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A B S T R A C T   

This work investigates the effect of ultrasonic treatment (UST) on the microstructure of AA4043 alloy during 
laser melting process. The study utilizes in situ synchrotron X-ray diffraction (SXRD) and postmortem electron 
backscatter diffraction (EBSD) techniques to examine the ultrasonic grain refinement mechanism. The SXRD 
diffraction patterns exhibit higher continuity of major diffraction rings in the UST-test pattern, indicating a more 
refined grain structure. The presence of new diffraction spots in the post-test diffraction pattern with UST sug
gests the breakdown of epitaxial growth of columnar dendrites during solidification. Thermal profiles determined 
by analyzing the lattice parameter evolution show a faster cooling rate with UST. The inverse pole figures and 
aspect ratio distribution from EBSD reveal that the UST samples exhibit a refined, more equiaxed grain structure 
along the weld centerline. UST sample also develops more fine-sized low angle grain boundaries (LAGBs). These 
features offer better hot-cracking resistance in aluminum alloys.   

The growing application of ultrasound in molten metal processes is 
attributed to its capacity for grain refinement, primarily through the 
ultrasonic-induced acoustic cavitation and streaming [1]. Acoustic 
cavitation generates alternating positive and negative pressure field in 
the melt which drives pulsation of cavitation bubbles in tandem with 
oscillation. Upon the positive pressure phases, the gas bubbles tend to 
collapse implosively, releasing energy into the surrounding melt. Such 
implosion generates high pressure up to 1 GPa and cumulative jets with 
velocities up to 100 m/s [2]. The acoustic streaming effect describes 
steady state flows that are driven by ultrasound, acting over longer 
spatial distances but with a lower flow velocity of a few m/s [3]. The jets 
upon bubble collapse initiate dendrite fragmentations, which are further 
dispersed in the melt by the long-range acoustic streaming and act as 
nucleation sites [4]. The high-pressure field resulting from bubble 
collapse elevates the melting point, which increases local undercooling 
and promotes nucleation over grain growth [5]. Furthermore, ultra
sound enhances heterogeneous nucleation by improving the wettability 
of nonmetal inclusion particles [6]. These mechanisms of ultrasonic 
refinement have been studied via in situ synchrotron X-ray radiography 
[7–10], showing that both acoustic cavitation and streaming 

contributed to the dendrite fragmentation. A recent study utilized 
ultra-fast X-ray tomography technique to examine the UST in 3D and 
revealed that acoustic flow induced dendrite fragmentation via both 
dendrite remelting and mechanical fracture, resulting in 20~25 % of 
grain refinement within 10 s [11]. High-speed in situ imaging of growing 
dendrites subjected to a 50 W UST revealed that the cyclic pressure 
could lead to fatigue fracture of growing dendrites within 50 ms [12]. 

The information obtained through the in situ synchrotron X-ray 
radiography studies of UST is limited to fluid flows. In comparison, in 
situ synchrotron X-ray diffraction (SXRD) can provide more complete 
understanding of the process including texture, thermal history, and 
phase evolution [13]. So far, SXRD of UST process has not been per
formed in literature and holds significant potential as a new monitoring 
technique for advanced analysis for UST-assisted processes. 

The factors that influence the UST effect on microstructure refine
ment include amplitude, inoculation, melt composition, and processing 
time [1,2,14,15]. Compared with conventional casting process, additive 
manufacturing (AM) is associated with high cooling and solidification 
rate, making the application of UST more complicated with AM pro
cesses. In previous synchrotron imaging analysis of the ultrasound 
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treated casting process [16], the cooling rate was around 1.5 ◦C/s. In 
comparison, in laser-based AM processes, the cooling rate reaches up to 
1000 ◦C/s [17]. In this work, we integrated an ultrasonic system to the 
existing laser-based AM replicator [18,19] at Argonne National Labo
ratory Advanced Photon Source (APS) beamline 1-ID-E, USA to inves
tigate the ultrasonic effect in a laser melting process. 

