Accepted Manuscript 5

AcCta MATERIALIA

N .
TRUCTUREwmmm= PROPERTIES

Ultrafast synchrotron X-ray imaging studies of microstructure fragmentation in
solidification under ultrasound

PRO( N.I\h
Bing Wang, Dongyue Tan, Tung Lik Lee, Jia Chuan Khong, Feng Wang, Dmitry
Eskin, Thomas Connolley, Kamel Fezzaa, Jiawei Mi

Pll: S1359-6454(17)30931-X
DOI: 10.1016/j.actamat.2017.10.067
Reference: AM 14166

To appearin:  Acta Materialia

Received Date: 14 July 2017
Revised Date: 26 October 2017
Accepted Date: 29 October 2017

Please cite this article as: B. Wang, D. Tan, T.L. Lee, J.C. Khong, F. Wang, D. Eskin, T. Connolley,
K. Fezzaa, J. Mi, Ultrafast synchrotron X-ray imaging studies of microstructure fragmentation in
solidification under ultrasound, Acta Materialia (2017), doi: 10.1016/j.actamat.2017.10.067.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


https://doi.org/10.1016/j.actamat.2017.10.067

Graphical abstract

Sonotrode Implosion
Fragmentation
of liquid-solid
interface by a
pulsating
29.5 ust bubble
Bubble growth, implosion and shock w& wave.emission ;
2.3ms Zn phase [§128.0ms  Fractured 175ms. 8
Bubble ~\\ Zn phase 5 Break-up of
L-S interface : p
. Py K b ‘/ ‘ Acoustic - ITMRENEN!
| — v AWREIES interface by
L-S interface "k the enhanced
acoustic flow

A Zn phase is fractured by fatigue due to the
oscillation of a pulsating bubble



Ultrafast synchrotron X-ray imaging studies of microstructure fragmentation in
solidification under ultrasound

Bing Wang" 2 Dongyue Tart, Tung Lik Lee™ 3, Jia Chuan Khonfj4 Feng Wang,
Dmitry Eskin®, Thomas Connolle§/ Kamel Fezza Jiawei Mi*

! School of Engineering & Computer Science, Univgrsf Hull, Hull, HU6 7RX, UK
ZDepartment of Engineering, University of Cambridg&2 1PZ, UK

3|SIS Neutron Source, Rutherford Appleton Laboratétgrwell Oxford, Didcot, OX11
0QX, UK

* Department of Medical Physics and Biomedical Eneiimg, University College
London, London, WC1E 6BT, UK

® Brunel Centre for Advanced Solidification Technatpdrunel University London,
Uxbridge, London, UB8 3PH, UK

® Diamond Light Source Ltd., Harwell Campus, Did€@¥11 ODE, UK

" Advanced Photon Source, Argonne National Laboyatdrgonne, IL 60439, USA

Abstract

Ultrasound processing of metal alloys is an envirental friendly and promising green
technology for liquid metal degassing and micradtrical refinement. However many
fundamental issues in this field are still not yulinderstood, because of the difficulties
in direct observation of the dynamic behavioursseauby ultrasound inside liquid
metal and semisolid metals during the solidificapyocesses. In this paper, we report a
systematic study using the ultrafast synchrotrora)Ximaging (up to 271,554 frame per
second) technique available at the Advanced PhStance, USA and Diamond Light
Source, UK to investigate the dynamic interactiobstween the ultrasonic
bubbles/acoustic flow and the solidifying phases iBi-8%2Zn alloy. The experimental
results were complimented by numerical modellinge Thaotic bubble implosion and
dynamic bubble oscillations were revealed in-sduthe first time in liquid metal and
semisolid metal. The fragmentation of the solidifyiZzn phases and breaking up of the

liquid-solid interface by ultrasonic bubbles anchamced acoustic flow were clearly
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demonstrated and agreed very well with the themaktcalculations. The research
provides unambiguous experimental evidence andstotheoretical interpretation in
elucidating the dominant mechanisms of microstmecfuagmentation and refinement

in solidification under ultrasound.
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Microstructure refinement; Solidification; Ultragudiprocessing

1. I ntroduction

Applying ultrasonic waves in a liquid medium cresatn alternating acoustic pressure
field [1, 2]. When the pressure is above a certhneshold, ultrasonic bubbles and
acoustic streaming flow are produced in the liquithe ultrasonic bubbles vibrate
according to the alternating pressure, grow, cealesd finally collapse, creating local
shock waves with high pressure and temperaturehen rtearby region. This is
commonly known as ultrasonic cavitation [3-11]. e§k are highly dynamic nonlinear
phenomena and when they occur in liquid metal, @afpe during the solidification
processes, the heat/mass transfer, fluid flow dhohately the microstructures of the
solidifying metal are affected [12-18]. Previousvaestigations on the ultrasonic
treatment (UST) of metallic alloys have shown thedined, equiaxed grain structures
can be produced, thereby, improving the mechamoagberties such as yield strength
and fracture toughness [3, 12, 17, 19]. Furtheemitre soundness of castings can also
be enhanced by UST due to a reduction in shrinkagetearing, and more uniform

distribution of the refined secondary phases andémluced micropores [20, 21].



