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Coarsening during solidification
of aluminium-copper alloys
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Coarsening of directionally solidified «-phase dendrites and of particulate «-phase/liquid mix-
tures was investigated in Al-4, 10 and 20 wt % Cu alloys, as a function of temperature, com-
position and presence or absence of forced convection. Isothermal dendritic coarsening in the
absence of convection operated in two stages. In stage | the dendritic structure broke down
through remelting into fragments which spheroidized quickly; in stage 1l the spherical particies
coarsened slowly. The coarsening rate of the dendritic or particulate solid increased with tem-
perature and copper dilution. Alloy inoculation with titanium slowed coarsening, yielding finer
dendritic microstructures. The effect of turbulent flow on coarsening was manifested only for
longer holding times. At higher impeller angular velocities the dendritic structure breaks down

into fragments which spheroidize rapidly. At lower shear rates (below 650revmin™") solid
particles in solid-liquid mixtures coalesce into clusters, whereas at higher rates the clusters
break up again into individual particles. A coarsening model was introduced which showed
that coarsening is faster in the presence of forced convection, because of the resulting
decrease in solute diffusion-boundary layer thickness.

1. Introduction

The study of dendrite coarsening kinetics is simplified
if the alloy is directionally solidified under steady
state conditions in the form of dendritic monocrystals
or bicrystals and solidification is interrupted by
quenching the remaining liquid, thus preserving the
solid-liquid interface. It is then possible to measure
the specific surface (surface-to-volume ratio) or
perimeter (perimeter-to-area ratio) of the dendrites,
S,, and the average secondary dendrite arm spacing, d,
within the mushy zone at various distances from
the dendrite tips, and thus at various temperatures
between the liquidus and the eutectic temperature,
which prevailed at the moment of quench [i, 2]
Because solidification prior to quenching takes place
under steady state conditions of thermal gradient in
the mushy zone, G,,, and growth velocity, R, distances
divided by velocity, yield times. Thus, the evolution of
dendritic morphology can be followed, and S, or d
plotted against the distance from the dendrite tips or
time during which solidification had progressed.

In order to study isothermal coarsening kinetics,
crystal pulling is stopped for various lengths of time
prior to quenching the remaining liquid, by pneumati-
cally thrusting the alumina tube containing the spect-
men into water. Thus S, and d can be measured at
various temperatures in specimens held for different
lengths of time prior to quenching.

Directional solidification under steady state con-

ditions lends itself very conveniently to the study of
the effect of forced convection on coarsening kinetics,
both isothermal, as well as during continuous solidifi-
cation. This effect was studied for aluminium-copper
alloys by generating turbulent fluid flow with a graph-
ite impeller, and is reported in this paper.

Any liquid flow present ahead of the advancing
interface may partially penetrate between the primary
arms of the dendritic array but is less likely to pen-
etrate between the narrowly spaced secondary den-
drite arms because of greater resistance. Ridder et al.
[3], investigated fluid flow during electroslag remelting
and continuous casting of tin-lead alloys and evalu-
ated macrosegregation. They concluded that natural
convection in the liquid metal pool, driven by tem-
perature or solute concentration gradients, had little
effect on interdendritic fluid and resulting macro-
segregation. The interaction between natural convec-
tive flow and an advancing tin-lead dendritic interface
was studied by Stewart and Weinberg [4] for dendrites
which grew horizontally while the liquid descend
vertically along the advancing interface. Fluid flow
penetration between dendrites was small.

Intuitively, it would seem that forced convection
increases liquid flow penetration within the dendritic
array. Such was the observation of Saski ez al. [5]
made during solidification of electromagnetically
stirred carbon steel ingots. As bulk flow rate increased
from 0.2 to 1.2msec™' the fraction of solid present at
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the line of maximum penetration rose from 30% to
70%, hence penetration itself increased. Momono
and Tkawa [6], studied the interdendritic fluid flow
penetration in Al-3 wt % Cu alloy at flow rates reach-
ing 12cmsec™' and the effect of electromagnetic
stirring on the mixing of interdendritic solute-rich
liquid with the bulk liquid.