Fig. 1(a) illustrates the ultrasound-assisted AM replicator at APS. The 
ultrasonic horn was threaded in with a commercial AA4043 aluminum 
rod with a diameter of 2.54 mm (AlcoTec 4043 5 %Si) and a hockey stick 
geometry. The end section of the rod was machined into a 1 mm thin 
sheet, placed perpendicular to, and located beneath the laser. The 
specimen was vibrating at 40 kHz along the longitudinal axis of the rod- 
shape part of the sample during the SXRD test. The assembled setup was 
shown in Fig. 1(b). The vibration amplitude at the sample end was 
measured as 6 µm via laser vibrometer, corresponding to an ultrasonic 
intensity of 350 W/cm2 [20], which exceeded the reported threshold 
intensity for acoustic cavitation in pure molten aluminum [15]. A 
monochromatic X-ray beam with an energy of 61.33 keV was directed 
through the specimen. A laser source scanned transversely across the 
sample thickness at a speed of 0.1 m/s with a spot diameter of 120 µm at 
the top edge of the specimen. The laser power was set to 400 W, to 
generate a fully melted condition throughout the specimen thickness 
direction, allowing the complete solidification process to be analyzed. 
The X-ray radiography images were captured by a Point Grey 
(GS3-U3–23S6M) camera through a 25 µm LuAG:Ce scintillator. The 
radiography imaging field of view was 2.25 mm × 1.40 mm and the 
X-ray diffraction beam size was 50 μm × 30 μm, with the beam posi
tioned 20 μm below the sample top surface. The diffraction patterns 
were captured with a PILATUS3X-2 M CdTe X-ray detector (DECTRIS, 
Switzerland) at a frame rate of 250 Hz and an exposure time of 1 ms per 
frame. The ultrasonic vibration was initiated before the start of laser 
beam scanning and turned off 1 s after the process ended. 

Fig. 1(c) and (d) show the radiography images captured before and 

after the tests. The red box marks the X-ray beam location during the in 
situ SXRD test. The beam center is located near the melt centerline. 
Additionally, static diffraction patterns were collected before and after 
the SXRD test at the same location using a longer exposure time of 100 
ms. 

To quantitatively evaluate the continuity of the Debye-Scherrer 
rings, the 2D static diffraction patterns were converted to 16-bit gray
scale images. The circumferential profiles of the first three diffraction 
rings were extracted azimuthally using the ImageJ software. The con
tinuity was determined by measuring the length of the perimeter con
taining bright diffraction spots and dividing it by the total ring 
perimeter. This was achieved by applying a threshold grayscale value of 
5 to the background level. 

To obtain the thermal history during the in situ SXRD test, the 2D 
diffraction patterns from each detector frame were integrated into 1D 
spectra using the open source Fit2D software. The diffraction peak 
centers were determined by fitting the profile with a Pseudo-Voigt 
function. Lattice parameters ahkl were subsequently calculated based 
on Bragg’s law for FCC crystal structure based upon major peaks, 

ahkl =
λ

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
h2 + k2 + l2

√

2sinθhkl  

where λ is the X-ray wavelength, θhkl is the diffraction angle and h, k, and 
l are the Miller indices of the lattice plane. Together with the 
temperature-dependent coefficient of thermal expansion (CTE) deter
mined from the JMatPro software, the temperature profiles were 
calculated via a recursion equation [13], applied starting when the 
sample was cooled to room temperature and moving backward in time: 

Ti−1 = Ti +
ai−1 − ai

CTEi ∗ ai  

where Ti represents the temperature, ai corresponds to the average lat

Fig. 1. (a) schematic of in situ synchrotron X-ray diffraction test and imaging experiment, (b) photo of the assembled UST-SXRD setup, and post-melting radiography 
images with (c) UST and (d) control test without UST. The red box represents the x-ray beam size and location of diffraction measurement. 
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tice parameter, and CTEi is the temperature dependent coefficient of 
thermal expansion at time frame i. The lattice parameters can also be 
affected by elastic strain. However, a stress of 70 MPa (Yield Stress of 
AA4043) only leads to an elastic strain of 0.0009 at room temperature 
based on Young’s modulus computed by JMatPro, whereas an increase 
of 100 ◦C in temperature results in a lattice distortion of 0.004. Thus, the 
temperature induced lattice expansion holds a more dominant role 
during the cooling stage after solidification [18]. 

Samples for electron backscatter diffraction (EBSD) analysis were 
prepared following the standard metallographic procedure. The pol
ished samples were etched by Keller’s reagent and observed with optical 
microscopy. Quantitative dendrite analysis was performed using the 
Mipar software. 

