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Abstract-The role of natural and damped convection during the thermally controlled solidification of 
tin and aluminium alloys in a toroidal mould was studied. The damped convection was caused by a 
stationary and uniform magnetic field parallel to the gravity field. Temperature measurements made it 
possible to follow both the evolution of the solidification front and that of the temperature distribution 
inside the bulk liquid with time. These experiments were performed from various degrees of superheat, in 
the absence and presence of a magnetic field. A discussion is presented relating the crystallographical 

findings to the temperature field patterns. 

1. INTRODUCTION 

OWING to the development of the semi-conductors 
and laser techniques, the production of solids consti- 
tuted from a single crystal has become of primary 
importance and given rise to several methods of 
growing crystals, such as zone melting, floating zone 
melting, and Bridgeman and Czochralsky systems 
[l]. In the same way, an increasing interest has 
recently been shown in the application of stationary 
magnetic fields for controlling natural convection in 
crystal growth [l-5]. 

Over the last two decades, the role of heat transfer 
in solidification of metals and alloys has been partially 
studied in free convection [6-lo], but only few 
investigators [2-S] have reported on the influence of 
stationary magnetic fields on the crystal structure 
during the solidification of alloys; it should be noted 
that, in these experimental works, the initial thermal 
boundary conditions were generally not accurately 
defined. 

More recently, an interesting theoretical study, 
describing the fluid flow field and the temperature 
distribution in a rectangular cavity, in the presence 
of a horizontal and stationary magnetic field Bo, has 
been presented by Oreper and Szekely [ll]. In 
this problem a constant temperature difference was 
applied between two vertical opposite walls, while the 
upper and lower surface of the enclosure had a linear 
variation in temperature imposed upon them. The 
following assumptions were made in the statement of 
the problem: the magnetic field was both perpendicu- 
lar to the hot and cold walls; the walls of the cavity 
were electrical insulators; and the flow was considered 
to be laminar. In ref. [ll], where the solid-liquid 
phase change was not examined, it was found that 
the magnetic field can partially inhibit the natural 
convection; thus, for a sufficient strength B,, the 
temperature profiles in the system would become 
similar to those encountered for the case of a pure 
conduction mode. 

In a recent paper [12] we have described the 
thermal and crystallographical effects of natural and 
forced convection during the controlled solidification 
of tin. The present work is devoted to the examination 
of the influence of a damped convection, caused by 
the application of a stationary magnetic field, and 
may be considered as the pursuit of an attempt at a 
comparative study of the heat and mass transfer 
phenomena, which occur during the crystallization of 
metals and alloys in the presence of natural, forced 
and damped convections. 

In the present experimental work, the study of the 
effects of natural convection during the tin solidifi- 
cation has been extended to higher initial superheat 
(AT = 1WC) and three representative cases of solidi- 
fication were successively examined through the 
experimentation of a pure metal (tin) and of the 1050 
and 2024 aluminium alloys, respectively characterized 
by a narrow and a wide freezing range (i.e. interval 
between liquidus and solidus temperature). 

2. EXPERIMENTAL APPARATUS AND 
PROCEDURE 

Both the procedure and the main features of the 
apparatus (Fig. 1) have already been detailed in a 
recent publication [12] to which we refer the reader. 
Consequently, we will confine ourselves to summariz- 
ing the principal characteristics of the device. 

The apparatus consisted of a toroidal crucible, 
made of stainless-steel, containing about 2dm3 of 
molten metal with a free surface. The outer cylinder 
of 174mm i.d. was resistance heated, while the inner 
cylinder of 24 or 42 mm o.d. (respectively, for the cases 
of tin and aluminium alloys) was internally cooled by 
water at 2O”C, with a flow rate of 1000dm3 h-‘. All 
the exterior walls of the furnace were thermally 
insulated. 
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NOMENCLATURE 

& externally imposed magnetic field 
b induced magnetic field 
c specific heat 

g gravity 
Gr Grashof number, gfip2H3AT/q2 
H liquid metal height 
J induced current density 
k thermal conductivity 

Lr latent heat of fusion 
M Hartmann number, &,H(cT/~#‘~ 
M2Re’lGr electromagnetic force/buoyancy 

force, aUB$pgBAT 
M’JGr (electromagnetic force) (viscous 

force)/(buoyancy force) (inertial 
force), qaBg/p2g/?HAT 

N interaction parameter, M2/Re’ 
Pr Prandtl number, qc/k 
r radial position 
Ra Rayleigh number, GrPr 
Re’ Reynoids number, UHp/q 

Ri, R, inner and outer radius of the cru- 
cible 

Ste Stefan number, c(T, - Tr)/L, 

T, initial temperature of the bulk 
liquid 

Tf melting point 
t time 
u characteristic velocity, (v/H)JGr 
U local velocity. 

