contact-transmission mode to provide ultra-
sound below themelt cavitation threshold (Fig. 1a). As the density and
sound speed of the gas medium are much smaller than the solid
transducer, the ultrasound from the transducer will be significantly
weakened when entering the gas medium and propagating to themelt
pool. In addition, the ultrasonic energy will further dissipate and
becomeweaker when transmitting from the gas into themelt pool. We
develop a non-invasive testing approach by a high-precision laser
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displacement sensor to measure the ultrasonic amplitude (Am) of the
melt pool surface and then calculate the ultrasound energy absorbed
by the melt pool (Im) accurately. The measurement on the ultrasonic
intensity in the gas (Ig) and in the melt pool (Im) for the non-contact
ultrasound is detailed in Supplementary Figs. 2b and 3b–d. By adjust-
ing the output power of the ultrasonic device, different ultrasonic
intensities within the melt pool can be achieved. Considering the high
energy dissipation of the non-contact ultrasound, an energy amplifier
(Fig. 1a and Supplementary Fig. 2b) is employed to ensure the weaken
ultrasound is still effective in the melt pool. By our non-contact-
transmission equipment, the amplitude of ultrasound in the gas
medium Ag (Argon with density of 1.784 kg·m−3 and sound speed of
331m·s−1) can reach themaximumof 276μmat the position of themelt
pool, with the resulting ultrasound intensity Ig being 35.5W·cm−2. The
corresponding maximum ultrasonic energy in the Inconel 718 melt
pool (Im) is measured as 17.5W·cm−² (with an absorption rate of
49.3%), which is below themelt cavitation threshold. It can only induce
acoustic streaming, i.e., without cavitation, which is defined as the low-
intensity ultrasound (or non-cavitational ultrasound).

Table 1 summarizes the ultrasonic intensity provided by the two
approaches. It is worth mentioning that unlike the contact-
transmission mode illustrated in Fig. 1b or other literatures19, the
ultrasonic intensity by our non-contact-transmission mode is stable in
themelt pool once the position of the ultrasonic transducer is decided,
regardless of the size and geometry of deposited layers during the
process.

Laser melting and deposition
To investigate the effects of ultrasound on the laser melting and
deposition process, the experimental system constructed by the State
Key Laboratory of Solidification Processing, China, comprises an IPG-
3000W laser deposition processing center (consisting of a YSL-3000
fiber laser source, powder feeder, and protective gas device) and a
contact-transmission/non-contact-transmission ultrasonic auxiliary
device. The laser source has a maximum power output of 3000W
within the wavelength range of 900 nm to 1200nm. The process was
performed inside an enclosed chamber with a continuous flow of
argon carrier gas, that also provides the necessary shielding environ-
ment. A powder feed rate of 15 g·min−1 was, respectively, supplied for
Inconel 718 and stainless steel 316 L particles that vary in size from 40
to 150μm in diameter. Table 2 summarizes the laser parameters
employed for the experiments. These values were selected based on a
series of prior experiments without ultrasound to optimize the pro-
cessing parameters and obtain dense samples. The ultrasound
employed has a frequency of 20 kHz. For the contact-transmission

mode ultrasonic system, the transducer was rigidly bolted to the
cylindrical substrate. For the non-contact-transmission mode, the
transducer was securely mounted on the robotic arm using an adjus-
table holder, ensuring it remains focused on the laser spot as the laser
moves, where the distance between the transducer and the melt pool
was maintained at a constant value of 20.6mm (corresponding to the
maximumperiodicity distance of 20 kHz ultrasound in argon gas) with
the input angle of 150°.

Monitoring, microstructure and tensile property
A high-speed camera 5KF with a laser source (Fu Huang Agile Device,
Hefei, China) was employed to monitor the dynamic evolution of the
melt pool during the process at a frame rate of 10000 frames per
second. The distance between the camera and the melt pool was
approximately 300mm, with an angle of inclination from the hor-
izontal direction set at 60° for photographing purposes. By utilizing
both the laser brightening device (with an emission wavelength of
808 nm) and wavelength filter (400–850nm visible waveband), clear
dynamic evolutions of the melt pool can be captured.

To investigate the relative density and size, morphology, and
alignment of the pores in the deposited samples, X-ray computed
tomography (CT) was performed using a ZEISS Xradia 520 Versa 3D
X-raymicroscope at a voltage of 140 kV and a current of 100 μA, with a
pixel size of 1.3μm. These images were then processed using the back-
projection algorithm provided by the commercial software VG Studio
to generate two-dimensional tomograms. Finally, the tomogramswere
input into the software Avizo for three-dimensional visualization and
quantitative analysis. The tomographic images were then denoised
using a non-local mean filter, and interactive thresholding was used to
accurately differentiate between metal and pores. Afterward, volu-
metric rendering was utilized to reconstruct the samples and pores,
which were then quantitatively evaluated for number, size, spatial
morphology, and distribution by labeling analysis.