As shown in Fig. 2(a) and (b), both the UST and control samples 
exhibit similar melt penetration depth. The melt width is larger in the 
UST sample, measuring 625 μm, compared to 595 μm in the control 
sample. The total height of the UST weld is 501 μm, which is lower than 
the control weld height of 541 μm. The geometries observed at this 
specific cross-section aligned with the radiography images in Fig. 1(a) 
and (d), which represent two-dimensional projections of the sample 
along the transverse direction. The wider weld pool with a flatter surface 
from UST could be contributed by the enhanced melt flow through 
acoustic streaming. Additionally, the centerline regions in two cases 
show different dendritic structures. Aspect ratio describes the 
morphology of grains, which is defined as the quotient between the 
longest and shortest axis. A larger aspect ratio indicates elongated 
columnar grains while a smaller value corresponds to more equiaxed 
grains. Based on the microstructure at this particular cross-section, 
coarse columnar dendrite structures with large aspect ratios are 
observed along the control weld centerline, while the UST weld 
centerline exhibits more refined low-aspect-ratio dendrites on the cross 
section examined, as shown in Fig. 2(c) and (d). 

Fig. 3 depicts the static diffraction patterns captured before and after 

the laser melting test in the UST and control samples. The continuity of 
the rings correlates with the number of grains within the X-ray beam 
pathway. A larger number of grains, i.e., refined grain structure for the 
same X-ray beam size, corresponds to diffractions occurring along 
various directions and accordingly more continuous diffraction rings. 
The continuity of the rings decreased after the laser melting and solid
ification in both the UST and control conditions. However, after melting 
with UST, new diffraction spots emerged in the (200) and (220) rings, in 
regions where no spots were present prior to melting. These newly 
formed spots are marked by white boxes in Fig. 3(a1) and (a2). The 
circumferential profiles of diffraction rings over azimuthal angles pro
vide a more direct comparison. In Fig. 3(c1), new spots are visible in the 
(200) and (220) spectra when UST is applied, as indicted by black boxes. 
In the control sample, most of the post-test diffraction spots can be 
traced back to the pre-test spots, as shown in Fig. 3(c2). The formations 
of new diffraction spots were more clearly observed in the in situ 
diffraction pattern evolution, as provided in the supplementary data. 

Table 1 shows the calculated continuities of all conditions. The UST 
sample exhibits slight diminution of ring continuities, whereas the 
control sample shows a significant decrease in all (111), (200), and 
(220) rings. The UST case shows minor reductions of 3 %, 2 %, and 3 % 
in the three rings, whereas the control sample demonstrates substantial 
decreases of 20 %, 14 %, and 20 % in the corresponding rings. As dis
cussed in the introduction, the UST-induced grain refinement effect re
lies on dendrite fragmentation and enhanced heterogeneous nucleation 
[3]. Both effects interrupt ongoing epitaxial growth, and promote 
nucleation, which aligns with the formation of new spots and the higher 
ring continuity with UST sample. 

To further characterize the UST effect, EBSD analysis was carried out 
on the transverse cross section of laser remelted samples, as shown in 
Fig. 4. The inverse pole figures (IPF) are compared in Fig. 4(a1) and (a2). 
Large elongated columnar grain structures dominate in the control 
sample, especially along the centerline, whereas the UST sample shows a 

Fig. 2. Optical macrographs showing the post-test weld cross-section in the case of (a) UST and (b) control sample; Aspect ratio analysis along the centerline of (c) 
UST sample and (d) control sample. 
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more refined morphology. Considering the thermal histories at different 
locations in the melt during the solidification process, the centerline 
experienced longer fusion duration, which allows longer ultrasound- 
melt interaction time and exhibits the most significant refining effect. 

Fig. 4(b1) and (b2) present the grain boundary distribution for the 
UST and control sample, respectively. Grain boundaries were catego
rized into low angle grain boundaries (LAGBs) and high angle grain 
boundaries (HAGBs) by a threshold boundary misorientation of 15◦

(except for Coincidence Site Lattice). More fine grains with LAGBs were 
observed in the centerline region of UST sample, while coarse grains 
with HAGBs were mostly observed in the control sample. 

LAGBs were found to be less susceptible to hot-cracking than HAGBs 
[21,22] due to the difference in grain boundary energies (γgb). The γgb at 
LAGBs are smaller than the solid-liquid interface energy at both grains, 
which is twice of the γsl, leaving the liquid film at LAGB unstable and 
thus preventing liquation of the boundary. In HAGBs, the γgb exceeds 
twice the γsl and allows stable liquid film at the grain boundaries. This 
study indicates UST promotes the development of LAGBs and accord
ingly improves hot-cracking resistance. The observed LAGBs increase by 
UST corroborates previous studies of UST-assisted AM processes [23, 
24]. Fig. 4(c1) and (c2) compare the grain aspect ratio reciprocal 
(width/length) distribution in UST and control samples. In this case, an 
aspect ratio reciprocal closer to 1 corresponds to a more equiaxed grain 
morphology. The centerline regions in the UST sample yield a higher 
aspect ratio reciprocal than the control one. This observation is in 
accordance with previous studies on UST assisted laser-based AM and 
welding processes [24,25], which is contributed by dendrite fragmen
tation and enhanced undercooling [2]. 

