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a b s t r a c t

The fatigue fragmentation of dendritic structures of a SCN-5wt.% Camphor transparent alloy in an ul-
trasound field was investigated systematically using high-speed imaging. Dynamic interactions between
oscillating ultrasonic bubbles and the primary and secondary dendrites were observed and recorded.
High speed images show that when an ultrasound bubble was trapped inside an interdendritic region,
the oscillation of the bubble can cause cyclic bending of the dendritic arms. Consequently, a fatigue type
crack initiated at the arm root and propagated through the dendrite, causing the dendrite to fragment,
i.e. dendritic fragmentation. From the recorded videos, the cycle numbers for the fatigue fragmentation
were extracted, then, the fatigue strength and fatigue life of the SCN-5wt.% Camphor transparent alloy
were calculated. Results showed that the cyclic fatigue load cause a crack initiating on a SCN dendrite at a
much lower stress level than its tensile strength under high frequent oscillation.

© 2018 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY
license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

For many years, ultrasound treatment (UST) has been demon-
strated to be effective in refining the microstructures of metallic
alloys during solidification [1e5]. The proposed mechanisms of
grain refinement due to ultrasound are enhanced homogenous
and/or heterogeneous nucleation [6e8], and dendrite fragmenta-
tion [1,2]. Hunt [6] was probably among the first to propose that
bubble implosion in a solidifying melt could increase the under-
cooling of nearby melt, leading to an enhanced homogenous
nucleation rate. However, it is very difficult to validate such
assumption experimentally. Many experimental studies have
indeed confirmed the enhanced heterogeneous nucleation effects
due to activation of the potent nucleating particles in a liquid melt
[9e12], e.g. Al2O3 particles in an Al alloy melt. Dendrite fragmen-
tation is mainly the fragmentation and detachment of primary,
secondary or even tertiary dendritic arms, which then act as the
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new seed grains to create a grain multiplication effect. In solidifi-
cation conditions without a strong convection, dendrite fragmen-
tation could be also caused by the thermosolutal effects [13e16],
For example Ruvalcaba et al. [13] observed the dendritic fragmen-
tation of an Al-20wt%Cu alloy using synchrotron X-radiation mi-
croscopy. It was found that the local solute-enrichment caused
remelting of dendrite root and then the detachment occurred.
Nagira et al. [14] reported that ultrasound field promoted solute
transport in the mushy region and then facilitated the fragmenta-
tion of Sn dendrites. The mechanism of dendrite root melting
induced by the flow of solute-rich liquid under a pulsed electro-
magnetic field were also observed and reported in Refs. [15,16].

The phenomena of dendrite fragmentation in an ultrasonic field
have beenwell studied recently by using high speed imaging either
in transparent organic analogue alloys [17e20] or real metallic al-
loys using synchrotron X-ray [9,16e20]. For example, Chow et al.
studied the fragmentation of ice dendrites and observed a micro-
crack initiated in an ice crystal under the effect of ultrasound
induced bubbles [18]. However, the image acquisition rate (1 fps)
was too low to give any useful dynamic information. Shu et al. and
Wang et al. observed the interactions between ultrasonic bubbles
and SCN dendrites by much higher imaging acquisition rate (8113
fps and 40,000 fps respectively) [19,20]. They found that the
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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dendrite fragmentation was attributed to the force generated by
the ultrasonic bubbles, but no crack were observed due to insuffi-
cient dendrite magnification at high capture speed. Using syn-
chrotron X-ray radiography, Wang et al. [21] also observed the
fragmentation of Al2Cu intermetallic induced by acoustic streaming
flow.