Greek symbols 

; 

thermal diffusivity 
thermal expansion coefficient of 
liquid 

AT initial superheat 
AT superheat at a given time 
AT* AT/AT 

? viscosity 

p magnetic permeability 
V kinematic viscosity 

P density 
0 electric conductivity of liquid. 

lnsulatlon 
-Battery 

Resistance heating 

of thermocouples 

Free surface 

Coil 

[Stainless steel wall 

Ii Water cooling 

FIG. 1. Schematic diagram of the apparatus. 

The damped convection was created by an exter- 
nally imposed stationary magnetic field Be, parallel 
to the gravitational force field vector. This magnetic 
field, uniform to 2% inside the melt, was generated 
by an inductor made up of 248 jointed turns traversed 
by a direct current of O-165A, whereas the corre- 
sponding strength was included between O-O.1 Tesla. 

It should be noted that in these phenomena, the 
superheat, the melt volume, the boundary conditions 
and consequently the convective flow are time depen- 
dent. So, in order to follow both the evolution of the 
solidification front and of the temperature distribution 
inside the bulk liquid with time, six thermocouples 
were placed horizontally at prescribed heights within 
the melt (Fig. l), their outputs being fed to a six- 
channel recorder. Each experiment was performed by 

melting the metal and heating it to 10°C above the 
required superheat temperature, at this moment the 
heating was cut off so that the liquid metal could cool 
slowly to the required superheat temperature T,. 
Then, the ingots were solidified by delivering cooling 
water from an initial superheat of AT”C above either 
the melting point (tin), or the liquidus temperature 
(aluminium alloys). 

3. SOLIDIFICATION OF COMMERCIALLY PURE 
TIN 

3.1. Natural convection 
In a recent work [12], we have considered the case 

of a low initial superheat (AT = 3°C) and showed that 
the melt-solid interface was practically vertical during 
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FIG. 2. Temperature fields in natural convection (AT = 100°C): (a) t = 50s; (b) t = 110s. 

the outward solidification. Moreover, on account of 
the low horizontal thermal gradients inside the bulk 
liquid, the natural convection is probably weak and 
laminar, so conduction is here the predominant mode 
of heat transfer. On the other hand, for a higher 
superheat (AT = 43”C), the influence of the free con- 
vection increases and the fluid particles move upward 
along the hot wall and downward along the cold wall. 
Consequently, at the onset of freezing the solidification 
front is now inclined [7,12], furthermore the hotter 
zone is situated in the vicinity of the free surface and 
the radial thermal gradients are steeper in the upper 
part than in the neighbourhood of the bottom of the 
solidifying melt. 

The isotherm maps, presented in Fig. 2, correspond 
to a new set of experiments performed from a very 
high superheat of 100°C. Examination of the record- 
ings shows the presence of strong fluctuations of 
temperature and reveals the occurrence of a turbulent 
convection, particularly located in the vicinity of the 
solidifying crust. Owing to the high values of the 
Grashof and Rayleigh numbers [12] the buoyancy- 
driven flows certainly play a dominant role. Figure 
2(a), plotted for t = SOS, shows the existence of an 
isothermal zone (320°C) situated in the upper part 
of the bulk liquid, the lower interior region being 
characterized by horizontal isothermals which are 
nearly uniformly spaced, indicating constant vertical 
temperature gradients. Moreover, the steepest radial 
gradients occur upward along the mek-solid interface 
and downward on the hot wall. The temperature field, 
plotted for t = llOs, in Fig. 2(b), exhibits a similar 
trend to that already seen in Fig. 2(a), whereas the 
averaged superheat drop is 50°C for 110s. Velocity 
measurements using an incorporated magnetic probe 
of 3mm diameter [12-151 allowed the detection of a 
convective fluid motion, only in the proximity of the 
vertical walls, with peak velocities of about 4cm s-l, 
unfortunately it has not been possible to explore 
completely these zones on account of a probe-wall 
interaction effect: it should be mentioned that these 
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FIG. 3. Shape and position of the solid-liquid interface in 
natural convection (AT = 100°C). 

measurements are particularly difficult on account of 
the movement of the solidifying crust. 

Figure 3 presents the evolution with time of the 
solid metal thickness (the solidification front position 
has been determined from an experimental procedure 
already described [7,12]). In the early stages of 
freezing, the solidification front exhibits a concave 
shape which very probably coincides with the presence 
of a single convective loop; from t = 500s this con- 
cavity vanishes gradually obviously because the ther- 
mal gradients and, consequently, the liquid move- 
ments are strongly attenuated. 

Under this condition of very high superheat, the 
strong convective flow which appears at the initiation 
of the solidification may be considered as equivalent 
to a hydrodynamic stirring promoting the dissipation 
of superheat. Figure 4 shows a sketch depicting the 
dependence of the adimensional superheat AT* on 
the dimensionless radius of the solidified crust (AT* 
denotes the ratio of the superheat AT’ at a given 
radius, or time, to the initial superheat AT and r* is 
the ratio of the radius of the front at a given time to 
the radius at the end of solidification). Comparison 
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FIG. 4. Superheat drop as a function of the thickness of the 
solidifying crust (dimensionless parameters), in natural and 
damped convection, from different values of magnetic field 

and initial superheat. 

between experiments, carried out from 43 and 100°C 
of superheat (Fig. 4), confirms that the rate of evacu- 
ation of sensible heat increases considerably with 
the initial superheat, i.e. with the intensity of the 
convective flow. 