The penetration of fluid moving slowly in an
upward advancing dendritic array in aluminium alloys
with silicon, copper or magnesium was investigated
by Gabathuler and Weinberg [7] who produced con-
trolled fluid flow by a flat rotating disc immersed in the
liquid. Bulk liquid penetration was determined by a
radioactive tracer added to the melt. The downward
flow penetration into the interdendritic spaces was
found to depend on disc angular velocity, distance
between disc and dendrite tips, temperature gradient
and hence dendrite length in the mushy zone and
interdendritic liquid density gradient. Disc velocity
was the most important factor and penetration
increased with it.

The accelerating effect of forced convection on
dendritic coarsening was previously indicated [8~10].
This effect was quantitatively evaluated in the present
investigation. During coarsening of directionally
grown dendrites in the presence of forced convection
it was observed that at high impeller velocities den-
dritic structure degenerated into a particulate struc-
ture consisting of particles surrounded by liquid.
Thus, it was decided that the effect of convection
should also be studied on the coarsening of particulate
o~phase/liquid mixtures in aluminium-copper alloys.
One of the directions of the present study was
the effect of composition on coarsening kinetics. The
relative amounts of solid and liquid present depend
on temperature and affect interdendritic liquid com-
position. They are, therefore, important in establish-
ing coarsening kinetics [11]. As it is not possible
over a range of compositions to hold both tempera-
ture and fraction solid constant, the experiments were
conducted at constant fraction solid.

Spencer et al. [12] studied the rheology of semi-solid
Sn-15wt % Pb alloy. They found that when the alloy
was cooled from above the liquidus to the desired final
fraction solid while continuously sheared, the shear
stress required for flow was reduced by about three
orders of magnitude and the mixture behaved like a
thixotropic particulate solid-liquid slurry, whose
apparent viscosity increased with fraction solid and
decreased as particles became more spherical.

2. Experimental procedure
2.1. Coarsening of directionally solidified
dendrites

The alloy specimens were placed in alumina or mullite
tubes (0.006m i.d. x 0.5m long) and directionally
solidified under an average thermal gradient in the
mushy zone of 4.5 x 10°Km™' at a growth rate of
0.30mh ™', as previously described [2]. In a first series
of experiments the dendritic growth was interrupted
by quenching the remaining liquid. A thermocouple
inserted along the specimen axis indicated variation
of temperature with location or time. The liquidi of

Al-Cu alloys used here are fairly accurately known.
Thus, the temperature at a given location at the
moment of quench could be determined. This. series
of runs was used to study the combined effects of
coarsening and growth during continuous solidifi-
cation. In each specimen various transverse sections
were made perpendicular to the growth direction at
temperatures between the equilibrium liquidus and
the eutectic temperature, 821.2 K. In each section, S,
was determined by quantitative metallography [13]
and plotted against time during which solidification
progressed. Secondary dendrite arm spacings were
measured in longitudinal sections at the same tem-
perature levels.

In a second series of experiments the withdrawal of
the furnace plus chill assembly was stopped for vari-
ous lengths of time, up to 900 sec, prior to quenching.
The temperature at various locations within the
mushy zone at the time of quench was determined
using two thermocouples which were inserted axially
from the top of the crucible and whose tips were
0.001 m apart. When furnace withdrawal was stopped
the steady state motion of the solid-liquid interface
ceased and the heat flow conditions, and hence the
temperature distribution in the mushy zone, were
modified. Transverse sections were made in the speci-
mens at various temperatures between the liquidus
and the eutectic and S, determined with variation in
temperature and holding time. Some runs were made
in larger cylindrical graphite moulds (2.8 x 107*m
i.d. x 0.254 mlong). Crucible pulling was interrupted
and the advancing dendritic array stopped and
coarsened for up to 480sec prior to quenching. In
some runs a graphite impeller (0.25m diameter x
0.37 m high) was introduced in the melt at about 0.1 m
from the dendrite tip plane, as soon as crucible pulling
was stopped. It was removed prior to quenching. Most
of the runs were carried out at 42rev. min~' at which
fluid flow was turbulent.

2.2. Coarsening of particulate solid-liquid
mixtures

The alloys were cast in moulds (0.083 m diameter x
0.15m long) made of “fiberchrome”, an insulating
material, backed by sand and placed on water-cooled
copper chill plates. The alloys were prepared by melt-
ing in a clay-graphite crucible the proper amounts of
aluminium (99.995%) and an Al-48.6 wt % Cu master
alloy. Cylindrical castings of each alloy were made in
these moulds. An additional ingot of inoculated alloy
was made by adding 0.1 wt % Ti, in the form of an
aluminium-titanium master alloy, to molten Al-
4wt % Cu.