Yang et al. [22] calculated the stress concertation occurred at
dendrite roots under stirring forces, and attributed the dendritic
fragmentation to the decrease of melting point at root under stress
concertation. Tan et al. [23] simulated the stress distribution of a
dendrite under cyclic force, and attributed the stress concentration
to the fragmentation of dendrite arms at the root. Wang et al. [24]
also observed the fatigue crack happened on an Al3Ti intermetallic
phase induced by oscillating ultrasonic bubbles in water. The
fragmentation mechanism is via fatigue crack growth under the
vibrating effect of pulsating ultrasonic bubbles in a high-frequency
cycle on Al3Ti intermetallic phase. However, the experiment was
carried out inwater, and the Al3Ti intermetallic phase was obtained
by deep etching the solidified sample. So this experiment was
different from the in situ observation of microstructure fragmen-
tation in ultrasonic field during solidification.

Very recently, high speed X-ray imaging was used to investigate
both ultrasonic bubble dynamics [23,25e27] and the effect of
oscillating bubble on solidifying microstructures [21,25]. Wang
et al. [25], Tan et al. [26] and Mi et al. [27] performed an ultrafast X-
ray imaging study of ultrasonic bubble dynamics (with an image
frame rate of 135,780) in the sector 32-ID of the Advanced Photon
Source, Argonne National Laboratory, USA. Such imaging acquisi-
tion rate capture clearly the dynamics of bubble implosion and
oscillation, and their interactionwith solid phases. However, due to
the limited view field at very high image acquisition speed, it is
impossible to view dendrite (normally in a few hundred of micro-
meters) and bubble (a few tens of micrometers) in the same view
field. At relatively slow image acquisition speed, 1000e6000 fps,
Wang et al. [21] captured the fragmentation of primary interme-
tallic particles in an Al-35wt% Cu alloy induced by ultrasound.
Wang et al. [25] studied the microstructure fragmentation in a Bi-
8wt.% Zn alloy in beamline I12 at DLS. Both of them observed the
microstructure fragmentation, but no details were reveal due to the
lower capture speed in ultrasonic field. Again it is very difficult to
allow a growing dendrite and ultrasonic bubbles to be in the same
view field at ultrahigh speed such as >20,000 fps.

Ultrasound usually works at a high frequency of ~20 kHz. Most
of the Synchrotron X-ray sources cannot provide the imaging
acquisition speed higher than 20,000 fps (for ultrasound process).
As a results, until now, there has been no report on systematic and
real-time study that is dedicated to the direct observation of how
ultrasonic bubbles interact with growing dendrites in real metallic
alloy systems.

Hence, we developed a specific experiment setup to observe the
dendrite fragmentation of a transparent SCN-5wt. % Camphor alloy
using a high speed camera operating at an imaging acquisition
speed of 40,000 fps. With this acquisition speed, two images per
ultrasound cycle can be recorded and the expansion and contrac-
tion of an ultrasonic bubble could be observed, and so did the cyclic
motion of dendrites driven by the oscillating bubbles. Although its
physical properties of SCN-5wt.% camphor are different from liquid
metal alloys at some extent [25], it is still a very useful alternative
model system for the study of the ultrasound treatment during
solidification because of the difficulty of achieving the sufficient
temporal and spatial resolution at the same time using X-ray to
image any liquid metals.

In this paper, the initiation and propagation of the fatigue crack
induced by an oscillating bubble were systematically investigated
in situ and in real-time. The S-N curve for the SCN dendrite was also
calculated to provide robust and unambiguous information for
understanding the fatigue induced crack and fragmentation of
primary and secondary dendrites under ultrasound treatment.

2. Experimental

A similar experiment setup as detailed in Ref. [20] was used in
this study, as shown in Fig. 1. The experiment cell consisted of two
connected chambers. Chamber 1 is for accommodating the sono-
trode and introducing ultrasonic wave. Chamber 2 is for viewing
dendrite growth and interaction between dendrites and ultrasonic
bubbles. Such experiment setup is able to create a relative stable
ultrasonic pressure field in the regionwhere dendrites are growing.
In this way, the quasi-static oscillation of ultrasonic bubbles can be
achieved and maintained in the chamber 2, and then the interac-
tion between dendrite and ultrasound bubbles could be monitored
and recorded.