However, the exact mechanisms of how ultrasonidlmsband acoustic flow interact
with the solidifying phases, especially the higbignamic phenomena occurring at the
liquid-solid (L-S) interface have not been fullyderstood. This is mainly due to the
opagueness of liquid metals, which prevents diegi-time observation of the dynamic
interactions between the ultrasonic waves, bublalesystic flow at the L-S interface.
Previous studies have used water or water-basedisw [7, 22], as well as organic
transparent alloys [8, 11, 23], to mimic liquid metlloys in order to study the effects
of ultrasonic bubbles and streaming flow duringidgfitation under visible light

illumination. For example, by using camphene [1d]crose solutions [7, 24], and
succinonitrile-1% camphor solution [8], it was faurhat growing dendrites were
fractured by the oscillating bubbles or shock wageserated at bubble implosion.

These investigations provide valuable visual dataihderstanding the effects of UST.

Nevertheless, organic transparent alloys and solsitare different from liquid metal
alloys in terms of density, viscosity, surface tensheat/mass transfer coefficient and
sound velocity. For example, the density of suaaitnibe-1% camphor (an organic
alloy) is 0.97 g/cy less than one third of Al alloys (~2.7 gfmwhile the thermal
diffusivity (1.16 x 10’ m/s [8]) is 726 times less than pure aluminium (8.4110°
m?/s [25]). These differences in physical propertieake it inappropriate to simply
apply the findings from organic alloy systems totalie systems. In addition, during
metal solidification, the viscosity, surface temsisound velocity and fraction of the
liquid and solid phases are governed predomindmtlghanges in temperature [26, 27].
The resulting ultrasonic bubbles and acoustic flake also very sensitive to the

thermophysical properties of the different medial aemperatures. Therefore, it is



essential to study in real-time the ultrasonic bekkand acoustic flow in liquid and
solidifying metal to understand fully how ultrasoriubbles and acoustic flow interact

with the liquid metal, the solidifying phases ahd t.-S interface.

X-rays have been used to “see” and investigateirttegnal structures of metals and
other opaque materials for over a century [6, 2B-3&5ince the mid-1990s, the
development of the 3 generation synchrotron X-ray facilities around therld has
made high brilliance X-rays and the relevant insients available for materials
scientists to study in-situ the dynamics of metdiddfication [29-33]. The European
Synchrotron Radiation Facility (ESRF) in Grenoblaswthe first of the '3 generation
hard X-ray sources (6-GeV storage ring) to opeiratE994. The ERSF was followed
by the Advanced Photon Source (APS) at ArgonneoNatiLaboratory (7 GeV) USA
in late 1996, and SPring-8 (8 GeV) in Harima Scee@arden City in Hyogo prefecture,
west of Osaka, Japan in late 1997 [34]. In théye2t™ century, a number of medium
energy sources have become operational, inclutiedtamond Light Source (DLS, 3
GeV), UK in October 2007. Mathiesen al. [29-31] was among the first to study in-
situ the cellular and dendritic growth of Sn-Plogd at Beamline ID22 of ESRF. The
dynamics of quasi-steady ultrasonic bubbles imjaidi Sn-Bi alloy was first studied by
Lee et al. [35] using ultrafast synchrotron X-ray imaging526 fps) at the sector 32-
ID-B of APS. Ultrasonic bubbles in liquid Al-Cu all were studied by Huareg al. [6]

at Shanghai Synchrotron Radiation Facility. Howevee 2 fps image acquisition rate
used in [6] was too low to reveal the dynamic pimeeona of ultrasonic bubbles and

acoustic flow.



Since 2011, the researchers in Mi's group haveiezhrout extensive studies on the
dynamics of ultrasonic bubbles and acoustic floWignid metals and their effects on
the solidification microstructures using the uléistf synchrotron X-ray imaging facility
(up to 271,554 fps) available at the sector 32-IFBAPS. The preliminary results

were reported in [36].

In this paper, we further report the very recesuls of systematic real-time studies of
the interactions between ultrasonic bubbles/acoéistiv and the solidifying phases of a
Bi-8 wt%Zn alloy. The focus of the experimentalgach is to obtain real-time and
visual information for ultrasonic processing of aledlloy melt during the solidification

process, and to elucidate the fragmentation meshmaof the solidifying phases by the
bubble implosion and oscillation; and the breaketithe L-S interface by acoustic flow.
The Gilmore model [37] was used to calculate thesgure and velocity at the bubble
wall. The data and new findings from the experimeahd simulation allow us to

explain clearly the underlying mechanism of howdsfyling phases were fractured and
redistributed in the solidifying melt, which is tli®minant mechanism for structure

refinement during the solidification process.