During solidification, the metal liberates simul- 
taneously sensible and latent heats, the high values 
of superheat promoting the superheat drop (Fig. 4), it 
is expected that the growing of the solidified portion 
should be slowed down under these circumstances 
[16,17]. Figure 5 illustrates the evolution of the 
liquid-solid interface position with time and reveals, 
particularly at the onset of freezing, the dramatic 
effect of superheat on the solidification rate. As an 
example, a crust radius of 5 cm is reached after 120 s, 
for AT= 3°C and after 400s for AT= 100°C. 

3.2. Solidijication in the presence of a stationary 
magnetic jield 

The system was immersed during the complete 
solidification in a stationary magnetic field, parallel 
to the gravity field (Fig. 1). In such problems, when 
the liquid metal is set in motion by the action of the 
buoyancy forces, an induced current of density J 
(caused by an induced e.m.f. due to the Lorentz law) 
arises, The externally imposed magnetic field B, 
interacts with the induced current density J and 
gives rise to Lorentz forces which depend on the 
electromagnetic boundary conditions and are gener- 
ally characterized by a tendency to damp out the 
liquid metal flows. The damping effect depends on an 
important dimensionless parameter: the Hartmann 
number, M = B,H(u/~)‘~‘, representing the square 
root of the ratio of the electromagnetic body force to 
the viscous force and where H, CT and q are, respec- 
tively, the liquid metal height, the electric conductivity 
and the viscosity of the bath. Another nondimensional 
number termed ‘interaction parameter’, N = M’/Re’ 
= BiHa/Up (where Re’, U and p are respectively the 
Reynolds number, a characteristic velocity and the 
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FIG. 5. Thickness of solid metal during solidification in 
natural and damped convection, from various values of 

magnetic field and initial superheat. 

density of liquid), representing the ratio of the electro- 
magnetic force to the inertial force, is also commonly 
used in magnetohydrodynamics [18]. 

Hence the molten metal is subjected both to the 
buoyancy forces (caused by the temperature gradients) 
and the Lorentz forces J x B, with B = B, + b, b 
being the induced magnetic field; in such problems 
[18] b is negligible with respect to Bo. Therefore, it 
would be appropriate to add, for future and more 
comprehensive studies, other parameters taking into 
account the interaction between the thermal phenom- 
ena. For instance, combinations including the Grashof 
number (Gr = gfiATp2H3/q2), such as N’ Re’*IGr = 
M*. Re’/Gr = aUB$pg/3AT, which is the ratio of the 
electromagnetic force to the buoyancy force, should 
be very useful. It should be mentioned that, in these 
liquid metal flows, the velocity is generally unknown 
and must be replaced by a characteristic velocity, 
such as U = (v/H)JGr, for instance; however, this 
latter value seems overestimated, particularly for the 
cases of turbulent convection. 

Another dimensionless group, M*IGr = qaB,$ 
p’g/?HAT, offers the advantage of eliminating the 
velocity and extending the number of well-known 
parameters acting on the phenomena. Its physical 
significance is the ratio: (electromagnetic force) (vis- 
cous force)/(buoyancy force) (inertial force). 

Lastly, because of the transient character of the 
phenomena and especially the decay of superheat 
with time, the relative influence of the electromagnetic 
forces increases during solidification in the mould. 

The recordings presented in Figs. 6(b) and (c), 
dealing with an enhancement of the magnetic field 
strength, show a pronounced damping of the tempera- 
ture oscillations seen in Fig. 6(a) and corresponding 
to the absence of magnetic field, the fluctuations are 
markedly subdued for M = 85 and removed for 
M = 308. Moreover, complementary experiments 
show that the temperature fluctuations are still sup- 
pressed for M = 308, even for a higher superheat of 
100°C (M2 Re/Gr = 1.93). 
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FIG. 6. Temperatures recorded at mid-height of the melt, from the same initial superheat, in natural 
convection (a) and in the presence of magnetic fields (b) M = 85, (c) A4 = 308. 

Inspection of the temperature field sketched in Fig. 
7(a) (M*Re'/Gr = 0.84) reveals clearly the occurrence 
of two different zones. The presence of horizontal 
isotherms, in the upper part of the core region, allows 
the expectation that the molten metal is practically 
stagnant inside this zone, while two typical thermal 
boundary layers, probably accompanied by a convec- 
tive flow, and restricted to a peripheral layer adjacent 
to the vertical walls, appear. On the other hand, the 
low radial thermal gradients which exist in the lower 
part, particularly in the vicinity of the solidifying crust, 
indicate that conduction seems to be a substantial 
mechanism and that the velocities are probably very 
small in the bottom region. To summarize, a convec- 
tive cell fills an upper zone corresponding to 2/3 of 
the volume occupied by the liquid metal, while the 
upper corner of the hot surface indicates a region 
where the flow starts. 