Each of these ingots was sectioned longitudinally
and the dendritic structure revealed. S, was measured
at various locations, using lineal analysis [13]. Disc-
shaped slabs, 0.005m thick were cut from each ingot
at locations at which the secondary dendrite arm
spacings were the same. Within each disc the spacing
was quite uniform due to the presence of insulating
“fiberchrome” and the resulting low lateral thermal
gradients.

Approximate temperatures were selected from each
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alloy corresponding to fractions solid of 0.3, 0.4 and
0.5, as predicted by the Scheil equation modified
by Brody and Flemings [14]. The samples were placed
in alumina crucibles packed with alumina powder
for support at temperatures at which a high vol-
ume fraction liquid is present. A thermocouple was
inserted in the specimens for temperature measure-
ment. The specimens were isothermally held for 1, 7,
24 and 48h and were subsequently water-quenched.
They were sectioned, polished and etched. For each
specimen the solid-liquid specific interfacial area, S,
and average particle radius, 7, were determined with
lineal analysis [13].

In order to study the effect of forced convection
on coarsening kinetics of particulate solid-liquid
mixtures, melts of Al-4 wt % Cu and Al-20 wt % Cu
were superheated by about 50K above the liquidus.
Stirring was then initiated with a graphite propeller
(0.0254m diameter) at 130rev.min~', while the
temperature was slowly lowered to that corresponding
in each case to a fraction solid f, = 0.4. At that
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Figure { Photomicrographs of longitudinal sections of directionally
solidified and interface-quenched Al-4wt % Cu dendritic mono-
crystals pulled at 0.30mh ™', x 100. Holding times prior to quench-
ing were: (a) 0, (b) 150 and (c) 900 sec.

temperature, stirring velocities were varied and the
specimens held isothermally for up to 10h prior to
quenching the remaining liquid.

3. Results and discussion

3.1. Coarsening of columnar dendrites
Photomicrographs of longitudinal sections of Al-
4wt % Cu alloy specimens which were pulled at
0.30mh ™' and quenched after holding for various
times, are illustrated in Fig. 1. The variation of
dimensionless specific surface, S,/S,,, with isothermal
holding time is illustrated in Fig. 2 for this alloy at 833,
863 and 916K corresponding to volume fractions
solid of 0.91, 0.86 and 0.24, respectively. For each
temperatures, S,, was measured in a dendritic speci-
men which was pulled and quenched without holding.
Coarsening is faster at higher temperatures, and hence
at lower volume fractions of solid. Fig. 3 allows a
comparison of isothermal coarsening kinetics of Al-4,
10 and 20 wt % Cu at 863 K. Coarsening is faster for
more dilute alloys, as also confirmed by Fig. 4 which
illustrates the variation of dimensionless secondary
dendrite arm spacing, d/d,, with holding time for the
same alloys and temperature.

The increase in d/d, with duration of solidification
or temperature difference from the liquidus is shown
in Fig. 5 for Al-4, 10 and 20 wt % Cu alloys which
were cooled at 0.37Ksec™!. In each case d, is the
average secondary dendrite arm spacing very close to
the dendrite tips. The terminal point on each curve
corresponds to completion of solidification. Again, at
a given moment dendrites are coarser for more dilute
alloys.

The effect of turbulent convection on the coarsening
behaviour of directionally grown A1-20 wt % Cu den-
drites is illustrated in Fig. 6. The specimen of Fig. 6a
was quenched immediately after pulling was stopped.



1.0 1 +—71 ‘v 1Tt T 1 7T T T 1 Figure 2 S,/8,, against isothermal coarsening time
A at three different temperatures, for Al-20wt % Cu
] alloy. (W) 833K, £, = 091, S,, = 0.8 x 10°m~!,
L N ; (®) 863K, £, = 0.86, S,, = 1.3 x 10°m~"; (O)
N 916K, f, =024, S, =26 x 10°m~'. (—)
i \\\ 1 Experimental, (~ - -) theoretical curves.
N
g
v 05 -
L/J>
B
0.0 1 1 1 1 L i 1 - 1 41 - 1 .l 1 l
50 100

ISOTHERMAL COARSENING TIME (sec)

The specimens of Figs 6b and ¢ were held stationary
for 480 sec prior to quenching. During this holding the
dendritic solid coarsened in the absence of stirring,
Fig. 6b, or in the presence of stirring at 42min~"',
Fig. 6¢. The effect of stirring on coarsening is notice-
able. Forced convection affects the dendritic micro-
structure by accelerating coarsening and by modifying
the temperature gradient distribution in the mushy
zone.