Grain orientation spread (GOS) maps are shown in Fig. 4(d). GOS 
corresponds to the misorientation distribution within an individual 
grain by calculating the average misorientation angle between the 
orientation of all pixels and the mean orientation of the grain [26]. The 
UST sample shows higher GOS values in the grains along the centerline, 
indicating a broader range of orientations of the dendrites within indi
vidual grains, which could be attributed to UST-induced dendrite frag
mentation during the terminal stage of solidification. 

The thermal histories determined based on the evolution of lattice 
parameters (plotted in Fig. 5(a) and (b)) are shown in Fig. 5(c). The 
cooling rates are extracted by taking the first order derivative of the 
temperature profiles, see Fig. 5(d). Higher cooling rates are observed in 
the UST process, which also contributes to microstructure refinement 
[27]. 

The impact of ultrasonic treatment on the cooling rate during the 
solidification process has been measured by thermocouples. Multiple 
studies have reported that ultrasonic treatment increases the cooling 
rate [1,3,28,29]. However, the ultrasonic effect in conventional UST 
setups is convoluted by the heat dissipation from the ultrasonic horn. 
Even though the ultrasonic horn was preheated prior to the temperature 
measurements [28], it could still serve as a heat dissipating path. The 
cooling rates obtained in current work eliminate this temperature 
measurement artifact, since the thermal boundary conditions are iden
tical in UST and control sample with the same experimental setup. Heat 
generated during the test, both from the laser system and ultrasound, 
followed the same dissipation paths of conduction via the sample itself, 
convection on the top surface, and radiation to the surrounding envi
ronment. Furthermore, the temperature profiles were calculated directly 
from the lattice parameters, eliminating the uncertainties from ther
mocouple probing method with the delayed response time and the 
additional heat dissipation via thermocouple probe. The increased 
cooling rate can be attributed to the UST-activated convection melt flow 
caused by the acoustic cavitation and streaming, which therefore 
enhanced the latent heat dissipation [30]. However, the factors that 
influence cooling rate can be more complicated. Ultrasonic power, ul
trasonic energy implementation method, and melt materials could all 
impact the solidification behavior during UST. Further comprehensive 
analysis is required to obtain a more thorough understanding. 

This work analyzed the microstructure refinement effect of UST in a 

Fig. 3. Static diffraction patterns with UST (a1) before and (a2) after the laser melting test; Static diffraction patterns of the control sample (b1) before and (b2) after 
the laser melting test; Circumferential profiles of major diffraction rings extracted from static diffraction patterns with (c1) UST and (c2) control sample. 

Table 1 
Continuity of 111, 200, and 220 rings before and after the laser melting test.   

111 Ring 200 Ring 220 Ring 

UST Pre-test 40 % 27 % 30 % 
UST Post-test 37 % 25 % 27 % 
Continuity Decrease 3 % 2 % 3 % 
Control Pre-test 39 % 23 % 33 % 
Control Post-test 19 % 9 % 13 % 
Continuity Decrease 20 % 14 % 20 %  
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laser AM environment, which is replicated by an ultrasonically assisted 
laser melting system. Static diffraction patterns reveal that UST samples 
yield higher continuity of diffraction rings, corresponding to a more 
refined grain structure. Besides, new diffraction spots appeared in the 
post-UST pattern, indicating promoted heterogeneous nucleation of new 
grains over epitaxial grain growth, which was further validated by the in 

situ SXRD analysis. Thermal histories derived from lattice parameters 
measurement based on the in situ diffraction profiles demonstrated 
higher cooling rates under UST. Post-mortem EBSD analysis showed a 
more refined grain structure, more LAGBs, and higher GOS along the 
UST sample centerline. These findings imply that laser-based AM pro
cesses of aluminum alloys can benefit from the incorporation of UST, 

Fig. 4. EBSD analysis of laser remelted samples: inverse pole figure of (a1) UST and (a2) control samples; Grain boundary distribution of (b1) UST and (b2) control 
samples; Aspect ratio reciprocal distribution of (c1) UST and (c2) control samples; Grain orientation spread of (d1) UST and (d2) control sample. 
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resulting in a refined microstructure and reduced susceptibility to hot 
cracking. 
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