Figure 7(b) presents a temperature field, plotted for 
t = 110 s; its inspection confirms the existence of the 
two zones already seen in Fig. 7(a). Comparison 
between Figs. 7(a) and (b) reveals that the superheat 
drop is more important in the upper part (of the order 
of 2O”C, for 1 min) than in the proximity of the mould 
bottom (5510°C, for the same duration). This latter 
remark corroborates the assumption expressed above 
about the velocity field within the tin pool. 

Figure 7(c) shows an isotherm map plotted for 
M2 Re'fGr = 1.93 and characterized by both a very 

high superheat and a strong Hartmann number. Steep 
horizontal thermal gradients appear at the vertical 
walls in the upper region of the pool while the 
thickness of the boundary layer is found to increase 
downward along the solidifying crust. Moreover, the 
central region is isothermal in the horizontal direction, 
while the temperature of this core region was again 
found to decrease almost linearly in the vertical 
direction, from top to bottom. This temperature field 
pattern allows the prediction of a circulation of liquid 
metal concentrated within two thin boundary layers, 
located along the vertical walls. Hence, heat transfer 
takes place mainly by convection along the liquid- 
solid interface and by conduction inside the melt core 
region. Comparison between Figs. 7(c) and 2(a), which 
are characterized by both identical superheat and 
solidification time, shows that the application of 
magnetic field increases substantially the vertical 
thermal gradients; as an example, under the same 
circumstances, the temperature difference between top 
and bottom is 58°C in natural convection [Fig. 2(a)], 
and 78°C in the presence of a magnetic field [Fig. 7(c)]. 

Figure 7(d) (plotted for E = 110s) shows that the 
trend of the isotherms is not considerably modified. 
Furthermore, it may be seen, with respect to Fig. 7(c), 
that the dissipation of superheat is significant in the 
bulk liquid, except in the left-hand side of the lowest 
zone of the melt. This latter finding may be understood 
by the fact that, in such a region, the isotherm shapes 
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FIG. 7. Temperature fields plotted in the presence of magnetic fields: (a) AT = 43”C, M :- 153, t = 50s; 
(b)AT=43”C,M=153,t=1IOs;(c)AT=1~”C,M=308,t=50s;(d)AT=100”C,M=308,t=110s. 

and the rapid diminution of the thermal gradients are 
typical of the predominance of a conductive mode of 
heat transfer with respect to the convective one. 

The marked inclination of the solidification front 
showed in Fig. 8, until a solidification time of 4OOs, 
reveals that the thermal transfers are again two- 
dimensional. Consequently, the heat transfer being 
not exclusively conductive, the magnetic field may be 
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FIG. 8. Shape and position of the solid-liquid interface 

(AT= lOO”C, M = 308). 

unable to inhibit totally fluid motion, even for high 
values of the Hartmann number (M = 308). This 
remark is qualitatively in accordance with the finding 
recently presented by Oreper and Szekely in a theoreti- 
cal work [l 11 concerning the schematic representation 
of physical phenomena in crystal growth in the 
presence of a magnetic field. However, it must be 
mentioned that, in this latter study and notwith- 
standing some similarities, the electromagnetic and 
thermal boundary conditions, as well as the orien- 
tation of the magnetic field (perpendicular to the 
gravity field), were different from those of the present 
experimental device. 

Figure 4 shows that, whatever the initial superheat, 
the withdrawal of heat is markedly delayed by the 
application of the magnetic field. This effect is most 
likely provoked by a pronounced damping of the 
convective liquid metal flows in the central region of 
the pool. 

The rate of movement of the interface is significantly 
accelerated for M2Re’/Gr = 1.93, but only slightly 
increased for M2Re’/Gr = 0.84 (Fig. 5). This obser- 
vation is again consistent with the interpretation 
already expressed in the case of natural convection 
for various values of the initial superheat (Section 3.1, 
Fig. 5): the superheat drop is retarded to the profit of 
the liberation of latent heat. 
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4. SOLlDlFlCATlON OF ALUMINIUM ALLOYS 

4.1. ~~~~~1 convection 
The experimental materials were, first, a 1050 

aluminium alloy (Al, 99.5% and traces of Si, Fe, Cu, 
Mn, Mg, Zn and Ti; liquidus: 664”C, solidus: 635°C) 
and, second, a 2024 aluminium alloy (Al, 92.2%; Cu, 
4.2%; Mg, 1.6%; Si, 0.5%; Fe, 0.5%; Mn, 0.7%; 
Ti, 0.15%; other impurities, 0.15%; liquidus: 645°C; 
solidus: 485°C). The initial superheat was, in any case, 
35°C above the liquidus temperature. 