A SCN-5wt. % camphor alloy was used, and it was made by
melting pure SCN (99wt %) and pure camphor (99.7wt %) in a
sealed glass bottle at 343 K (the melting point of SCN-5wt. %
Camphor is ~325 K) for 30min. The experiment cell was then filled
with the alloy and mounted onto a 3-D observation platformwhere
a high speed camera was also mounted. A predefined thermal
gradient (~100 K/m) was imposed to control the temperature so
that the dendrites grew horizontally from left to right. A SONICS
VCX 150 ultrasound device with a fixed frequency 20 kHz was used.
Its power was adjustable from 0W to 150W. In experiment, the
ultrasound power used was 30W, and the diameter of the sono-
trode tip was 2mm. A Nac HX-6 high-speed digital video camera
(with a magnification of 800 times), manufactured by Nac Image
Technology in Tokyo, was used for imaging and recording. The
imaging field of viewwas 256� 256 pixel2 with a spatial resolution
of ~1.2 mm/pixel. The imaging acquisition rate used was 40,000 fps.

3. Result and discussion

3.1. Dendritic fragmentation in ultrasound field

Fig. 2 shows the fragmentation of both primary and secondary
arms by an ultrasonic bubble. As shown in Fig. 2a, several secondary
arms bended after an ultrasonic bubble touched the dendrite. These
arms oscillated in the same frequency as the ultrasonic bubble (see
Fig. 2b) and then fragmented and detached from the primary trunk
at 14.175ms. Similarly, as shown in Fig. 2c, the primary arm oscil-
lated when a ultrasonic bubble of ~120 mm in diameter came in
contact. The oscillation became more intense at certain time be-
tween Fig. 3d and e when the secondary arms detached, after that
the oscillating ultrasonic bubble moved into an interdendritic re-
gion (see Fig. 2f). As the primary arm oscillated back and forth, the
secondary arms detached after 14ms, the detail was shown in
Fig. 3c and d. After contact with the ultrasound bubble, the dendrite
broke about 40ms later. Clearly, the oscillating bubble imposed a
cyclic force onto the dendrites. The detailed fragmentation process
can be seen more vividly in video 1 of the supplementary material.

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.actamat.2018.11.053.

3.2. The fatigue-crack induced dendritic fragmentation

Fig. 3a shows the fragmentation of a primary arm induced by an
ultrasonic bubble as a result of the fatigue effect. As shown in
Fig. 3a1, a secondary arm was fragmented and detached from its
primary trunk, leaving a scar on the primary arm (as marked by the
dash lines in Fig. 3a2). A crack was then initiated at the scar in
0.15ms. The primary arm oscillated back and forth and finally broke

https://doi.org/10.1016/j.actamat.2018.11.053


Fig. 1. A schematic illustration of (a) the experimental setup (a top view), and (b) the ultrasonic bubbles generated by a sonotrode positioned ahead of the growing dendrites
originated from the left (a front view).

Fig. 2. Fragmentation of the secondary and primary arms caused by an incoming ultrasonic bubble. The ultrasonic power used was 30W and the image acquisition rate was 40,000
fps. The field of view was 302.33� 302.33 mm2 and the thermal gradient was 110 K/m.
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at about 14.2ms, the detail can be seen more clearly in supple-
mentary video 2.

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.actamat.2018.11.053.

Fig. 3b shows another case of dendritic fragmentation due to the
fatigue effect. As shown in Fig. 3b1-b2, an ultrasonic bubble B1 of
~80 mm oscillated and collapsed into numerous smaller bubbles.
Meanwhile cracks initiated at the dendrite root (see Fig. 3b3).
Fig. 3b4-b5 show that the cracks continued to propagate, and finally
fragmented arm A1. Cracks also initiated at the root of arm A2when
a new ultrasonic bubble B2 oscillated there (see Fig. 3b6). Further
propagation of the crack led to the detachment of arm A2 (see
Fig. 3b7-b8). Fig. 3b9 shows a new ultrasonic bubble came into the
view field, oscillating with the same frequency as ultrasonic bubble
B2. Mini cracks were observed to initiate inside the crystal after the
bubble oscillated for about 130ms. This fragmentation process can
be seen in supplementary video 3.