2. Experiment

2.1. Alloy, experimental apparatus and setup

A Bi-8 wt% Zn alloy, made by melting high-purity B§9.999%) and Zn (99.99%) rods,
was chosen as the alloy in this research becauselofv melting temperature (liquidus

temperature of 341 °C, and solidus temperature5df®2°C [36]), and the adequate X-



ray absorption contrast between the Bi matrix dned4n phase. Table 1 lists the alloy

properties at 427 °C, the temperature where thelbuimplosion were imaged.

Table 1 The properties of the Bi-8% Zn alloy, theadz sample holder, and the
ultrasound parameters used in the experimentshen@itmore model

[37].
Material Bi-8% Zn
Density,po 9561 kg nt
Viscosity, 1.5 x 10° Pa's
Surface tensiong 0.376 Nt
Sound speed in liquiBi-8% Znc, 1790 m &
Sound speed in quartz tube, c* 5300 s
Density of quartz tubg; 2.23 x 16 kg m*®
Ultrasound frequencyf 30 kHz
Ultrasound power 0, 20, 60, 100W
Ultrasound intensity 0, 276, 926, 1839 W/Mmm

Fig. 1 shows a CAD rendering of the experimentalsat the 32-ID-B of APS [36].
The sample holder was made from a quartz tube avitiat thin channel region (15 x 10
x 0.30 mm) in the middle that can be filled with083um thick liquid metal. The
thickness was tested and optimised by previousrarpats [36] to obtain sufficient X-
ray transmission through the liquid metal and toeh@&nough space for ultrasonic
bubbles (generated from the sonotrode tip positioat ~0.25 mm above the thin
channel) to flow through freely. Bi-8% Zn alloystaods (&9 x 30 mm) were used as
the feedstock alloy and melted by using a purpes®ge furnace that enclosed the
quartz sample holder. A slot (5 mm wide and 30 long) was opened in the furnace
front and back plates, allowing the X-ray beam é&sgonto the thin channel area and
projecting the transmitted X-ray onto the scintdla The dimensions of the sample

holder and quartz tube, and the description offtineace are detailed in [36]. A brass



rod (@9 x 15 mm) was used as a heat sink at theorbobdf the sample holder to
generate the required thermal gradient along teextion (as described later). Three
K-type thermocouples marked as TC1, TC2, and TCRBign 1 were positioned at the
top, middle and bottom of the channel, respectivéty monitor and record the
temperatures of the alloy during melting and caplaperations. Both TC1 and TC2
were 250 um in diameter while TC3 was 500 um imaieer and the distance between

the neighbouring thermocouple was ~4.5 mm.

A Hielscher UP100H ultrasound processor (100 W,kBi2), together with a MS2
sonotrode (made of Ti-alloy with a tip diameter @2, 74 mm long) were used to
generate ultrasonic waves inside the liquid meTdle ultrasound power was adjustable
from 20 W to 100 W with a step of 20 W. The actuddration amplitudes of the
sonotrode tip at the ultrasound powers of 20, G B00 W were measured by using a
Phantom" V7.3 high speed camera, and were used to calci@htde corresponding
ultrasound intensities as shown in Table 1 (detail38]). The ultrasound processor
was mounted on a precision linear stage where thight could be adjusted
independently to the quartz tube, facilitating X-ranaging either on the tip of the
sonotrode or in the regions of interest within them channel. A custom-made relay
trigger device was used to precisely control theliagtion of ultrasound into the melt

and the synchronisation with the high speed carfioerianaging.

2.2. Beamlines and X-ray parameters



The synchrotron X-ray imaging experiments were cateld at Sector 32-ID-B of APS,
and Beamline 112 of DLS. Sector 32-ID-B is a deté#daundulator X-ray source
designed to fully utilise the 500 ns X-ray pulsedynchronizing the X-ray pulse from
the storage ring with the ultrafast shutter anddimera on the beamline, delivering an
ultrafast image acquisition rate of up to 271,5p4 fvith a spatial resolution of 1
um/pixel in a field of view of 1 x 1 mm. Synchroai®n ensured that images were
taken within the 500 ns exposure time, providingraage temporal resolution of ~500
ns regardless of the image acquisition rate. imgtudy, white beam was used and the
undulator gap was set at 18 mm, allowing most efwthite beam intensity to be located
within the first harmonic around 7.7 keV, with aageirradiance of 3.4 x 16
ph/s/mn?/0.1%bw, and a natural bandwidth of 0.4 keV fulbitti at half-maximum. In
the image sequences reported in this paper, atiquisates of 135,780 and 5,413 fps
were used and the image sequences were recordegl astMOS camera (Photron
FASTCAM SAL1.1) coupled to a scintillator (LYSO:QOsjth a 10 x optical microscope

objective lens and a mirror set at 45°. The sartgpldetector distance was 980 mm.