4.1.1. Solidification of the 1050 aluminium alloy. The 
temperature field, displayed in Fig. 9(a), presents some 
similarities with the one already seen in Fig. 7(a) 
co~esponding to the solidifi~tion of tin in the 
presence of a magnetic field. Two thermal boundary 
layers appear at the vertical walls and these layers 
are thin compared to the width of the cavity, being 
separated by an isothermal portion in the temperature 
profiles, while the steepest gradients occur both in the 
upper-left and the lower-right corners. Inspection of 
Figs. 9(b) and (c) reveals the rapid diminution of the 
radial and vertical gradients; the result is that 1 min 
after the freezing starts (i.e. when only about 8% of 
the melt has been solidified), the thermal phenomena 
are characterized by a transition state lying between 
the conduction regime and the boundary layer regime. 

4.1.2. Solidi~cation of the 2024 aluminium alloy. 
Experiments show that the transition from the fully 
liquid state to the liquidus isotherm is clearly revealed 
by the sudden change of slope of recordings, while 
the passage from the solidus isotherm to the solid 
state takes place continuously. On the other hand, 
complemental experiments showed that the two- 
phase medium localized within the mushy zone 
behaves, from the consistency standpoint, practically 
as a solid when the temperature of the bath is 3°C 
below the liquidus temperature, dealing with an 
amount of 13% of suspended solid particles into the 
melt. Consequently, the shape of the solidifying crust 
may be rather properly represented by the liquidus 
profile. 

Figure 9(d) depicts a temperature field plotted at 
the onset of solidification, comparison with Fig. 9(a), 
which displays an isotherm map sketched under 
identical circumstance (AT= 35”C, t = 15s), indi- 
cates that the heat flow behaviour of the 1050 and 
2024 alloys are radically different. Actually, it is 
necessary to know the appropriate physical properties 
of these alloys, unfortunately their constants could 
not be found in the literature. So the properties of 
pure aluminium, presented in Table 2, must very 
likely be considered as crude order-of-magnitude 
estimates {especially for the 2024 aluminium, which 
contains a large amount of alloying elements). 

With regard to Fig. 9(a), it is seen from Fig. 9(d) 
that the radial and, mainly, the vertical isothermal 
gradients are now markedly decreased. The thickness 
of the thermal boundary layers increases and it follows 

that the convective effects are subdued. Consequently, 
in the fully liquid zone, heat is transferred both by 
conduction and convection, mostly by the former. 
Moreover, and in contrast to the case of a pure metal, 
heat flow is primarily transported by conduction in 
the immediate vicinity of the solidification front (i.e. 
in the solidifying liquid-solid region), because the 
velocities are undoubtedly very weak, on account of 
the high values of the apparent viscosity in this area. 
Figures 9(e) and (f) reveal the gradual enhancement 
of the comparative contribution of the conductive 
mode during the phase change, which must be 
explained by the superheat drop. 

The evolution of superheat with the average radius 
of the interface is iflustrated in Fig. 10, where it is 
seen that superheat completely vanishes when the 
metallic mass is half-solidified (i.e. after the first 
quarter of the total freezing duration). It should 
be emphasized that the complete disappearance of 
superheat does not necessarily involve a breakdown 
of natural convection; in fact transient convection 
currents may persist in the system after the attainment 
of uniform temperature, until the final stages of 
solidification [ 111. Moreover, the withdrawal of 
superheat is more rapid for the 1050 alloy than for 
the 2024 alloy. This finding is consistent with the 
remarks expressed earlier: the convective stirring 
being strongest for the case of the 1050 alloy promotes 
the evacuation of superheat. The different thermal 
hehaviour of these alloys has repercussions on their 
solidification rate. Inspection of Fig. 11 confirms that 
the slower the superheat drop, the higher is the 
solidification rate; for example, a crust radius of 8 cm 
is reached after 140 s for the 2024 alloy, and only after 
400s for the 1050 alloy. 

4.2. Solidification in the presence of a stationary 
magnetic field 

4.2.1. Solid~cation ofthe 1050 aluminium alloy. The 
temperature field, presented in Fig. 12(a), reveals the 
presence of a hotter region in the upper-left-hand side 
corner. Furthermore, with respect to Fig. 9(a), it is 
seen that the thickness of the thermal boundary layers 
increases significantly, particularly in the vicinity of 
the solidifying crust. On the other hand, the horizontal 
isotherm-shown in Fig. 9(a)-are now markedly 
inclined, resulting in the vertical thermal gradients 
being noticeably reduced. 

A linear temperature variation in the core region 
is seen in Figs. 12(b) and (c), the slope of these 
isotherms, defined with respect to the verticai direc- 
tion, decreasing as the global superheat diminishes. 
This evolution of the isotherm maps is obviously 
connected with the gradual attenuation of the convec- 
tive mode of heat transfer, mostly caused by the 
damping effect of the magnetic field. 

