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a b s t r a c t

Synchrotron X-ray radiography was used to in situ study the solute distribution and the dendritic growth
during the bottom-up solidification of Sn–50 wt%Pb alloy under a traveling magnetic field (TMF) for the
first time. The buoyance driven evolution and motion of the plumes containing Sn-rich melt are directly
observed in the solidification front before the application of TMF. A forced melt flow from left to right is
induced with the application of TMF, which results in the redistribution of the solute concentration
(facilitate the solute transportation and reduce the local fluctuations considerably) and the change of the
dendrite morphologies (promote/suppress the growth of the secondary arms, remelting and fragmen-
tation of dendrites). Meanwhile, the concentration variations of Sn around the solidification front are
quantitatively analyzed through the extraction of gray level from sequenced X-ray images.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

The convection in a solidifying melt can significantly impact
the solute distribution directly in metal alloys and hence the so-
lidified microstructures which have an important influence on the
mechanical properties of the materials [1,2]. Many studies have
shown that the application of external fields on the solidifying
melts is an effective method to achieve high quality castings, ei-
ther directly by stirring [3,4] or indirectly by applying an electro-
magnetic field [5–7] or ultrasonic field [8,9]. Among all the above
mentioned methods, electromagnetic field offers an efficient way
for a contactless influence on the unsolidified melts, resulting in
the convective transport of solute and the destabilization of
growth conditions which lead to grain refinement and morpho-
logical change [10–14]. However, traditional experimental in-
vestigations are mainly restricted to a post-mortem analysis of the
solidified microstructures [3,8,10–14] and fail to reveal the dy-
namic information about the interactive relationships between the
solute distribution and the microstructures formation under the
electromagnetic field. Though experiments of transparent organic
alloys [9,15–17] delivered valuable information for verification of
solidification theories, these experiments do not really represent
the situation in a solidifying metal alloys due to the differences in
the thermophysical parameters. Now, synchrotron X-ray radio-
graphy with satisfying spatial and temporal resolution has become
an important diagnostic tool for in situ and real time observation
of solidification process in opaque metal alloys [18–23]. Only a few
studies have been reported to study the effect of electro-
magnetically driven melt convection on the concentration profiles
and the dendrite morphologies using X-ray radiography (syn-
chrotron or laboratory source). Boden et al. [24] demonstrated
how a specific flow pattern induced by electromagnetic stirring in
Ga–25 wt%In alloy provokes a unidirectional solute transport in
the mushy zone which in turn causes the formation of spacious
segregation pattern. Liotti et al. [25] investigated the effect of a
pulsed electromagnetic field on dendrite fragmentation in Al–
15 wt%Cu alloy. The induced movement of interdendritic liquid
between the primary and secondary dendrite arms was suggested
to be the mechanism for the increased fragmentation rate. Shev-
chenko et al. [26] studied the effect of natural and
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electromagnetically driven forced convection on dendritic solidi-
fication in Ga–25 wt%In alloy. The flow induced variation of the
local solute concentration results in an unsteady development of
the primary dendrites and promotes or inhibits the development
of secondary and tertiary arms.

The present study is devoted to the visualization of the solute
distribution and the dendritic growth during the bottom-up soli-
dification of Sn–50 wt%Pb alloy using synchrotron X-ray radio-
graphy. The reasons to select the Sn–Pb alloy are as follows: (1) it
have low solidus/liquidus temperatures making it easier for the
designing of the furnace and the applying of the TMF; (2) the Sn–
Pb phase diagram is well-known making it suited for exploratory
work; (3) the large difference in X-ray absorption coefficient be-
tween Sn and Pb helps to produce good absorption contrast for
getting clear images. In this work, we investigated the effect of
melt flow on the redistribution of solute concentration and the
dendrite morphologies with and without TMF.
2. Experimental

The experiments were carried out on the bending magnet
beamline BL13W1 of Shanghai Synchrotron Radiation Facility
(SSRF, China). Phase and absorption contrast synchrotron X-ray
radiography was used to study the effect of TMF on solute dis-
tribution and dendritic growth in solidifying Sn–50 wt%Pb alloy.
The synchrotron radiation experimental setup is schematically
depicted in Fig. 1. The upper and lower plate heaters in Fig. 1 were
aligned vertically in the vertical plane and separated by an ad-
justable gap through which X-rays passed through the sample cell.
The sample cell was placed in close contact with both heaters. The
TMF is generated by means of applying out-of-phase alternating-
current (40 A) with the normal frequency of 50 Hz to the TMF
generator which was placed at the bottom of the lower heaters. As
a result, an electromagnetic force (EMF) from left to right is in-
duced when a conductive melt (sample) was applied.