The variation of d/d, and S,/S,, with isothermal
holding time at 863 K is shown in Figs 7 and 8 in the
presence or absence of stirring. The initial quantities
d, and S,, were measured at 863K in the specimen
which was continuously pulled and quenched without
any holding or forced convection. Again the effect of
stirring on coarsening is detectable but not significant.
It may be assumed that the fluid flow generated by
the graphite impeller did not penetrate appreciably
into the interdendritic regions, because: (1) they are
narrow and only waves shorter than their width can
penetrate therein; (2) in aluminium-copper alloys, the
interdendritic liquid is richer in copper, and hence
heavier than the bulk liquid ahead of the primary
dendrite tips. Maximum liquid density is at the eutec-
tic isotherm. The density gradient constitutes a barrier
opposing penetration at low flow velocities.

It is not possible to calculate the distribution of
turbulent flow velocities generated by an impeller of
complex geometry as a function of location and time.

In a model introduced by Levich [15, 16] the turbulent
flow is considered to consist of a series of random,
unsteady perturbations of the local instantaneous
fluid velocity. These perturbations, or eddies, are
periodic with incommensurable frequency and are
superimposed on the same flow. A velocity, V, and a
length, /, over which the velocity is roughly constant
for a particular region of fluid [15] are associated with
turbulent flow. When the viscous force of the fluid
equals the inertial force, the corresponding eddy
length, /,, and velocity V,, are given by [15]

I, = r/(Ree)’ and ¥, = v/, (1)

where r is the stirrer radius (r = 0.0127m),
Reg = wr’/v, is the stirrer Reynolds number, o is
angular velocity of the stirrer (@ = 2zN rad sec™" and
N is rev.sec™"), v,, is kinematic viscosity of the liquid.
The eddy length, /,, is also known as the “microscale
of turbulence”. In the present case, at least at the early
stages of stirring there are no solid particles in sus-
pension in the liquid, hence v,, = v = 10 *m?sec™".
From these data /, = 54.3 x 10~ °m. Penctration in
the spaces of the order of [, would then be possible.
However, the spaces between secondary dendrite arms
are much smaller than 54.3 um and flow penetration
in these is not expected to be significant. Thus, the
effect of turbulent convection at 42rev. min~' is not
expected to be important.

A run was then conducted using a stainless steel
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Figure 3 S,/S,, against isothermal coarsening time
| at 863 K. () Al-4, (W) 10 and (®) 20 wt % Cu alloys,
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ISOTHERMAL COARSENING TIME (sec)

for f, = 0.86, 0.58 and 0.05, and S,, = 4.0 x 10°,

i50 .
4.8 x 10° and 6.4 x 10°m™! respectively.
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impeller coated with zirconium silicate wash at 950 rev.
min~'. This impeller had the same diameter as the
graphite impeller used above at 42 rev. min~', but had
a different blade geometry. At this velocity the micro-
scale of turbulence was reduced to 5.23 um and tur-
bulent flow apparently penetrated the spaces between
secondary dendrite arms causing remelting at their
roots and detachment. Fig. 9 shows that the uniformity
of the dendritic array has been completely destroyed
and that clusters of dendrite arm debris with local
eutectic regions have formed, yielding a typical duplex
(“‘rheocast™) structure.

3.2. Coarsening of particulate solid-liquid
mixtures

The initial microstructures chpsen for the various
specimens exhibited an average S,, = 2 x 10*m™"
and an average dendrite arm radius 7, = 12 um.
Fig. 10 illustrates the isothermal evolution of micro-
structure of Al-4wt % Cu alloy specimens at 908 K,
for up to 24h. Through coarsening of the solid (or
the initial liquid inclusions) the dendritic network
is destroyed, and detached dendrite arms or debris
spheroidize and coarsen, Figs 10b and ¢. Some of the
particles coalesce. The initial rapid decrease in S,/S,,,
Fig. 11, corresponds to the breaking up of the den-
drites and the formation of small spheres. Subsequent
coarsening of the spheres is substantially slower. This
figure illustrates the effect of fraction solid or tempera-
ture on isothermal coarsening kinetics. Fig. 12 con-

TASTOTIK)
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firms that at a given volume fraction solid and for
a given isothermal coarsening time, the coarsening
rate of particulate solid increases with decreasing
solute concentration in the alloy. The same figure
illustrates the isothermal coarsening behaviour of
Al-4wt % Cu-0.1wt % Ti, an alloy which is grain-
refined by titanium. The presence of titanium slows
coarsening.