4.2.2. Solidrfication of the 2024 aluminium alloy. 
Figures 12(d)~f) convey temperature fields plotted at 
a given time. The nearly vertica1 shape of the isotherms 
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Table 1. Thermophysical properties of pure aluminium 

P density kg me3 2.38 x IO3 

fl viscosity kg m-’ s-’ 2.90 x 10m3 

; 

kinematic viscosity rn2U1 1.22 x 1om6 
thermal expansion 

coefficient K-1 1.16 x 1O-4 
0 electric conductivity *-Im-’ 4 X lo6 

: 
specific heat J kg-’ K-’ 1.08 x lo3 
thermal conductivity W m-’ K-’ 1.03 x IO2 

Lr latent heat of fusion J kg-’ 4 x lo5 
Pr Prandtl number 3 x 1oe2 
Gr Grashof number 

(AT = 35°C) 2.68 x lo9 
Ra Rayleigh number 

(AT = 35°C) 8 x 10’ 
Ste Stefan number 

(AT = 35°C) 0.1 

is here typical of the predominance of a radial 
conductive heat flux. However, it has been theoret- 
ically predicted [1 l] that transient free convection is 
not necessarily completely suppressed, even when the 
isotherms are rigorously vertical, so it is not excluded 
that a weak laminar convective flow persists under 
such circumstances. Comparisons between Figs. 9 and 
12 dealing with the 2024 alloy, show that the profile 
of the solidifying crust is noticeably affected by the 
presence of the magnetic field, particularly in the 
lower half of the mould where the truncated cone- 

t 
AT% ‘8 Damped CO”Y~C~~O” IM =3OOl 
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0 

FIG. IO. Superheat drop as a function of the thickness of 
the solidifying crust, in the absence and presence of a 
stationary magnetic field (1050 and 2024 aluminium alloys). 

shaped interface [Figs. 9(c) and (f)] is replaced by a 
cylindrical solidification front [Figs. 12(e) and (f)]. 

Figure 10 shows that, from the standpoint of the 
decline of superheat, the behaviour of these two 
specific alloys is similar to that of a pure metal, i.e. 
the withdrawal of superheat is markedly retarded by 
the application of a stationary magnetic field, mainly 
for the case of the 2024 alloy. Finally, the freezing 
rate is substantially enhanced by the presence of B, 

(Fig. ll), which once again favours the evacuation of 
latent heat to the prejudice of superheat. 
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immersed into specific etching solutions [19-J. In all 
cases, the left- and right-hand sides of the samples 
presented here, are respectively connected with the 
cold and hot wall of the mould. 

l Damped K (M,160) 

5.1. Co~erc~ul~y pure tin 
51.1. Natural convection. The presence of a unicellu- 

lar liquid metal flow, with fluid rising near the hot 
wall and descending near the cold one, has been 
pointed out in a recent work [12]; it has also been 
shown that the columnar zone is sloped in the 
upstream direction to the interlace [ 12,201 and that 
the inclination of the dendrites increases with the 
degrees of superheat [Figs. 13(a)-(c)], mainly at the 
initiation of solidification, 

5.1.2. Magnetically damped convection. The macro- 
structure presented in Fig. 13(d) has been yielded 
from a superheat of 3°C and a magnetic field of 0.09 T 
(M’ Re’/Gr = 11.5). The existence of two large single 
crystals displays the spectacular effect of the magnetic 
field on the crystal growth; with respect to the case 
of Fig. 13(a), the crystal volumes are multiplied by 
about 100. 

Examination of Fig. 13{e) (AT = 43°C B. = 0.09 T, 
M2 Re’/Gr = 2.96) corroborates the finding, reported 
in Section 3.2; after inspection of the temperature field 
sketched in Fig. 7(a) the inclination of the columns, 

ALLOY 1050 
Zcm 

ALLOY 1050 

w 
0 200 400 600 

FIG. Il. Thickness of solid metal during solidification, in 
the absence and presence of a stationary magnetic field (1050 

and 2024 aluminium alloys). 

5. METAL~O~RA~~IC STUDY AND DISCUSSION 

The macrostructures of the materials investigated 
have been revealed in order to provide information 
on variation in structure, such as grain size, columnar 
and equiaxed crystals and even on the fluid flow 
patterns. Slices of about 15 mm thickness and 1OOmm 
height were cut along whole radial and vertical cross- 
sections of the annular ingots. To this end, the 
ingots were sectioned, mechanically polished and then 

Z cm ALLOY 1050 
Zcm 

To * 7oPc 
t =3os 

M = 160 
16 

5 

L-mm- rem 

10 
Lam- rem 

10 

rem 

T- 

(4 

Zcm 
ALLOY 2024 ALLOY 2024 ALLOY 2621 

(4 (ef 

FIG. 12. Evolution of isotherm maps with time in the presence of a stationary magnetic field: (a)-(c) 1050 
aluminium alloy; (d)-(f) 2024 aluminium alloy. 
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RG. 13. AT = 3T; 
(b) AT = 43°C; (c) AT = loo”C, and in the presence of a stationary magnetic field: (d)AT = 3”C, 

MZ Re/Gr = 11.5; (c)AT = 43”C, MZ Re/Gr = 2.96; (f)AT = ioo”C, M2 Re/Cr = 1.93. 

in the upper part of the ingot, indicates that a 
convection motion continues to exist and, on the 
other hand, the radial growth direction of the crystals, 
in the tower part, proves that the movements of 
molten metal along the interface are very weak in this 
latter region. Moreover, the crystal sizes are still 
slightly enlarged, principally in the bottom area. 