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.actamat.2018.11.053.

Fig. 4 shows the crack formation and propagation in a secondary
dendrite arm. An oscillating ultrasonic bubble of 20 mmmoved to the
root of arm 1 (see Fig. 4a and b). A crack then formed at the root (see
Fig. 4b), afterward arm 1detached from themain arm as a debris (see
Fig. 4c). It took about 30ms for the dendrite fragmentation, then, the
ultrasonic bubble was flushed away by the melt. As shown in
Fig. 4aec, dendrite arm 2 moved upwards due to the convection
induced by the ultrasonic. The bending angle of arm 2 increased to
3.8�, then it started to bend towards arm 1 and the angle increased to
24� (see Fig. 4d and e). As the bending angle increased, a crack
initiated and grew at the root of arm 2 (see Fig. 4e).

https://doi.org/10.1016/j.actamat.2018.11.053
https://doi.org/10.1016/j.actamat.2018.11.053


Fig. 3. (a1) - (a5) show the fragmentation process of a primary dendrite arm due to the cyclic fatigue effect induced by an ultrasonic bubble. (b1) - (b9) show another example of
dendritic fragmentation due to a fatigue crack. The ultrasonic power used was 30W and the image acquisition rate was 40,000 fps. The thermal gradient was 153.33 K/m for Fig. 3a
and 100 K/m for Fig. 3b. More detailed and vivid information can be seen from the supplementary videos 2 and 3.

S. Wang et al. / Acta Materialia 165 (2019) 388e397 391



Fig. 4. (a)e(c) show the bending and initiation of a crack at the root of a primary dendrite (Arm 1) after interacting with an oscillating bubble. (d)e(i) show the continuous bending
until fragmentation of Arm 2 caused by the fatigue effect induced by the oscillating bubble. The black and blue lines drawn on Arm 2 represent the directions of the primary
dendrite arm axis before and after bending; and the angle between the two lines was the bending angle. The ultrasonic power used was 30W with an image acquisition rate of
40,000 fps. The field of view was 302.33� 302.33 mm2 and the thermal gradient was 100 K/m. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 4e and f showed two consecutive frames in one ultrasonic
period. The ultrasonic bubble in Fig. 4e extracted as clearly showed
in Fig. 4f, and the angle decreased from 24� to 23.2� due to the
motion of the ultrasonic bubble. This indicating that the dendrite
arm 2was under a cyclic movementwith the same frequency as the
bubble oscillation, and the amplitude angle is about 0.4�. This cyclic
movement of the dendrite arm can be seen more clearly in the
supplement video 4. As shown in Fig. 4feg, the ultrasonic bubble
started to move away from the dendrite arm, then, arm 2 rotated
backwards with a bending angle of 18.9�. Meanwhile, another crack
formed at the downside of the root of arm 2 (see Fig. 4g). Both
cracks grew into the arm from the surface (seen in Fig. 4g and h)
until the detachment occurred at about 125ms (see Fig. 4i). It takes
less than 20ms for the dendritic fragmentation form the crack
initiation to totally running through the dendritic root.

Supplementary video related to this article can be found at
https://doi.org/10.1016/j.actamat.2018.11.053.
Fig. 5a and b showed the initiation (stage I) and propagation
(stage II) of a crack as a function of the ultrasound cycle number for
a primary (orange triangle) and a secondary (green diamond)
dendrite arm showed in Fig. 3. For the primary arm, the crack
initiated when a secondary arm was detached after about 130 cy-
cles of bending action. Apparently, the crack propagated faster in
the 130e140 ultrasonic cycles (stage I) to a length of ~10 mm, and
then grew relatively slower in the 140e240 ultrasound cycles until
totally fragmented. The primary arm was fragmented in ~110 ul-
trasound cycles. For the secondary arm, similar phenomenon was
observed, and it took ~70 ultrasonic cycles for fragmentationwas. It
should be noted that, the dendrites were always in cyclic bending
motion, and the crack growth process was fast and the imaging
acquisition speed of 40,000 fps is just about the lower limit that can
capture the initiation and growth of the crack.