Sn–50 wt%Pb alloy samples were prepared by melting high
purity Sn (99.99%) and Pb (99.99%) in an alumina crucible and cast
into a cylindrical stainless steel mold. Cast ingots were then ma-
chined to the required sample dimensions (10�20 mm2 in surface
area and 500 μm in thickness) and thereafter ground and polished
on both sides to 100 μm in thickness. Finally, the prepared foil
sample was encapsulated between two ceramic plates. A hollow
polytetrafluoroethylene (PTFE) sheet was also placed between the
two ceramic plates to fix the sample.

The incident monochromatic X-ray with an energy of 26 keV
Fig. 1. Schematic of the synchrotron radiation experimental setup. 1: synchrotron
radiation X-ray source; 2: CCD camera; 3: plate heater; 4: ceramic plate; 5: thermal
insulation material; 6: mica sheet; 7: sample; 8: TMF generator.
was obtained through a Si double crystal monochromator, and
then passed through the sample. A 200 μm thick YAG: Ce scintil-
lator screen was used to convert the transmitted X-rays to visible
light. The time-sequenced images were recorded by a PCO2000
charge coupled device (CCD) camera with 2048�2048 pixel array
and a 14 bit dynamical range. The field of view at the selected
magnification used for all experiments was 7.5�4.2 mm2 with a
satisfying spatial resolution (pixel size 3.7 μm�3.7 μm). The ex-
posure time per frame was 3 s and the distance from sample to
detector was 40 cm.

A series of solidification experiments with and without TMF
were carried out as follows. Firstly, both the upper and lower plate
heaters were set to a temperature above the liquidus temperature
of Sn–50 wt%Pb alloy. The lower heater temperature was reduced
to trigger the solidification when the sample was completely
melted and homogenously distributed. The temperature along the
sample cell was measured by two embedded K-type thermo-
couples 1 cm away from each other. The cooling rate of the sample
was R¼5 K min�1. The mean temperature gradient over the
sample was G¼6.3 K cm�1 for all experiments. As a consequence,
the dendrite front grew from bottom to top (antiparallel g) uni-
directionally. The TMF was applied after t¼247 s when the den-
drite front had occupied about one third of the field of view, t¼0 s
is assigned to the onset of cooling.
3. Results and discussion

Fig. 2 shows a sequence of images recorded during the solidi-
fication of Sn–50 wt%Pb alloy with and without TMF. Fig. 2(a)–
(d) shows the solidification of Sn–50 wt%Pb alloy without TMF. The
dark dendritic network denoted by the arrow corresponds to the
primary Pb-rich dendrites growing from bottom to top. The Sn-
rich zones can be identified in the interdendritic regions and in the
vicinity of dendrite front as a result of solute rejection. The Sn-rich
melt is less dense compared to the melt with initial composition.
As a consequence, the melt density difference in different areas
provokes the formation of ascending plumes containing Sn-rich
melt. The variation of number, size and position of the plumes
during the solidification are shown in Fig. 2(a)–(d). Many small
plumes arise at the early stage of the solidification, and are well
developed thereafter. The plumes span a distance of several mil-
limeters and produce a long range diffusion of solute towards the
melt region. Similar phenomena are also observed by Shevchenko
et al. [26,27] in the solidification of Ga-In alloys. Moreover, the
growth of dendrites are also affected by several small crystals
ahead of the solidification front, see for instance the grains 1, 2 and
3 in Fig. 2. Finally, those small crystals are blocked by the over-
growing dendrite side arms. Fig. 2(e)–(h) shows the development
of solute concentration field and the evolution of dendritic struc-
ture under the influence of TMF. A forced melt flow from left to
right is induced when the TMF is applied. As a consequence, the
well-developed upright ascending plumes becomes unstable and
tends to incline to the right denoted by the red arrows in Fig. 2(e)–
(g). Finally, the plumes on the right side of the solidification front
gradually disappears. In the process of solidification, the growth of
Pb-rich dendrites results in an accumulation of rejected Sn in the
interdendritic zone. The solute pile-up alters the local composi-
tional balance and lowers the melting point of the solid/liquid
interface, causing the partly remelting of the dendritic structures
labeled by the red ellipses in Fig. 2(h) [28,29]. As a consequence,
small pieces of fragments detaches from the dendritic network
and fall into the mushy zone. However, flow induced mechanical
fragmentation is not observed directly in the present study.