The Beamline 112 at DLS provides synchrotron X-najth a peak flux of 18
ph/s/Imn#/0.1%bw and is a dedicated high energy instrumard 4.2 T wiggler source,
offering white or monochromatic X-ray beams in thage 50-150 keV. Filtered white
beam was used to produce the highest possibleviithout causing damage to the
sample and detector. Experiments at DLS used th#asisetup as showed in Fig. 1,
except that the imaging system was a Vision RekeRttantom" 7.3 high speed
camera, coupled to a scintillator via a 1.8 x dfpyeclens and two 90° turning mirrors.

Image acquisition rates used were 1000 and 150Qvifisa 700 pum thick Lutetium



Aluminium Garnet detector doped with Cerium (LUA®)C The sample-to-detector

distance was 900 mm.

At Beamline 112, a view field of 6.6 x 5.4 mm wihspatial resolution of 12.2 um/pixel
was adopted as compared to the 1 x 1 mm with aaspasolution of 1 pm/pixel at
Sector 32-ID-B. The wider field of view on Beamling2 is therefore suitable for
studying the interactions between ultrasonic budlbtoustic flow and the L-S
interface/semisolid phases; while Sector 32-ID-Bvpted higher temporal and spatial

resolution to better resolve the dynamics of thielthelimplosions/oscillations.

2.3. Temperature control during solidification

The desired temperature gradient alongztdeection (Fig. 1 and Fig. 2) within the thin
channel was controlled by adjusting thdirection position of the quartz tube relative to
the heaters in the furnace and with the use ofbthss rod heat sink below the thin
channel. By imposing a suitable temperature gradee clear liquid-to-solid transition
zone was created in the middle of the thin charmel, at the location between TC2
and TC3 as shown later in Fig. 3, allowing the atioh of the L-S interface to be
studied in-situ when ultrasonic bubbles and theusito flow are present in the view

field.

The feedstock alloy was heated up over 450 °C hed held at ~427 °C (TC1) for at
least 1500 s to ensure the alloy was fully meltad aompletely filled in the thin

channel of the sample holder. The liquid metahmthin channel was then cooled at a



rate of ~0.2 °C/s with a temperature gradient oR~%/mm between TC1 and TC3.
Fig. 2 shows the typical temperature profiles udadng the controlled cooling process
to form a clear L-S solidification front between 2@nd TC3; the figure inset shows
sudden temperature jump in a couple of secondsiglumage acquisition due to the
application of ultrasound. Nevertheless, this reddy small temperature jump during
image acquisition gave negligible effects on thkdgging microstructures since the

heat was quickly dissipated and the temperaturebael to the target temperature.

Owing to the heating effect from the X-ray whiteabe at the Beamline 112 (0.028
W/mn¥ for Bi-8% Zn) [39], it was noticed that the temaeerre had a jump of <1 °C at
TC2 and TC3 when the X-ray shutter was opened.ortier to investigate potential
effects on the solidification of alloy, an experimeavithout ultrasound was conducted
under the same cooling rate as in Fig. 2 (~0.2)°(#gy. 3 shows measured temperature
profiles with applied white beam, insets are re@aktL-S interface images subjected to
0 and 600 s illumination of the white beam. Thatasolid particles are the primary
Zn phase. The two images are identical, indicdtivag there was no obvious influence
from the heating of the white beam. Thus, the bémination effect was neglected
in this research. To capture the L-S interface,tdmperatures at TC2 and TC3 were
fixed at ~274 °C and ~245 °C, respectively. Thegerature gradient between TC2 and
TC 3 is ~6.4 °C/mm and this temperature gradielowad a clear L-S solidification

front to be formed between TC2 and TC3.