Fig. 13 illustrates the microstructures of two Al-
20wt % Cu alloy specimens which were cooled from
the superheated state while being stirred at 22 and
130rev. min~', respectively. These specimens were
quenched as soon as the temperature reached 829K,
at which £, = 0.4. At lower stirrer angular velocities
equiaxed dendrite rosettes predominate, whereas at
higher velocities spheroidized particles, either isolated
or coalesced, are observed. During the later stages of
the cooling period, as well as during the isothermal
holding period at low shear rates, the solid particles
coalesce into clusters, Fig. 14. At shear rates above
650 rev. min ' the aggregates appear to break up back
into individual particles. Similar observations were
made by Michaels and Bolger [17], in flocculated
aqueous kaolin suspensions. At low shear rates the flocs
grouped into aggregates which sometimes formed net-
works extending to the walls of the containers and gave
the suspension a finite yield strength. At high shear
rates the aggregates broke up into individual flocs.

The effect of stirring at 130 rev. min~" on isothermal
coarsening at 829 K is shown in Fig. 15, where S, /S,,

I T I T I i 1 T

Il ]

Figure 5 Variation of d/d, with duration of solidifi-
cation or temperature difference from the liquidus.
[ Experimental curves for (@) Al-4, (O) 10 and (m)

0 50 00
DURATION OF SOLIDIFICATION ({sec)

150 20 wt % Cu alloys cooled at about 0.37 K sec™', for
d, = 25,20 and 14 um, respectively.
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Figure 6 Photomicrographs of Al-20wt % Cu alloy specimens directionally solidified, x 50. Pulling was stopped for 480 sec prior to

quenching the remaining liquid: (a) no stirring, (b) stirring at 42 rev. min ',

was plotted against isothermal coarsening time and
compared with a plot for specimens that were not
stirred. The acceleration of coarsening due to stirring,
which becomes more important for longer times, is
well established. A similar conclusion can be formu-
lated by examining Fig. 16, in which the dimensionless
average particle size 7/, is plotted against isothermal
coarsening time for specimens which were held at
829K, without or with stirring at 130rev.min™'.
The effect of stirring speed on isothermal coarsening
kinetics at a given temperature is shown in Fig. 17,
where S,/S,, is plotted against stirring speed for
Al-20 wt % Cu specimens that were held at 829K for
10h.

During isothermal coarsening, the initial dendritic
structure partially remelted and underwent dramatic
changes, Fig. 10. Intradendritic liquid inclusions
coarsened rapidly, generating dendritic fragments

T T T T T
3.0 -1
y
% 2.0} -1
1.0 1 | A i 1
4 100 200 300 400 500

ISOTHERMAL COARSENING TIME (sec)

Figure 7 djd, against isothermal holding time at 863K. Al-
20wt % Cu alloy, f, = 0.05. Comparison between (®) unstirred
melt and () melt stirred at 130 rev. min~"'.

1

which spheroidized very fast. This first stage of rapid
coarsening corresponds to the sharp decrease in S, /S,
for short times, Figs 11 and 12. From then on,
coarsening of the spheres, which constitutes the
second stage, is rather slow because: (1) particle radii
are already large; and (2) spherical particle size is
relatively uniform, hence the driving force for
coarsening is greatly reduced.

3.3. Modelling of coarsening
The breaking up of the dendrites into fragments which
quickly spheroidize is morphologically a very intricate
process and its mathematical description is very com-
plex. On the other hand, coarsening of dispersed
spheres in the liquid during the second stage of the
process can be treated as previously done [18].
Applying that analysis to a system of # spherical

particles of radii ry, r5, . .., 7, ..., 7, ..., 1, and
1o T T T T
2
G oshk _
(%)
| l_ 1 !
0 100 200 300 400

ISOTHERMAL COARSENING TIME (sec}

Figure 8 S,/S,, against isothermal coarsening time at 863K.
(®) Unstirred melt and (O) melt stirred at 130rev. min™'
Al-20wt % Cu alloy, f, = 0.05.
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Figure 9 Photomicrograph of an Al-20wt % Cu alloy specimen
directionally grown. Pulling was stopped and stirring at 950 rev.
min~! was applied for 60sec prior to quenching, x 44.

assuming that the total volume of solid remains con-
stant during isothermal holding, which implies that
back-diffusion in the solid and isothermal solidifi-
cation can be neglected, it can be shown that [18]

" { —DoT [l 1
1 CL(l — K)mLHi‘l- r; rj

i

dri _
dr

~.