The concentration variation of Sn can be reflected by the evo-
lution of the gray level extracted from the sequenced radiographs.



Fig. 2. Sequence of in situ radiographs showing the solute distribution and the dendritic growth during the solidification of Sn–50 wt%Pb alloy: (a)–(d) solidification without
TMF; (e)–(f) solidification with TMF (t¼0 s is assigned to the onset of cooling). The blue curve in Fig. 2(d) shows the gray level profile along the red horizontal line A. The
orange curves in Fig. 2(d) show the gray level distribution along the vertical lines B and C, respectively. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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According to the equations = μ−I I e m
0

m and μ λ= K Zm 4
3 3, where I is

the transmitted intensity, I0 is the incident intensity, μm is the
mass attenuation coefficient, m is the mass, K4 is constant, λ is the
wavelength of the X-ray and Z is the atomic number, the X-ray
transmittance in Sn is higher than that in Pb as ZPb(82)4ZSn(50).
As a result, the higher the gray level, the higher Sn content in Sn–
Pb system. The gray level curves are obtained by smoothing the
measured points. The blue curve in Fig. 2(d) shows the gray level
profile along the red horizontal line A. A wavy distribution of the
Sn-rich melt along the solidification front is presented corre-
sponding to the plume pattern. The orange curves in Fig. 2
(d) show the gray level distribution in the melt ahead of the solid–
liquid interface measured at positions of vertical lines B and C,
respectively. Higher solute concentration at the interface is found
for the position of line B where plume occurs. It is indicated that
the ascending plumes are accompanied by a downward flow of Sn-
poor melt in the intermediate space, resulting in an in-
homogeneous horizontal and vertical solute concentration dis-
tribution near the solidification front.

Fig. 3(a) displays the time evolution of the gray level at the
solid–liquid interface in horizontal direction (X¼0, starting from
the left). A stable wavy distribution of the Sn-rich melt at the
solidification front is disturbed when the TMF is applied. The
significant fluctuation of the solute profile on the right side dis-
appears gradually as a consequence of forced convection induced



Fig. 3. Time evolution of the gray level ahead of the solid–liquid interface. (a) Gray value profile in horizontal direction at the interface; (b) gray value profile ahead of the
interface front recorded along the vertical line B.
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by the TMF. However, the fluctuation of the solute profile on the
left side remains due to the existence of weak EMF in this area.
Fig. 3(b) shows the gray value profile ahead of the interface (Z¼0)
front recorded along the vertical line B (X¼3622.3 μm) at different
time. It is obvious that the solute concentration undergoes strong
variations. Besides, the concentration gradient with TMF is smaller
than that without TMF, which indicates that the solute transport
ahead of the solidification front is facilitated by the TMF. The ap-
parent variations in the solute profile could affect the growth rate
of the dendrite tip, which will be discussed later.