Fig. 5c showed the bending angle of an oscillating dendrite arm
and the crack length as a function of the ultrasound cycle number

https://doi.org/10.1016/j.actamat.2018.11.053


Fig. 5. The growing crack length as a function of ultrasonic bubble oscillating cycles for the fragmented dendrites shown in Figs. 3 and 4. (a) for Fig. 3a and (b) for Fig. 3b and (c) for
Fig. 4; (e)e(f) Schematic illustration, showing the cyclic bending effect due to an oscillating bubble. (e) is for the secondary arm and (f) is for the primary arm.
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showed in Fig. 4. It is interesting to see that, the dendrite arm was
bending back and forth continuously due to the fluid convection in
the ultrasound field, and the bending angle increased almost line-
arly with the increase of the ultrasound cycles, except the initial
1900 cycles. After an oscillating bubble came and touched the
dendrite, a crack initiated after ~2550 cycles, and the bending angle
increased continuously and almost linearly until the bending mo-
tion was restricted by a small neighbor arm. The upside crack
length at the arm root increased and a new downside crack initi-
ated as the arm bent backwards; and then both cracks grew in-
wards together. However, the upside crack stopped growing after
~2800 cycles, but the downside crack continuously grew until 2900
cycles. The total cycle number was ~350 from crack initiation to
fragmentation. In addition, the insert graph in Fig. 5c showed the
cyclic bending of arm 2 (see Fig. 4) with an amplitude of ~0.4� in 5
cycles. Fig. 5e and f showed a schematic illustration for the cyclic
bending for a secondary arm and primary arm, respectively. The
arm bent in the same frequency as the ultrasonic bubble. A crack
nucleated at the root of the secondary arm and ultimately led to the
fragmentation, afterwards such crack location became aweek point
from where a new crack nucleated on the primary arm.

Two mechanisms were generally proposed for dendritic frag-
mentation, including remelting induced by solute enrichment and
fragmentation due to stress concentration. However, it is generally
believed that fragmentation due to pure bending or stress con-
centration is impossible because the ideal tensile stress of the
material is very high [28]. In this study, the latter mechanism can be
interpreted as fragmentation induced by fatigue stress. And it is
extensively proved that a much lower stress is required to induce
the crack when the material is against fatigue test rather than
normal tensile test [29].
In this study, the stress acting on the arm by an interdendritic
flow field can be estimated by equation (1) [28],

sx ¼ 6mvL2

r3
(1)

where r is the radius of primary or secondary dendrite root, v is the
velocity of flow field induced by oscillated ultrasonic bubble (here
the velocity of bubble wall was used), and L is the dendrite length.
Using the parameters of arm 1 in Fig. 4 for the calculation, the stress
is about ±3.97 kPa as jvþj ¼ jv�j ¼ 0.46m/s [20], r¼ 50 mm,
L¼ 220 mm. The calculated stress is much lower than the tensile
strength of SCN [19]. However, as ultrasonic bubble oscillation
continued, micro-cracks initiated at the roots of the dendrites and
then propagated. The cyclic bending of a secondary arm at its root
was always associated with stress concentration. After the
detachment of the secondary arm, more area of the primary arm
was exposed to the ultrasonic bubble ocsillaiton and the fluid
convection. Accordingly, the scar left bt the fragmented secondary
arm would become a weak point for the initiation of cracks due to
stress concertation.