-~

— DaTrj

1 1
A=) G Kom AR [Z- - 7,]

x H(r; — r,)} 1)

where #(ow — f) =0, fora < §; #(x — B) = 1,
fora > B, and A is the Heaviside function, and r,, ;,
are the radii of any two particles i and j, T is absolute
temperature, C; is solute concentration in the liquid at
the interface (wt %), K is the equilibrium partition
ratio, D is the solute diffusivity in the liquid (m*sec™"),
my_ is the liquidus slope (K/wt %), o is the solid-liquid
interfacial tension (J’m~?) and H is the volumetric
heat of fusion (Jm™?).

The radius of particle i as a function of time is then

given by
o= r, + ﬂ <%> dr 2)

and the surface-to~volume ratio by

i dnrt
S, = - 3
r

—ta

1=
Wi

i=1

1

Thus, the radii of all the particles in the system can be
calculated at any time from Equations 1 and 2 and S,
from Equation 3. At a given time, ¢, after initiation of
the second stage of coarsening

S. = S8, +AS )

where S,, refers to the particle population at the begin-
ning of the second-stage coarsening.

This analysis was applied to Al-4wt %Cu alloy.
The following numerical values were assigned to
various parameters of Equation 1: m; = 3.3Kwt %,
K=017 ¢ =502 x 1072 Jm™2, H = —1.15 x
1°Jm™, D =5 x 107"*m’sec™’ [19], T = 909K
(f, = 0.5) and C; = 7.10wt % Cu. An initial popu-
lation of 18 spheres was assumed, whose radii were
selected randomly from specimens which were coar-
sened for 75 min and quenched. This time corresponds
approximately to the end of the first stage of coarsen-
ing, Fig. 11. The radius of each spherical particle and
the S, for each specimen were then calculated. S,, of
the initial sphere population was 5 x 10°m~'. In
Fig. 11 the theoretical and experimental curves are

Figure 10 Photomicrographs of Al-4wt% Cu alloy specimens
isothermally held at a fraction solid f; = 0.5 (T = 908K) fox (a) 0,
(b) 1 and (c) 24h, % 88.
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T Figure 11 §,/S,, against isothermal
coarsening time for different volume frac-
tions solid or temperatures. Experimental
- and analytical curves for Al-4wt% Cu
alloy specimens. Experimental curves:
(@) f. =03, T=0915K, (m) /, =04,
- T =912K, (O) f, =05 T =909K.
Analytical curve (---) f = 0.5,
T = 909K.

ISOTHERMAL COARSENING TIME (10% sec)

compared. The agreement between them is satisfac-
tory in view of the geometric approximations of the
model and the uncertainties of values assigned to
various parameters.

Fig. 11 reaffirms that the coarsening rate for a
given alloy increases with decreasing fraction solid
of increasing temperature. 7" is in agreement with
Equation 1 which shows that coarsening rate is
proportional to temperature, but also depends on
temperature implicity in a complex way, because o, D,
H and C are all functions of temperature. Fig. 12
shows that for a given fraction solid the coarsening
rate increases with decreasing copper concentration. It
is clear that the temperatures at which Al-4% Cu and
Al-20% Cu alloys exhibit the same fraction solid are
different, 909 and 829 K, respectively. Equation 1
roughly indicates that coarsening rate is inversely
proportional to initial copper concentration, although
g, D and H also depend on composition in addition to
temperature. Fig. 12 depicts the decrease in coarsen-
ing rate of Al-4wt % Cu alloy when it is inoculated
with 0.1wt% Ti. This inoculation refines the cast
grain and apparently tends to refine the dendritic
structure too. The effect of titanium on slowing
coarsening is negligible during solidification at the
usual rates. However, it is noticeable during isother-
mal coarsening for a long period of time, especially at
higher temperatures. If titanium is assumed to be