3. Results and discussion

3.1. Ultrasonic bubble oscillation and implosion

Fig. 4 shows the evolution (the changes of bubatkus with the alternating acoustic
pressure) of a single bubble immediately belowdbeotrode tip inside the Bi-8% Zn
alloy at 427 °C. The ultrasonic intensity appliedsn276 W/mrh (equivalent to an
ultrasound power of 20 W) and the maximum acoystssure immediately below the
sonotrode tip, i.e. 0.02 mm below, was calculated45 MPa by using the Helmholtz
equation (see Fig. 1 in [38]). The X-ray images eveaptured using an acquisition
speed of 135,780 fps at the Sector 32-ID-B (theimarh image acquisition rate of
271,554 fps gives too small view field to accommedaufficient number of bubbles in
the view field). A bubble was seen in Fig. 4a-2wa radius of ~8 pm and expanded to
~23 um in Fig. 4a-4 when the sonotrode tip moved(thp rarefaction part of the
acoustic cycle). Bubble implosion occurred aftex sonotrode started to move down
(the compression part of the acoustic cycle), tegplin a blurred-and-misty circular
region (Fig. 4a-5) with the release of high presslrock wave to the surrounding liquid
[36]. The imploded bubble produced many tiny bekbbr bubble fragments. Those
with the size of < lum are too small to be seen in Fig. 4a-6 due tepatial resolution
limit of the X-ray imaging technique. However, T[@9] has reported in his PhD thesis
(in Chapter 4) many cases in water (when 271,551 vilas used) where bubble
fragments of a few micrometres were observed &ftdable implosion. These bubble
residuals or fragments acted as nuclei for the agsle of bubble nucleation, expansion
and implosion. Many similar observations and rdows were made during the
ultrafast synchrotron X-ray imaging experimentsA®RS. These evidences clearly

indicate that, in the region below and near theotode tip where acoustic pressure is



sufficiently high, the whole life cycle of bubblaucieation, expansion and implosion
can be completed in just one ultrasound period,3i3e3 ps in this case. The bubble
fragments created at bubble implosion is the ovehlming resource of the bubble
nuclei for the next ultrasound period. Each impdastreates many more bubble nuclei
for the next period. Such multiplication effectatrain-reaction nature are the dominant
phenomenon at the region near the sonotrode tipenthe region was fully developed,
an ultrasound cavitation zone was created in tp&idiin which many different size
bubbles oscillated very quickly and energeticallgcompanied by many instances of
chaotic and violent implosions of some bubbles wtnair diameters reach the critical
threshold in the alternating acoustic pressuredfielMoving downward from the
sonotrode tip surface, the acoustic pressure idigned metal attenuates exponentially
[40], and the dynamic behaviours of ultrasonic Bebbchanged accordingly as

discussed below.

3.2. Detachment of the solid phases from the L-S interfay oscillating bubbles and
acoustic flow

Fig. 5a is a sequence of X-ray images capturectatriine 112 using 1500 fps, showing
the cyclic impact and pounding of one oscillatindble at the L-S interface in the Bi-8%
Zn alloy. The images were taken ~5.5 mm below theosode with an ultrasound
intensity of 926 W/mrh It is clearly demonstrated that the bubble watsgiing
cyclically at the L-S interface, pounding and kniagkoff the primary Zn patrticles, and
gradually eroding into the solid phase. Fig. 5d arshows the pressure and velocity
profiles at the bubble wall calculated by the Gitmmanodel based on the bubble

conditions in Fig. 5a. In addition to the pressprefiles in the steady state oscillating



condition, the pressure profiles of the bubble ubrsarmonic oscillations were also
included as highlighted in Fig. 5b, where the ppedssure values varied [41]. Fig 5b
shows that the maximum bubble wall pressure is MP@ with the maximum velocity

of ~20 m/s. While the mean pressure and velocity &5 MPa and 12.5 m/s,
respectively.

These are significant periodic pressure and momentonditions imposed on the
surrounding liquid or solid phases (if there arg)an the viscous melt. The detached
Zn particles survived and moved upwards by theasttund-enhanced acoustic flow
back into the bulk liquid. Clearly, the erosion thie L-S interface is due to the
combined effects of cyclic pounding of the bubhhel dlush of the acoustic flow onto

the L-S interface.

To quantify and differentiate the contributions e detachment of the solid phases
from the L-S interface by the ultrasonic bubble a@wdustic flow, Fig. 5d plots the
increase in area of the liquid phag&g)(and the bubble deptlk{) as function of time in
the view field by using the L-S interface in Fig &s the reference. It is interesting to
see that botlE, and E4 increased linearly with time, and the rate of smoscan be
determined from the slopes of the two linear regjoesfitting lines. They are 0.44
mm?/s and 0.20 mm/s fdE, andEg, respectively. Apparently, the oscillating bubtse

leading the erosion and phase detachment at thente@ace.

3.3. Fragmentation of a Zn phase by oscillating bubbles

To further investigate the interactions of osdillgt bubbles with the surrounding

solidifying phases during ultrasound treatment (Y S#% designed a special bubble trap