The sample displayed in Fig. 13(f) has been obtained 
from a superheat of 100°C (B, = 0.9T, M2 Re’/ 
Gr = 1.93). By comparison between Figs. 13(c) and (f), 
it appears that the average diameter of the cofumnar 
crystals is slightly reduced at the onset of solidification 
and then enhanced during the latter stages of freezing; 
moreover, in the area relating to the beginning of 
solidification, the angle of inclination of the dendrites 
(defined with respect to the horizontal), increases 

from about 30” (without magnetic field) to 45” (with 
magnetic field). At first glance, these observations, 
confirmed by repetitive tests, may appear surprising 
and seem to signify that the convective stirring is here 
intensified, during the early stages of cooling, by the 
presence of a stationary magnetic fieid, at least in 
the near proximity of the melt-solid interface. An 
assumption may be advanced: under these particular 
circumstances, it is possible that the magnetic field 
provokes a relaminarization of the convective liquid 
metal flow (confined inside thin boundary layers 
adjacent to the walls and particularly to the solidifi- 
cation front), which is undoubtedly strongly turbulent 
for this case of free convection (Gr = 2.96 x 109, 
Ra = 3.4 x f07), Hence, for this relatively high value 
of superheat, the velocities may be increased on 
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FIG. 13(b). 

FIG. 13(c). 
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FIG. 13(d) 

account of the passage from a turbulent state to a 
transition, or a laminar, state. This presumption is 
supported by the fact that, for this high degree of 
initial superheat, the solidification front is more 
inclined during the phase change in the presence of 
magnetic field (Fig. 8), than in natural convection 
(Fig. 3). Thus, the natural convection would be 
enhanced within the boundary layers and cancelled 
in the bulk liquid; however, from the thermal point 
of view, the overall effect results in a delayed with- 
drawal of superheat (Fig. 10). In fact, more extensive 
and delicate data would be required to elucidate the 
appropriate mechanisms responsible for this unexpec- 
ted phenomenon. 

Nevertheless, it is obvious that the ratio of the 
electromagnetic force to the buoyancy force 
(M2 Re’/Gr = 1.93) is here insufficient to damp out 
the convective movements in the vicinity of the 
solidifying crust and, consequently, to permit the 
production of large single crystals. To achieve this 
aim it would have been necessary to operate with 
experimental conditions corresponding to M2 Re’/ 

Gr 1: 10, hence, with a stronger magnetic field, of the 
order of 0.22T; unfortunately, although this value 
should be rather moderate, our facilities do not allow 
such a strength to be attained. 

5.2. Aluminium alloys 

5.2.1. Natural conoection. Inspection of vertical 

slices, solidified from an initial superheat of 35°C 
above the liquidus temperature and cut from ingots 
of 1050 aluminium alloy, shows that the crystallization 
is exclusively columnar. Moreover, on account of the 
existence of a convective flow, the dendrites are again 
oriented upstream and their average inclination, with 
respect to the horizontal, is about 18”. The sample, 
presented in Fig. 14(a), corresponds to a horizontal 
slice of 170 mm o.d., cut at the mid-height of the ingot 
and shows the sections of the oblique columns. 

The macrostructure displayed in Fig. 15(a) was 
obtained from a g-cm-high ingot of 2024 aluminium 
alloy (AT = 35°C). The crystallization of this material 
corresponds to the typical structure of alloys charac- 
terized by a wide freezing range and involving, success- 
ively from the cold to the hot wall, chill and columnar 
zones (about 15mm thick), followed by an equiaxed 
region. The marked behaviour difference between the 
1050 and 2024 alloys has been revealed in the course 
of the thermal study; as an example, for the same flow 
rate of cooling water, the 2024 alloy is solidified three 
times more rapidly than the 1050 alloy (Fig. 11). It 
appears that this pronounced disparity subsists from 
the crystallization standpoint. 

5.2.2. Solidification in the presence of a stationary 

magnetic jield. The horizontal slice of 1050 aluminium 
alloy, obtained under the thermal conditions imposed 
in Fig. 14(a) and in the presence of a magnetic field 
of 0.09T (M* RefGr = 5.4) shows an outstanding 
example of unidirectional solidification [Fig. 14(b)]. 
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FIG. 13(e). 
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FIG. 13(f). 
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(4 

(b) 

FIG. 14. Macrostructures of a 1050 aluminium alloy solidified: (a) in natural convection, AT = 35°C; (b) in 
the presence of a stationary magnetic field, M2 Re/Gr = 5.4. 
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(4 

04 
FIG. 15. Macrostructures of a 2024 aluminium alloy solidified: (a)in natural convection, AT = 35°C; (b)in 

the presence of a stationary magnetic field, M2 Re/Gr = 5.4. 
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The crystal growth is radial, showing that the free 
convection is here considerably damped by the mag- 
netic field. Furthermore, the average diameter of the 
columns increases slightly, by about 30%. 