surface active, it is possible that it reduces the den-
drite-liquid interfacial tension and hence slows
coarsening. However, this is an oversimplification.
To understand the effect of stirring on coarsening it
is necessary to examine the magnitude of the “micro-
scale of turbulence”, /;, or eddy length as a function
of rotation rate, Equation 1. As an example, at
f. = 0.4, the density of the slurry, g,, is related to
those of the solid, ¢, and the liquid, ¢, , by: 1/g,, =
(0.4/g,) + (0.6/g,). For the solid, o, = 2.76 gcm *
was calculated by considering the average copper con-
centration within the solid particles and the densities
of aluminium and copper. ¢, = 2.38cm * was cal-
culated in the same way. It was found that ¢, =
2.55gcm?. For want of any better information, the
viscosity was assumed to be equal to that of an Sn-
15wt % Pb slurry at f, = 0.4, namely n,, = 5P [12].
Thus, the kinematic viscosity is 5/2.55 = 1.96cm’sec™ .
For N = 130rev.min"', Rey = 84.6 and [ =
0.0455cm. At these very low Rey values there is no
turbulence. However, the real situation is more com-
plicated than this. The kinematic viscosity depends
not only on volume fraction solid, but also on the
shape and size of solid particles and on shear rate [12].
Also, at a given shear rate or stirring velocity, because
the average particle size and particle number density
(number of particles per unit volume of slurry) change
with time, the kinematic viscosity would be expected

Figure 12 S,/S,, against isothermal
coarsening time for f, = 0.4. (W) Al-
4wt%Cu, T =912K, S, =151 x
10°m~"; (@) Al-20wt% Cu, T = 829K,

——
i 1 I S = 9.4 x 10°m™", (a) Al-4wt % Cu-
0 50 100 150 0.1wt%Ti, T =912K, S, =351x
ISOTHERMAL COARSENING TIME (103 sec) 10*m~".
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Figure 13 Photomicrographs of Al-20 wt % Cu alloy specimens which were cooled from the superheated melt state while being stirred at:
(a) 22 and (b) 130rev. min~'. The specimens were quenched at 829K (f, = 0.4), x 44.

to change too. It can be assumed that very roughly
this viscosity is an order of magnitude smaller
than 1.96cm?sec™!, hence, Rey = 110 for N =
130 rev. min~" and 840 for N = 1000rev. min"'. The
corresponding values of /, would then be 373 and
81 um, respectively. Finally, it should be remembered
that the particle distribution within the slurry is not
uniform and it is possible that momentarily there are
no particles at all in the vicinity of the impeller, hence
the kinematic viscosity will drop to that of the melt, or
about 107*cm?’sec™'. Then, at N = 130rev.min~',
Reg = 2171 and [, = 39um, whereas at
N = 1000rev.min"', Rey = 16700and /, = 8.6 um.
These numbers correspond to complete turbulence in
the vicinity of the impeller, whose pumping effect
would then be substantial.

The accelerated coarsening of the solid by stirring
may be explained by the resulting reduction in solute
diffusion boundary layer thickness around growing or
“dissolving particles. Solute transport by diffusion
occurs only across these thin boundary layers,
whereas across the remaining distances between par-
ticles it occurs much faster by convection than by pure
diffusion.

it L
T

Figure 14 Photomicrograph of Al-2 wt % Cu alloy specimen which
was cooled from the superheated melt state in presence of stirring
at 130 rev. min~" and held at 829K (£, = 0.4) for 1 h while stirring
continued at the same velocity, x 44.
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The previous isothermal coarsening analysis was
applied to Al-20wt % Cu alloy at 829K (f, = 0.4),
using an initial population of 18 spheres (r;, = 30,
r, =40, ry =45 1, =60, r; =65 1,5 =70,
ry = 80, iy = 90, r;, = 100, r,, = 100, r;; = 100,
re = 115, rs =120,  re = 150, r; = 160,
rg = 160 um) and the same values for m;, 6, H and
D. In this case, T = 829K and C; = 30.1 wt % Cu.
The resulting analytical curve is shown in Fig. 1.
Using the same particle population and parameter
values and replacing D by a giobal mass transport
coefficient, M, several curves were calculated and
the plotted for various values of M. The analytical
curve which was closest to the experimental curve for
coarsening in the presence of stirring, Fig. 1, was
found to correspond to M = 1.4D. It was then con-
cluded that the contribution of convection to the
global mass transport coefficient was 0.4D.