Fig. 4 shows the growth rates of the four selected dendrites (I,
II, III and IV) with different inclination angles marked in Fig. 2(c).
The growth rates of the dendrites are derived from the measure-
ments of the solidified length between two successive X-ray
radiographs. The remarkable fluctuation of the growth rates ap-
pears as a prominent feature of the solidification process without
TMF. Video 1 (see Supplementary material) demonstrates that the
fluctuations are strongly correlated with the variation of solute
concentration at the solidification front. The solute distribution
ahead of the solidification front results in the depression of the
dendrite tip growth at the plume positions (peak value in Fig. 3
(a)). Thus the dendrite tip positions fall behind the neighboring
regions where no plume exists. As a result, the growth rates of the
adjacent dendrite are alternatively changed corresponding to the
plumes patterns. Besides, the growth of the dendrite I stops earlier
than the other dendrites as a result of the blocking of the adjacent
Fig. 4. The time evolution of the dendrite tip velocity of the four dendrites with
different inclination angles marked in Fig. 2(c).
dendrites. This kind of competitive growth between the dendrite I
and the adjacent dendrite can be observed in Fig. 2(d)–(e). The
growth velocity rises with the application of TMF. The TMF in-
duced forced melt flow ahead of the solidification front facilitates
the Sn-rich melt transportation and reduces the local fluctuations
of Sn solute concentration at the dendrites tips, which results in
the increase of undercooling. No significant differences between
the dendrite tip velocities of the four dendrites with different in-
clination angles are found under the TMF.

Supplementary material related to this article can be found
online at http://dx.doi.org/10.1016/j.jcrysgro.2016.06.034.

When the TMF is applied, the secondary arms of dendrites with
different inclination angles exhibit different growth behaviors, as
shown in Fig. 2(e)–(h) (or see Supplementary material video 1).
The preferential growth of the secondary arms is observed at the
down flow sides of the primary dendrite arms with an inclination
angle of 71.6° (dendrite II). Whereas the preferential growth is
observed at the incoming flow sides of the primary dendrite arms
with an inclination angle of 116.2° (dendrite IV). On the contrary,
the growth of the secondary arms at the opposite sides of the
primary dendrite arms (dendrite II and IV) is suppressed. Besides,
no obvious preferential growth of the secondary arms is observed
on both sides of the primary dendrite arms with an inclination
angle of 102° (dendrite III). Fig. 5 shows the schematic of the in-
teraction between the forced melt flow and the dendrites with
different inclination angles to illustrate the mechanism of the
growth behavior of the secondary arms under TMF. As shown in
Fig. 5. Schematic of the interaction between the forced melt flow and the dendrites
with different inclination angles. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 5, the Sn-rich melt at the left side of dendrite II and the right
side of dendrite IV (orange elliptic areas in Fig. 5) is not easy to be
transported into the melt with melt flow from left to right. As a
consequence, the growth of the secondary arms in these areas is
suppressed due to the solute enrichment. While the Sn-rich melt
transportation at the red elliptic areas shown in Fig. 5 is enhanced
by the forced melt flow, which facilitates the growth of secondary
arms. The growth behavior of the secondary arms on both sides of
dendrite III (approximately normal) is similar since the Sn-rich
melt on both sides of the primary dendrite III can be easily washed
away. In a word, the orientation of the forced melt flow with re-
spect to the growth directions of the primary dendrites (i.e. in-
clination angle) have an influence on the growth of the secondary
arms on both sides of the primary dendrite arms.
4. Conclusions

The solute distribution and the dendritic growth during the
bottom-up solidification of Sn–50 wt%Pb alloy under TMF were
investigated by synchrotron X-ray radiography. The buoyance
driven evolution and motion of the plumes containing Sn-rich
solute are directly observed before the application of TMF. The
advancement of the solidification front at the plume positions is
suppressed and the dendrite tip positions fall behind the neigh-
boring regions where no plume exists. A forced melt flow from left
to right is induced with the application of TMF. The forced melt
flow ahead of the solidification front facilitates the solute trans-
portation and reduces the local fluctuations of solute concentra-
tion considerably. Preferential growth of the secondary arms is
observed at the incoming flow and down flow sides of the primary
dendrite arms with obtuse angle and acute angle, respectively.
Whereas the growth of the secondary arms at the opposite sides of
the primary dendrite arms is suppressed due to the high Sn solute
concentration. The growth of the secondary arms on both sides of
primary dendrite arms with approximately right angle is also fa-
cilitated since the Sn-rich melt on both sides can be easily washed
away. Besides, remelting and fragmentation of dendrites due to
the solute enrichment are also observed. But the flow induced
mechanical fragmentation is not found in the direct observation.
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