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Abstract: The effects of solute elements during solidification on the grain size are very important and can be quantified by the
growth-restriction parameter Q, and Q possesses the better correlation with the grain size. Based on the constitutional undercooling
generated by the growth of an adjacent grain during the initial solidification, the growth-restriction parameter Q is deduced and a
comprehensive physical basis of Q is obtained by using an initial solute distributing equation. For the alloys with more potent
nucleants, Q is a suitable predictor of the grain size. For less potent nucleants, the relative grain size(RGS) is a more accurate
prediction of the grain size. This prediction coincides with the experimental behaviors for Al-Ti and Al-Cu alloys with lower solute

content.
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1 Introduction

The grain refinement of alloys is very important in
materials processing. Whether aluminium alloys or other
alloys, the desirable microstructure consists of fine
equiaxed grains. The grain refinement of aluminium
alloys is achieved by the addition of inoculant particles
(e.g. TiB,, TiC) in the form of master alloys[1-2]. The
nucleation of a(Al) is initiated on the surfaces of these
particles at small undercoolings[3—4]. The presence of
solute elements causes the melt undercooling, which
leads a greater proportion of the particles to initiate
nucleation[5—6]. The generation of this constitutional
undercooling can be quantified by the growth-restriction
parameter Q[7-9],

O=mco(ko—1) )

where ¢, is the average bulk solute content, m, is the
gradient of the liquidus line, and %k, is the partition
coefficient. It is the build-up of solute at the S/L interface
that restricts the growth of a(Al) grains, and the
growth-restriction parameter Q is inversely proportional
to the growth rate. As reviewed in Refs.[10-11], O
possesses the better correlation with grain size.

But, recently, XU et al[l12] indicated that the
relationship between the grain size and Q value is not
monotonic in Al-(1.3%-30.1%)Cu alloys. EASTON and

StJOHN[8], and QUESTED et al[13] illustrated that the
derivative of the fraction solid f; with respect to
undercooling, which is calculated by either the Lever
rule or Scheil analysis, is inversely proportional to the
growth-restriction parameter O, and Q is not a more
accurate prediction of grain size for the melt of less
potent nucleants.

In this work, based on solute distributing during the
initial solidification and the assumption that the rate of
development of constitutional undercooling significantly
affects the final grain size, a comprehensive physical
basis of Q is further described. The predictors of the
grain size are identified for different alloys with lower
solute content.

2 Growth restriction effect during initial
solidification

2.1 Definition of growth-restriction parameter Q

Partitioning during solidification leads to an
enrichment or depletion of solute in the liquid adjacent to
the solid. Solute partitioning during solidification can be
described by the partition coefficient kg,

ky=c,lc| )

where ¢, and ¢ are the equilibrium solute contents
of the solid and liquid at the interface (Fig.l). As
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QUESTED et al[13] described, the degree of partitioning,
cr —c: , is often approximated to co(l—k;), when
AT, << (Ty—Ty) (Where AT, is the solutal undercooling,
T is the melting temperature of pure aluminium and 7},
is the equilibrium liquidus temperature at the average
bulk solute content c¢;). The partition degree is
approximately proportional to solid growth restriction.
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Fig.1 Aluminium-rich portion of idealized binary system[13]

The liquidus gradient m; denotes the change in
liquidus temperature with solute content. The gradient in
solute content ahead of the solid-liquid interface is
proportional to (cf —co)=—AT,/m;, that is, m; is
inversely proportional to the driving force for diffusion
and is proportional to solid growth restriction.
Integrating the above two aspects, the effects of solid
growth restriction are parameterized in the factor Q, as
shown in Eq.(1) and Fig.1.

The growth restriction parameter Q is convenient
for the effects of solute partitioning on solid
growth-restriction, but it can be valid with two
assumptions: 1) the thermal gradient in front of S/L
interface is negligible; 2) AT, << (Tyy—Tie)-

2.2 Growth restriction effect initial
solidification

Assuming that the thermal gradient in front of S/L
interface is zero and there is no thermal undercooling and
latent heat, the maximum constitutional undercooling
AT, can be calculated by:

during

ATc:ne_Tactualsz+mICO_(Tm+ msc: ):

mcy _%:ml[co _Ii_s] (3)

0 0

where T,.wa 1S the actual temperature of the melt.

In order to meet the assumption (1) in section 2.1,
an initial solidification of a single grain is considered and
the initial solute distributing equation is[14]

c: =c {1 -(1-ky) exp[— % rﬂ 4
1

where v is the solidification rate of the solid-liquid
interface, D; is the solute diffusion coefficient in the
liquid phase and 7 is the solid growth distance.