Finally, for the case of the 2024 alloy and a magnetic 
field of 0.09T [Fig. lS(b)J, the number of crystals is 
divided by about 3, throughout the cross-section. 

6. CONCLUSIONS 

The role of natural and damped convection, caused 
by a magnetic field, during the solidification of tin 
and aluminium alloys in an annular mould were 
compared. The evolution of the thermal phenomena 
with time (or with the position of the solidification 
front) and also their interactions on the crystal growth 
were examined, for various degrees of superheat, both 
in the absence and presence of an axial and a 
stationary magnetic field. 

In spite of the various values of the thermophysicai 
properties and, consequently, of the very different 
thermal behaviour of the investigated materials, it 
occurs that, in any case, the effects of a stationary 
magnetic field during the solidification are principally 
characterized by a decrease of escape of superheat 
and an acceleration of the solidification rate, particu- 
larly at the initiation of phase change. Moreover, the 
adimensional groups, M2 Re’JGr and M’/Gr, seem 
more proper to represent the influence of the para- 
meters which interact in such phenomena, involving 
ma~eti~ally damped thermal convection, than the 
classical Hartmann number. 

Finally, the size of the columnar and equiaxed 
crystals are as much enlarged as the groups 
M2 Re’/Gr, or M’/Gr, are higher; furthermore, direc- 
tionally solidified, or large, single crystals can be 
produced both from an adequate rate of heat extrac- 
tion and through the use of stationary magnetic fields 
of sufficient strength. 
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EFFETS D’UNE CONVECTION AMORTIE ELECTROMA~~N~TIQUEMENT DURANT 
LA SOLIDIFICATION CONTROLEE DES METAUX ET ALLIAGES 

RbumB--On Ctudie le r81e des convections naturelle et amortie durant la solidification control&e de Main 
et d’alliages d’aluminium dans un moule toroldal. La convection amortie est provoqute par un champ 
magnCtique uniforme, stationnaire et parallile au champ de graviti?. Des mesures thermiques ont permis de 
suivre I’tvolution des distributions de temp&ature dans le temps. Ces exp&ience.s ont it& conduites pour 
diffkrentes valeurs de la surchauffe, en absence et en pr&ence de champ magn~tique. Une discussion, reliant 

les r&uItats ~ristaiiographiques aux topographies des champs de temgrature, est pr&ent&e. 
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EINFLUSS DER MAGNETISCH GEDAMPFTEN KONVEKTION BE1 DER 
ERSTARRUNG VON METALLEN UND LEGIERUNGEN 

Zusammenfassung-Die Rolle der natiirlichen gedampften Konvektion bei der temperaturbedingten Erstar- 
rung von Zinn- und Aluminiumlegierungen in einer torusfiirmigen Giegform wurde untersucht. Die 
Dimpfung wurde durch ein stationares und gleichmHBiges Magnetfeld (parallel zum Gravitationsfeld) 
bewirkt. Mit den Temperaturmessungen konnten sowohl der Erstarrungsverlauf als such die zeitabhangige 
Temperaturverteilung in der Schmelze beobachtet werden. Diese Versuche wurden bei verschiedenen 
Uberhitzungen mit und ohne Magnetfeld durchgefiihrt. Die kristallographischen Einfliisse auf die Gestalt 

des Temperaturfeldes werden diskutiert. 

BJIMIIHME MAI-HMTHOFO HOJIR HA YHPABJTEHME TIPOHECCOM 3ATBEPAEBAHWl 
METAJIJIOB H CHJIABOB 

AHHOTa4H~-MCCnenOBa;aCb ponb ecTecTseHHofi II 3aTyxaIoweii MrA-KoHseKUae B npoUecce peryna- 

pyektoro 3aTBepnesaHus cnnanou onoua t9 anH)wiHux B TopokinanbHoM KaHane. IlonasneHne KoHBeK- 

UUM ocymecTsnnnocb HanoTeHAeM cTaUkioHapHoro A OL,HOpOI,HOrO MarHATHOrO nom, 

opeeHTAposaHHor0 napannenbH0 none cm TmecTm M3MepeHw TeMnepaTyp n03uontinA npocnenHTb 

KaK 38 nponua9eHseh.i +poHTa 3aTBepneuaHAH,TaK u 3a BpeMeHHbrM H3MeHeHueM pacnpeaeneHw Tew 

nepaTyp B o6beMe pacnnasa.3KcnepuMeHTbr npoBominecb npe pasnsrsbrx cTeneHsx neperpesa pacn- 

naua c MarHkiTHbw noneM A 6e3 Hero. FIposeneHo o6cymneaee pe3ynbTaToe KpucTannorpa@f9ecKofi 

nllarHOCTAKHTeMUepaTypHbIXUOnek 