3.3. The fatigue strength and fatigue life of the SCN dendrite in
mushy zone

3.3.1. Pressure distribution in melt
The fragmentation of solidified crystals in an ultrasound field

was closely related to the ultrasonic pressure and interaction with
the oscillating bubbles [18e20,21,25]. Wang et al. [25] found that
the pressure amplitude induced by an oscillating bubble was at the
same level as the fatigue stress of a Zn-4wt.%Al alloy. The pressure
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distribution in the melt under experimental conditions was simu-
lated by solving the Helmholtz equation (Eq. (2)) for ultrasonic
pressure using software COMSOL Multiphysics (COMSOL, Inc.,
Burlington, MA) [19,25]. Table 1 listed the related properties and
parameters of the alloy used in the experiment [30e34].

kPa
r0

þ V,

�
1
r0
VPa

�
¼ 0 (2)

where r0is the liquid density, k ¼ u=c0 is the wave number, and
u¼ 2pf is the angular frequency, f is the frequency of the sound
wave, and c0 is the traveling speed of sound in the liquid. The
boundary conditions applied were (see Fig. 6a):

(1) Pressure source Pa ¼ PA cosðutÞ, at the surface of the sono-
trode tip, where PA ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2r0c0W=A
p

W is the ultrasonic power,
and A is the sonotrode tip area;

(2) Sound hard boundary condition with zero normal derivative
of the pressure vPa=vn ¼ 0 at the sides of the sonotrode;

(3) Sound soft boundary condition at the top end of domain to
simulate the liquid/air interface (Pa¼ 0);

(4) Impedance, Z¼ r·c at liquid/glass interface.

Fig. 6a shows the instantaneous pressure distribution of a 2-D
simulation under an ultrasonic power of 30Wat time t¼ 0 s. The
pressure varied from �0.07MPa to 5.18MPa in the melt. Fig. 6b
shows the pressure decreased exponentially along line 1 (vertical
distance from tip, see Fig. 6a) and line 2 (horizontal distance from
the sonotrode tip, see Fig. 6a). For line 1, the pressure reached
Fig. 6. (a) the simulated instantaneous pressure distribution in a 2-D domain under an ultra

Table 1
Physical properties of the succinonitrile-5wt. %Camphor [30e34].

Material SCN-5wt. %Cam

Melting point, TM 324.97 K

Density of liquid, r#0
0.970� 103 kg∙m�3

Density of glass, r 2.3� 103 kg∙m�3

Viscosity of liquid, m# 2.66� 10�3 Pa∙s
Surface tension, s# 3.85� 10�2N∙m�1

Empirical constant, B* 3046 atm
constant, n* 7.025
Ambient sound speed in liquid, c*0 1450m∙s�1

Sound speed in glass, c 2380m∙s�1

Gas polytrophic exponent g 1.6 (for air)

Note: for the lack of data for molten SCN-5 wt. %Cam alloy, the values of r0, m, s are
the values of SCN; c0, B, and n are the values of water.
0.85MPa at 5mm from the sonotrode tip and decreased
to �0.109MPa at a minimum. However, the pressure
reached �0.16MPa at ~12.5mm before it gradually recovered to
zero at 20mm from the tip. The pressure attenuationwas due to the
energy dissipation inside the liquid and the impedance at the
liquid/glass interface.

The area marked inside the rectangular in Fig. 6a shows the area
where the interaction between dendrites and bubbles was
captured. As shown in Fig. 6b, the pressure mainly distributed in a
range of �0.085MPa to �0.02MPa, and the average pressure was
about �0.05Mpa. This pressure was used for further analysis of
ultrasonic bubble dynamics.
3.3.2. Pressure amplitude of an oscillating ultrasonic bubble
The Gilmore model [35] was used to calculate the pressure

evolution of an oscillating ultrasonic bubble according to Eqs.
(3)e(6) using COMSOL Multiphysics. Fig. 7a shows the changes of
bubble radius (initial diameter was 21.5 mm) versus the alternating
ultrasonic pressure. The simulation configuration was similar to
that in Fig. 6a with an ultrasonic power of 30W. The amplitude of
the ultrasonic pressure, i.e., PA, was set as 0.05MPa. Fig. 7bed
shows that the simulation result agreed quite well with
experiment. 
1�
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(6)

where R, P, H and C is the radius, pressure at the bubble wall,
enthalpy and local speed of sound in the liquid, respectively; R0 is
the initial bubble radius, P0 is the liquid ambient pressure at 1 atm
and P∞¼ P0þ Pa is the pressure at infinite distance from the bubble.
As the oscillation of a bubble is obtained, its pressure varying with
sonic power of 30W and (b) the ultrasonic pressure distribution along line 1 and line 2.