and inserted it inside the thin channel area ofgilertz sample holder as shown in Fig.
6a. It was made of a polished Al-20% Cu thin plate-250 um thick with slots of
different widths and depths separated by the ‘fisgef 250um wide. The slots were
machined by electrical discharge machining and @settapping the ultrasonic bubbles
at different distances below the sonotrode tip.(Bay. This arrangement allowed us to
be able to nucleate and grow solid phases (Zn phasthis case and the primary Zn
phases in a Bi-8% Zn alloy grew into needle-shapleaises [38]) from the tip of the
‘fingers’ (because it is a chilled and solid basehie solidification temperature range of
the Bi-8% Zn alloy); and also to have higher praligbto capture the incoming
ultrasonic bubbles at the ‘fingers’ tip region. ifgssuch arrangement, we were able to
successfully capture the pulsating of a singleaatinic bubble at a growing needle-
shaped Zn phase as demonstrated in Fig. 6b-1 tolh-he experiment, the sonotrode
tip was located 5 mm above the tip of the ‘fingard a single needle-shaped Zn phase
of ~200um long (Fig. 6b-1) was observed to grow from thgedf the ‘finger’ in the
view field. When an ultrasound of 926 W/rhmas applied from above, a single bubble,
together with the acoustic flow, was observed tovendown and reach at the L-S
interface, pulsating on the right-hand side oflthegy Zn phase (Fig. 6b-2). The bubble
kept pulsating on the tip of the Zn phase (Fig.3Gimd b-4) and finally passed through
the Zn phase at 113.3 ms as showed in Fig. 6b+6m Ehe instant when the bubble
landed onto the Zn phase (3.3 ms in Fig. 6b-2htorhoment it passed the Zn phase
(113.3 ms in Fig. 6b-5), the bubble was seen pulganergetically and cyclically on
top of the long Zn phase for 110 ms, equivalerit3830 ultrasound wave period. After

an extra ~14.7 ms, the long Zn solid particle weensclearly fractured and the fragment



was washed away together with the bubble by thestmoflow, leaving a ~6@m long

residual part still embedded in the solid phasewehe L-S interface (Fig. 6b-6).

To further elucidate the fragmentation mechanisnthefZn phase, we again used the
Gilmore model to calculate the pressure and velquitfiles at the bubble wall for this
specific bubble showed in Fig. 6b, and the resaésshown in Fig. 6¢. The maximum
bubble wall pressure (the pressure amplitude) wis MPa. By excluding the low
pressures (the small pressure values in each waviedp from the subharmonic
oscillation behaviour [41], the majority of the psere amplitude due to bubble
oscillation was in the range of 20-30 MPa (Fig.1§c- While the maximum velocity

(velocity amplitude) was calculated as ~+30 m/skaswvn in Fig. 6¢-2.

To understand more quantitatively whether suchicymessure and momentum are the
dominant cause for fracturing the Zn phase or wet,calculated the fatigue strength
and fatigue life of the Zn phase at 270 °C. Beeafshe lack of fatigue strength data
for pure zinc in the open literature, we used teey/vich experimental data found for a
commercial Zn-4% Al alloy for the analyses. Geligréghe fatigue strength and fatigue

life of alloys can be calculated by Basquin’'s L]

N=CS* (1)

where,Sis the cyclic stress amplitudl;is the number of cycles to failur€;andk are

material constants at a given temperature. Apgljegarithm operation on both sides,

we obtain:



logN =logC — klog$ (2)

Thus, (logN) versus (logS follows a linear relationship with constaktas the slope
and an interception at I0@. Sawalha [43] investigated the fatigue behavadua Zn-4%
Al alloy at 20, 50 and 100 °C. The measured fatiguperimental data were used to
determine the material constants at each temperatuAs the low-cycle fatigue
mechanism is different from that of the high-cyfdégue [44], three data points below
90 MPa, i.e. high-cycle fatigue witN > 10 cycles in [43] were selected at each
temperature to fit into Eq. (2) (see Fig. 3 in [38The fitted curves are showed in Fig.
7a and b, corresponding data are shown in Tabl€l@arly, both logC andk exhibit a
power law relationship with temperature. Hencg,doandk at 270 °C was determined
as 5.11 and 1.10, respectively, by extrapolatimgfitting curves in Fig. 7a and b over

270 °C.

Table 2 Material constants determined at diffetentperatures using Eq. (2).

Temperature ("C) loG@ k
20 44.79 19.62
50 23.00 8.92
100 11.33 3.08
270 5.11 1.10

Using the material constants in Table 2, 8N curves for the Zn-4%Al alloy at

different temperatures were calculated using Egaf shown in Fig. 7c. The fatigue
lives of the Zn-4% Al at 270 °C in the stress lesE20-30 MPa were between 4737 and
3027 fatigue cycles; and at ~25 MPa, the fatigigeviias 3700 cycles as highlighted in

Fig. 7c. While, Fig. 6b-6 shows clearly that the ghase was completely broken after



124 ms, equivalent to 3720 ultrasound wave periddsthermore, Fig. 6d-1 shows that
the pressure amplitude caused by the oscillatifdples is mainly in the range of 20-30
MPa. Such an excellent agreement between the iemgraal observation of the
fragmentation of Zn phase in this research andhberetical analyses for the fatigue
lives of the Zn-4% Al alloy (the closest alloy iomposition to pure Zn with reported
high temperature fatigue data) indicates that @egde effect from the oscillating
bubble is the dominant factor in breaking the Znaggh Similar fatigue-type
fragmentation of primary intermetallic phases inalbys under ultrasound processing
in water has been recently reported by Wahgl. [45]. Of course, the momentum of
the acoustic flow also plays a minor role in thés& as more evidence presented in the

next section for the erosion effect from the acouiiw.