Prior to microstructure characterization analysis, the specimens
underwent a series of post-treatments, including wire electrical dis-
charge machining (EDM), grinding, mechanical polishing, ultrasonic
cleaning, and etching (8ml HCl + 20ml C2H6OH+ 14 g FeCl3) to obtain
a metallographic cross-section. The dendrite morphology was
observed using an OM light microscope (VHX-2000, Keyence, Japan).
In addition, the electron backscatter diffraction (EBSD) analysis was
conducted using an SEM (Tescan, Mira3, accelerating voltage of 25 kV,
probe current of 18 nA) equipped with an Oxford EBSD detector, and
the step size is 5μm. The texture data and orientation information
were obtained by the HKL-Channel 5 software. The grain size was
counted using the equivalent circle diameter method.

In order to characterize the tensile properties, dog-bone-shaped
rectangular specimens with a gauge cross-section of 9mm×2mmand
a gauge length of 24mm were fabricated from the printed specimens
using EDM. To reduce the influence of the edge effect of the specimen
on the experimental results, we select the middle region of the
deposited block sample to prepare the tensile specimen, as shown in
Supplementary Fig. 1. Before the tensile testing, the surfaces of the flat
specimens were ground using 1500-grit SiC paper. A strain-gauged
extensometerwasutilized tomeasure the engineering strainwithin the
gauge section. Tensile tests were performed at room temperaturewith
a universal testingmachine (manufactured by Sinotest Equipment Co.,

Table 1 | Ultrasonic intensity

Low-intensity ultrasound by
non-contact-
transmission mode

High-intensity ultrasound by
contact-transmission mode

Am, μm Im, W·cm−2 Am, μm Im, W·cm−2

Minimum 0.01 2.4 × 10−3 3 212.4

Maximum 0.86 17.5 15 5320.2

For Inconel 718 and stainless steel 316 L, the low-intensity ultrasound provided by the non-
contact-transmission mode is below the melt cavitation threshold, while the high-intensity
ultrasound provided by the contact-transmission mode is above the melt cavitation threshold.

Table 2 | Experiment parameters for laser melting and deposition

Laser power (W) Scanning speed (mm·s−1) Powder feeding rate (g·min−1) Gas flow rate (L·min−1) Spot diameter (mm)

700 5 15 3.6 2
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Ltd., DNS 10) at an engineering strain rate of 1mm·min−1. Tensile
properties, including the yield strength, ultimate tensile strength, and
elongation to fracture, were determined from the tensile engineering
stress-strain curves.

High-fidelity simulation
The melt pool flow is simulated using a high-fidelity multi-physics
model, customized on the commercial software FLOW-3D. For the
contact ultrasound-aidedAMcase, the high-intensity ultrasound effect
has been validated in our previous study20. For the non-contact ultra-
sound-aided AM case, we simplify the ultrasound intomultiple parallel
ultrasonic rays and use the ray tracing method to trace the local
interaction between the ultrasound and themelt pool surface. Because
of the dynamic surface evolution, the instantaneous ultrasound pro-
pagationdistance in the gasmedium is tracked and incorporated in the
model. The relationship between the ultrasound amplitude and pro-
pagation distance is derived based on experimental measurements.
Specifically, in the case with maximum non-contact ultrasound inten-
sity in the gas medium, the relationship is given as:

Ag = 104+366e
�xg
31

� �
ð3Þ

where Ag denotes the ultrasound amplitude in the gas medium (μm),
and xg represents the ultrasound propagation distance (mm). At this
time, the corresponding ultrasound intensity in the gas medium is
given as:

Ig =0:5ρgcg ð2πf Ag Þ2 ð4Þ

whereρg and cg are the gasmediumdensity and sound speed in the gas
medium. Considering the significant discrepancy in density between
gas andmelt pool, the absorbed ultrasonic intensity is calculated in Eq.
(5):

Im =αIg ð5Þ

where Imdenotes the ultrasonic intensity ofmelt pool and α represents
the absorption of ultrasonic intensity. This absorption can be eval-
uated through experimental measurements. (Supplementary
Fig. 2 and 3). Therefore, the ultrasound amplitude in the melt pool is
given as:

Am =

2Im
ρmcm

� �0:5

2πf
ð6Þ

where Am, ρm and cm are the ultrasound amplitude, fluid density and
sound speed in the melt pool. Then, the differences of ultrasound
propagationdistance can also result in thephasediscrepancy, given as:

Φ=
2πf xg
cg

ð7Þ

where Φ is the local phase of the ultrasound. Consequently, the local
force Fultra caused by the ultrasound ray is given as:

Fultra = � 4π2Vmρm f 2Am sinð2πf t +ΦÞ ð8Þ

where Vm denotes the melt volume. Further description of the model,
detailed in our previous studies20 will not be repeated. Parameters
used in the model are listed in Supplementary Table 1. Moreover,
quantitative comparison of the flow velocity at the melt pool surface
between the numerical simulation and experimental test is conducted
to validate the reliability of the numerical model (see the Supple-
mentary information-F. Model Validation).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Source data are provided with this paper with raw movies available as
supplementary data files. Any additional data is available upon request
via the corresponding author. Source data are provided in this paper.

Code availability
The FLOW-3D software routine and custom code are not publicly
available. All data generated using this code are available from the
corresponding author.
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