The main contribution of convection is to reduce

the thickness of the solute diffusion boundary layer,
0, surrounding each particle. Assume first a system
consisting of two spheres of a-phase surrounded by
melt at temperature, T. Let a be the radius of the
smaller, shrinking sphere and R that of the larger,
growing sphere. The solute balance for the dissolving
particle may be written as [18]
CH(l — K)Q47'Ea2da? = g——5£L—
where (7 is the concentration of solute in the liquid at
T in equilibrium with a surface of radius a, C° is
the concentration in the liquid beyond the diffusion
boundary layer, g is density, J is the thickness of the
diffusion-boundary layer and D is solute diffusivity in
the liquid. From Equation 5 it follows that

da DG — ¢

— Dornd’ ®)

= = o My 6

dt 6Ci(1 — K) ©
Assuming that [17]

-G = -G (7

letting Cf = C; and remembering that {11]

ck - ¢t = £<l-l> ®



T Figure 15 S,/S,, against isothermal coarsening time
for specimens that were held isothermally at 829K (@)
with stirring at 130rev.min~!, or (O) without stirring.
Al-20wt % Cu alloy.Experimental, and (---), (----)
analytical curves, without and with stirring, respectively.
—)S, =94 x 10°'m™", § = 55um.

—~
| I 1 I
0 10 20 30 40
ISOTHERMAL COARSENING TIME {103 sec)
I
30 —
¥ 20 |- —
.
Figure 16 F|F, against isothermal coarsening time at 10 1 | 1
829K (f, = 0.4), (W) without or (O) with stirring at 0 0 20 30
130rev. min~'. Al-20wt % Cu alloy, 1, = 75 um. ISOTHERMAL COARSENING TIME (103 sec)
Equation 6 becomes The radius of the sphere / as a function of time is given
da D oT 1 1 ©) by Equation 2. Hence, S, can be calculated as a
dr ~ 6D — KymH\R a function of time.

This kinetic equation implies a proportionality of a to This analysis was applied to Al-20 wt % Cu alloy at

/. In the absence of convection [18] the equation is 829K (f. = 0.4), using the same initial population of

s . - 18 spheres and the same parameter values with vari-
Equat , t that & 1s replaced by aq, -
similar to Equation 9 exce]I73 at o 15 feplaced by @ ous values of §. A value of 6 = 55 um yielded a curve

hence a is proportional to . o :
Following the same procedure as previously used which is very close to the experimental curve of S,/S,,
. inst 1 1 coarsening time in the presence of
f tem of n particles [17 against 1s0therrpa & nthe p
or a system of 7 pa (17 forced convection, Fig. 15. The diffusion boundary
dr, _ n [ —DoT <l _ l) H(ry — 1) layer thickness, d, is a fraction of the average particle
de C.(1 — K)ym Ho \r; j radius.

j=1 J
J#i

— DoTr, (l _ _1_> H(r — r~)} .
+ 0 = KmHrd\r T, i 4. Conclusions . .
1. Isothermal dendritic or particulate coarsening
(10) is faster at higher temperatures and lower solute
) T T concentrations.

2. Turbulent fluid flow in the mushy zone may
penetrate between primary, not secondary, dendrite
arms. Its effect on coarsening is manifested only for
longer holding times (500 sec).

3. At higher impeller angular velocities the dendritic
structure breaks down into fragments which spheroidize
rapidly.

4. Isothermal dendritic coarsening in the absence
of convection operates in two stages: in stage I the
dendritic structure breaks down through remelting
| { into fragments which spheroidize quickly; in stage II
0 50 oo 0 the spherical particles coarsen slowly.

Stirring Velocity rev min™) 5. Alloy inoculation with titanium slows coarsen-

Figure 17 S,/S,, against stirring velocity for coarsening at 829K ing, yielding finer dendritic micr()?trucw»re& .
(f. = 0.4), for 10h. Al-20wt % Cu alloy, S,, = 9.4 x 10*m™". 6. At lower shear rates of solid~liquid mixtures,

5J5vo
I
|
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solid particles coalesce into clusters, whereas at higher
rates (above about 650rev.min™') the aggregates
break up again into individual particles.

7. A coarsening model introduced here showed that
coarsening is faster in the presence of forced con-
vection, because of a consequent decrease in solute
diffusion-boundary layer thickness.
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