Assuming that there are effective nucleants in the
solid-liquid interface, then the amount of constitutional
undercooling development as initial solidification
proceeds can be related to the solid growth distance » by
substituting Eq.(4) into Eq.(3):

AT, = m[ k_] %PI{%H )
0 0 1

By using Eq.(5), a physical basis of the growth-
restriction parameter O can be obtained. The initial rate
of development of constitutional undercooling is defined
by d(AT,)/dr at r—0, that is,

dAT, mycyv(ky —1
( j _ "M% (ko ):LQ (6)
dr ). D, D,

Eq.(6) indicates that the initial rate of development
of AT, is not only proportional to Q but also proportional
to v/Dy. Using Eq.(6), the growth restriction parameter O
can be obtained:

D, ( dAT,
QZ—I[d—j (7
v r r—0
Eq.(7), which is different from the results of
previous literatures [8,13], describes further a

comprehensive physical basis of Q.
For estimating the grain size, the relative grain size
(RGS) can be defined as being the solid growth distance
r, at which the constitutional undercooling AT, reaches
the undercooling required for effective nucleation AT

Then, using Eq.(5),
RGS:Vn: _&lerlco (kO — 1) — ATnko |
k | mycq(ky —1) |

oV

Q-AT,ky
o

For the more potent nucleants, their effective
nucleation undercooling A7, is smaller. When
AT, << Qlky, which is consistent with assumption (2) in
section 2.1, the relative grain size (RGS) in Eq.(8) is
substituted for RGS=~(DAT,)/(Qv). It shows that, for
the grain refinement with the more potent nucleants, Q is
a suitable predictor of the grain size. This is the same
with the grain refinement in aluminium melts containing
TiC or TiB,. However, for the less potent nucleants, in
the condition that is not consistent with assumption (2) in
section 2.1, the use of RGS is more appropriate than Q in
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the prediction of the effect of solute on the grain
refinement. This can explain that the relationship
between the grain size and the Q value is not monotonic
in aluminium alloys[12].

This model can not be used when AT,>Q/k,, for
the logarithm in Eq.(8) can not be negative. Columnar
grains will also form if substrates present in the melts
require more undercooling than the undercooling
parameter Q/ky, as heterogeneous nucleation sites.
Therefore, to prevent columnar growth in practice,
nucleants with AT, less than O/k; need to be added to the
melts.

3 Results and discussion

3.1 Al-Ti alloys

Fig.2(a) shows the predicted variation of RGS with
titanium content of AIl-Ti alloy system at various
nucleant potencies using Eq.(8). Fig.2(b) is the
experimental data showing the effect of solute titanium
additions on the grain size for more potent nucleants, e.g.
TiB,, and for less potent nucleants where TiB, is not
present[15].
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Fig.2 Calculated variation of grain size with titanium content
for range of AT, in Al-Ti system (a); trendlines of grain size

data for titanium additions to pure aluminium with and without
TiB, additions[15] (b)

Fig.2(b) shows that the trend in the grain size with
titanium additions is similar to the trend in RGS in
Fig.2(a). It was found in the experiments that, after an
initial decrease in grain size with the addition of solute
titanium, the grain size remained reasonably constant
with the further additions of solute. The RGS versus w(Ti)
curves in Fig.2(a) for the more potent nucleants (smaller
values of AT,), also initially decrease rapidly. However,
as found experimentally, the addition of more solute does
not decrease the grain size much further and the grain
size almost appears to be constant for these further
additions. The curves for the less potent nucleants (larger
values of AT},) have a similar behavior but the decrease
in grain size occurs more gradually and requires more
solute to obtain a small grain size. This is similar to the
case where no TiB, particles are present in Fig.2(b).
Therefore, Q is more appropriate to predict the effect of
lower solute content on the grain refinement for the more
potent nucleants.

3.2 Al-Cu alloys

Fig.3(a) shows the predicted variation of RGS with
copper content of the Al-Cu alloy system, at various
nucleant potencies using Eq.(8). Fig.3(b) is the experi-
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Fig.3 Calculated variation of grain size with copper content for
range of AT, in Al-Cu system (a); experimental trendlines of
grain size data for copper additions to pure aluminium[12] (b)
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mental data showing the effect of solute copper additions
on the grain size[12].

Fig.3(b) shows that the trend in the grain size with
copper additions is similar to the trend in RGS in
Fig.3(a). As found experimentally, the RGS versus w(Cu)
curves for the less potent nucleants (larger values of AT})
have a further similar behavior of the grain size with the
additions of solute copper. In fact, the less potent
nucleants would be in the melts in Al-Cu alloys (w(Cu)
<(5.65%)[16]. Therefore, the RGS is more appropriate
than Q to predict the effect of lower content solute on the
grain refinement, where w(Cu)<<5.65% in Al-Cu alloys
for no other phase transition. The QO of melts with high
solute content or phase transition is beyond the scope of
this paper.

4 Conclusions

1) Based on the constitutional undercooling ahead
of the solid-liquid interface and by using an initial solute
distributing equation, the growth-restriction parameter Q
is obtained.

2) For more potent nucleants, Q is a suitable
predictor of the grain size. For less potent nucleants,
RGS=_ 21 1|27 A kg

kov 0
of the grain size.

3) This prediction coincides with the experimental
behaviors for Al-Ti and Al-Cu alloys with lower solute
content.

is a more accurate prediction
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