Fig. 7. (a) the oscillation of a quasi-steady state ultrasonic bubble captured near a dendrite boundary in experiment. (b)e(d) showed the diameter, velocity at bubble wall and
pressure at bubble wall respectively. The red dashes were the simulated results with the ultrasonic pressure amplitude of about 0.05Mpa. The black lines were the measured
diameters based on (a), the calculated (based on ultrasonic bubble diameter in experiment) velocity and pressure at the bubble wall. The ultrasonic power used was 30W and the
image acquisition rate was 80,000 fps. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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its diameter P(R) can be calculated by Eq. (6).
3.3.3. Estimation of the fatigue stress
Table 2 lists the bubble diameter, pressure amplitude of the

oscillating bubble and the fragmentation cycle number (the total
cycle number for breaking a dendrite arm) extracted from
Figs. 2e4. Fig. 8a shows the pressure profiles at a bubble wall
calculated using the Gilmore model (maximum ultrasonic pressure
amplitude was 0.05MPa) corresponding to the conditions listed in
Table 2.

According to Eqs. (7) and (8) [36], the values of lgC and k are
obtained as 8.49 and 0.96 respectively by a bilinear fitting of lgS and
lgN (see Fig. 8b). The S-N curve for the dendrite in the mushy zone
was calculated using Eq. (7). Accordingly, it can be estimated that
Table 2
Parameters related to dendrite fatigue under ultrasonic treatment.

Fragmented Dendrites Bubble radium/mm

Primary arm in Fig. 2 60
Primary arm in Fig. 3a 15
Secondary arm 1 in Fig. 3b 40
Secondary arm 2 in Fig. 4 10
the fatigue failure stress was below 1MPa, which is consistent with
that in Ref. [19].

N ¼ CS�k (7)

lgN ¼ lgC � klgS (8)

We are aware that there are big differences in physical proper-
ties between metal and transparent alloys, hence, future work will
be dedicated to study the interactions between ultrasonic bubbles
and dendrites of metallic alloys. Nevertheless, using transparent
alloys with ultrafast imaging is still a convenient and valuable
method for revealing the highly dynamic phenomena concerning
dendritic fragmentation due to ultrasound.
N, fragmentation cycle number S, pressure amplitude/Mpa

447 0.33982
1128 0.15852
808 0.21839
1330 0.15807



Fig. 8. (a) The pressure profiles at bubble wall calculated using the Gilmore model (the maximum ultrasonic pressure amplitude, 0.05MPa) corresponding to the bubble conditions
in Figs. 2e4. (b) The fitted plot of material constants lg C and k under different conditions based on Table 2. The solid lines are regression results according to the power law. (c) the
S-N curves of SCN dendrite.
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4. Conclusion

Dynamic interactions between growing dendrites of a SCN-
5wt.% Camphor transparent alloy and quasi-static oscillating ul-
trasonic bubbles were studied systematically using high-speed
imaging method. The experimental studies were complemented
by calculating the evolution of bubble wall pressure and bubble
radius using the Gilmore model. By viewing and analyzing hun-
dreds and thousands of images, the following conclusions are
drawn from this study:

(1) Cyclic pressure produced by quasi-steady state oscillating
ultrasonic bubbles can exert a fatigue effect on growing
dendrites, bending back and forth of the growing dendrites
and initiating cracks at the dendrites roots. Propagation of
the cracks can last for a few tens of milliseconds until
complete fractures occur. With an ultrasonic power of
30W in this experiment, the cyclic load generated by
oscillating ultrasonic bubbles can fracture dendrites in less
50ms.

(2) Based on the observed oscillating cycle number for fracturing
dendrites due to the fatigue effect, the fatigue strength and
fatigue life curve of SCN dendrites were calculated, and the
stress for the fatigue failure of SCN dendrites was generally
less than 1MPa.
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