3.4. Break-up of the L-S interface by acoustic flow

To further investigate the effect of acoustic flam the L-S interface, systematic
experiments and image sequences were taken apardeea in the thin channel where
ultrasonic bubbles were hardly seen in the experimd-ig. 8 shows the evolutions of
the L-S interface under different ultrasound intees for 2 s for each case. The arrows
show the direction of acoustic flow, obtained kgcking the trajectory of the Zn phases
flowed with the acoustic flow in the bulk liquidThe fluid flow pattern was found
relatively symmetric to the centre of the sonotrodeckwise on the left and anti-
clockwise on the right. Fig. 3 already shows théthout ultrasound (0 W/mfj no
detachment of solid Zn phase was found at the ht&face. Fig. 8a indicates that,

when an ultrasound of 276 W/miwas applied for 2 s, a very weak acoustic flow was



observed, and the L-S interface region remainedstiranchanged in 2 s, with just a
few ‘loose’ particles on the L-S interface (markadwhite circle) were detached and
washed away by the flow. When the intensity wasdased to 926 W/nfhin Fig. 8b,

a strong acoustic flow was observed, causing avelge’ into the solid phase at 150 ms.
Then a big piece of the solid Zn phase was brokeand gradually washed away after
280 ms by the flow. The initial relatively flat L-taterface changed significantly, as
indicated by the dashed lines. When 1839 W/mas used, Fig. 8c shows that the L-S
interface was quickly broken up by the very strawgrling flow, and completely
disappeared from the view field in 1286 ms. klso important to note that in all cases,
the detached solid particles were observed to fiaek to the hotter liquid region,

carried by the acoustic flow, and survived for gantial period of time.

The percentage of the detached solid phases ini¢he field showed in Fig. 8a to ¢
were analysed using a self-coded script in Mattae Appendix A in [38]) and plotted
as function of time as shown in Fig. 8d and eaddition, the velocities of Zn particles
moving were calculated from the travel distanceveenh two adjacent images. Note
that particle velocity may underestimate the spefethe liquid acoustic flow due to
gravity inertia. Fig. 8d shows the final percems@f the detached solid phases (after 2
s of UST), and the maximum velocity of Zn particlasthe acoustic flow. Using 276
W/mn?, the maximum particle velocity was < 0.2 m/s cagsust a few detachment of
Zn particles from the interface (< 2%). While w86 W/mn3, the maximum particle
velocity was ~0.65 m/s, and there was a rapid pesiogparticles detachment from 0 to
50 ms, then the erosion slowed down and stabibdtat 500 ms, ~25 % of the viewed

solid phases were eroded away in 2 s. When thesityewas increased to 1839 W/hm



the maximum particle velocity reached ~0.95 m/s]l aver 80% of the solid phases in
the view field were eroded away in 25 ms. The int8rface was completely destroyed
and disappeared after 1286 ms. It needs to be esselathat the actual velocity of the
acoustic flow for each case should be slightly brgihan the particle velocity measured.
In addition, the velocities of the acoustic flowsserved in the semi-solid state in this
research are generally higher than those repontechater [46] and organic transparent
alloys [2]. The reason is that the alloy used,Bie8% Zn, has much higher density and
velocity of sound than those of water and orgamémdparent alloys. Hence more
ultrasound energy was generated in the Bi-8% Zh thié same ultrasound input power

to produce higher velocity of particle and acouiti.

3.5. The dominant mechanisms for microstructure fragates and refinement

We analysed hundreds of the real-time X-ray imagpiences obtained from APS and
DLS at different locations below the sonotrodewiph different ultrasound intensities
applied. In summary, in the semi-solid metal m@t;8% Zn alloy in this research), the
application of an ultrasonic wave can produce atbaavitation zone and enhanced
acoustic flow. In the region near the sonotrodghéi acoustic pressure produces a
cavitation zone within which ultrasonic bubblesilbate in phase with the alternating
acoustic pressure field and move very quickly at$peed of 1-2 m/s. Chaotic bubble
implosions are the dominant phenomena in the dawitzone. The typical example is
the case showed in Fig. 4a where a single bublgioited in just one ultrasound cycle.
In this region, the imploded bubbles and the higkesl acoustic flow are very efficient

in breaking up the solidifying phases and the Lafrface. More importantly, the



imploded bubbles generate many bubble fragmentshaict as bubble nuclei for the

next cycle of bubble evolutions.

Moving away from the sonotrode tip, the ultrasoumeénsity attenuates exponentially,
ultrasonic bubbles may not implode instantly, hutvsre many tens or even thousands
of ultrasound cycles and reach a quasi-steady statdition. In this region, the cyclic
fatigue effect caused by the oscillating bubbled tre momentum of the acoustic flow
(normally with a speed in the range of 0.5-0.6 m#$sshowed in Fig. 8e) are the
dominant mechanisms in fragmenting the solidifypitases and breaking up the bulk
solid phases at the liquid-solid interface into Bemgarts. Of course, the effectiveness
of such fragmentation is also dependent on thasduind intensity as illustrated in Fig.
8d. In addition, the acoustic enhanced flow hagtardbeneficial effect in flowing or
redistributing the fragmented solid phases baak ihé bulk liquid or semi-solid melts.
These surviving solid fragments act as new nuglaenaall size grains in the subsequent
solidification process. Apparently, for many comaoiar metal alloy systems, such
fragmented solid phases or grains that survivecndlate in the semi-solid melt may
act very efficiently as embryonic or small-sizeigsafor the subsequent solidification
process, promoting very effectively the structienement and chemistry homogeneity

of the solidified alloys.

4. Conclusions

We used the specialty ultrafast synchrotron X-rayging facilities available at APS

and DLS, and a purposely-made ultrasound solidiboaapparatus to study in-situ



systematically the underlying physics of metal difitation under ultrasonic waves

with a focus on the semisolid state. We analyseddieds of X-ray image video

sequences acquired at the carefully controlleddsigiation conditions with different

ultrasound intensities applied. The important firgdi of this research are:

()

(ii)

(iii)

For the first time, the chaotic implosion and dymanoscillation of
ultrasonic bubbles in liquid and semisolid stateaoBi-8%2Zn alloy were
revealed in situ. The bubble implosion and osddlatare governed by the
ultrasound pressure amplitude. At pressure angditf ~14.5 MPa, bubble
implosion was observed to occur in one ultrasouadopd after nucleation
and growth. While at ~0.33 MPa, bubble oscillatr@ach a quasi-steady
state that last for many thousands of ultrasonotesy

In the developed ultrasound cavitation zone, chamtibble movement and
violent bubble implosion are the dominant phenomehlae imploded
bubbles and the high speed acoustic flow are vHigient in breaking up
the solidifying phases and the liquid-solid inteda

In the region where the ultrasonic bubbles reaclguasi-steady state
oscillations, the cyclic fatigue effect caused e toscillating bubbles
together with the medium acoustic flow (in the mamgf 0.5-0.6 m/s) are
sufficient in breaking up the solidifying particlasd the L-S interface. The
fatigue fracture of the Zn phase due to the ogwiljgbubbles observed from

the experiments agreed very well with the theoattialculation.
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Fig. 1
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+ mirror(s) . Scintillator

Furnace

A CAD rendering of the experimental setuptla 32-ID-B of APS. A
specially-made furnace (the front part was opeshimw the sample holder)
was used for sample heating. A purposely-made zuatie with a thin
channel of 0.3 mm thick (bottom left) was used émtain the liquid metal
where X-ray images were taken. The sonotrode &p positioned 0.25 mm
above the thin channel; three K-type thermocouple&sl, TC2, and TC3)
were positioned at the top, middle and bottom eftthin channel to measure
the temperatures of the liquid metal during thédgatation.
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Fig. 2 The temperature profiles recorded duringabeling processes of the Bi-
8% Zn alloy. The cooling rate was ~0.2 °C/s. Theet shows the
temperature jump when the ultrasound was applied.
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The temperature profiles recorded duringdbeling processes of the Bi-
8% Zn alloy. The insets show the X-ray images efltkS interface before
and after continuously exposed to the X-ray beant@ s at Beamline
[12. The white solid particles are the primaryphases.
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Fig. 4 (&) An X-ray image sequence acquired usidg, 780 fps at Sector 32-ID-B of

APS, showing the bubble implosion immediately belin sonotrode tip in the
Bi-8% Zn alloy at 427 °C; the input ultrasonic insity was 276 W/mr (an
ultrasound power of 20 W). (b) The bubble raditsasured from the images in
(a), and their correlation with the acoustic pressapplied into the liquid metal.
The dashed lines indicate the sudden drop of butddeis at the instance of
bubble implosion.
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view field centre was ~5.5 mm below the sonotradeand the ultrasound intensity applied was
926 W/mnf (a power of 60 W).
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(a) The arrangement of a bubble trap anddmetrode tip position in the quartz tube; (b)
the fragmentation of a needle-shaped Zn particla pulsating ultrasonic bubble; (c) the
pressure (c-1) and velocity (c-2) at bubble wallcalated using the Gilmore model
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above the image centre, with 926 W/MdST (a power of 60 W) during the experiment.
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