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Abstract

This paper presents the results of recent research on the grain 
refinement of aluminium alloys. There has been considerable 
development in our understanding of the mechanisms controlling 
grain refinement over the last decade and these will be briefly 
described. In particular, the Interdependence Model has clearly 
explained the interdependence between the growth of grains and 
the nucleation potency of refining particles in causing a wave of 
nucleation events throughout a casting. This interaction 
determines the final as-cast grain size. A key factor identified by 
this research is the formation of a nucleation-free zone in front of 
a growing grain that prevents nucleation up to the point where a 
critical amount of constitutional supercooling is established 
allowing the next nucleation event to occur. Thus, the grain size is 
determined by the size of the nucleation-free zone and the 
distance to the next most potent particle. The Interdependence 
Model can, therefore, be used to predict grain size changes with 
composition and nucleant particle density. In this paper the 
Interdependence Model is used to develop equations for 
predicting the grain size of aluminium alloys when refined by Al-
Ti-B master alloys. The performance of Al-5Ti-1B and Al-3Ti-1B 
master alloys are compared in the light of the Model.

Introduction

The CAST CRC solidification group began to study the grain 
refinement of aluminium alloys in the late 1990s with our first 
paper being published in 1996 on the importance of solute in 
promoting the nucleation of -Al by TiB2 [1]. Since then we have 
continued to develop our understanding of the mechanisms 
controlling grain refinement not just of aluminium alloys [2-6] but 
also of magnesium [7-11] and titanium alloys [12-14]. In all cases 
the role of solute is important and an equiaxed zone is not able to 
form, except in special circumstances, if no solute is present such 
as in pure metals. Therefore, the critical issue in understanding 
grain refinement is the way in which solute and the inoculant or 
native particles interact. This approach eventually led to the 
publication of the Interdependence Theory in 2011 which takes 
both of these factors into account [15, 16].

In this paper we briefly present the key elements of the 
Interdependence Theory and the most recent research that has 
been carried out to validate the Interdependence Model (the 
equation that embodies the Interdependence Theory). We then 
consider the practical application of the Model to the grain 
refinement of aluminium alloys. 

The Interdependence Model

The Interdependence Theory shows that the formation of an 
equiaxed microstructure throughout a casting is facilitated by 
Constitutional Supercooling (CS) which generates sufficient 

undercooling to nucleate the next most potent particle present in 
the alloy melt [15, 16]. In the case of aluminium alloys the 
particles are usually TiB2 particles from the Al-5Ti-1B master 
alloy. Once each nucleation event occurs the growth of this new 
grain re-establishes sufficient CS to trigger a subsequent 
nucleation event. This cycle is repeated as a wave of nucleation 
towards the thermal centre of the casting. Therefore, the grain size 
can be predicted by understanding the elements that control the 
distance between each successful nucleation event and this 
distance equals the grain size. 

It was found that there are three critical distances that set the 
distance between each nucleation event: the distance xCS a new 
grain grows to generate sufficient CS to cause nucleation (i.e. 

TCS), the diffusion distance x’dl in front of this grain to the point 
where TCS equals the nucleation undercooling of the most potent 
particle (i.e. Tn), and the distance xSd to the location of the most 
potent particle. Equation 1 is the Interdependence Model which
calculates these three distances allowing prediction of grain size.

(1)

where D is the diffusion coefficient, v the rate of growth of the 
solid-liquid (S-L) interface, Cl* the composition of the liquid at 
the S-L interface at xCS, Tn-min the undercooling required for 
nucleation on the largest and, therefore, most potent available 
particle, and n-min is the incremental amount of undercooling 
required to activate the next nucleation event as the temperature 
gradient moves towards the thermal centre of the casting. The 
constant 4.6 is a cut-off factor for the solute profile in front of the 
S-L interface where (Cl(x’)-Co)/(Cl*-Co) = 1%.

In a recent paper [9] this equation was simplified to Equation 2 by 
combining the first two terms in Equation 1 such that

                                                               (2)

Equation 2 highlights the two parameters that dominate the 
formation of a new grain. The first term describes the Nucleation-
Free Zone (NFZ) because no nucleation is possible within this 
distance because TCS is less than Tn of the most potent particle. 
The second term represents the distance to an appropriate particle 
and is controlled by the particle number density provided by the 
amount of master alloy added. 

As shown schematically in Figure 1 both terms make a significant 
contribution to the final grain size of most alloys [17]. Figure 1
represents the case where the particle number density of TiB2
particles is constant. This representation is supported by our 
previous work [3] where the contribution of Ti solute was 
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determined for a constant TiB2 particle number density [3]. Figure 
2 presents the experimental results for three TiB2 addition levels.

Figure 1. Schematic diagram showing the change in grain size 
with change in the value of Q for the case where the particle 
number density remains constant [17].

Figure 2. Grain size versus 1/Q for a range of Al-Ti based alloys 
for three TiB2 levels: 0.005, 0.01 and 0.02wt% TiB2 (after Ref.
[3]). A plot of grain size predicted by Equation 1 is essentially 
equivalent to the lines of best fit for each level of TiB2 addition.

However, in the case of the Al-5Ti-1B and Al-3Al-1B master 
alloys both the amount of solute Ti and the particle number 
density of TiB2 particles increases with increasing addition of 
master alloy. In the section on the Application of the 
Interdependence Model we will quantify the effect of increasing 
particle number density along with the simultaneous increase in
solute content to determine the relevance of the schematic form 
given in Figure 1 to this situation.

Validation of the Interdependence Model

The Interdependence Model revealed two important factors 
affecting grain size. One, in keeping with the predictions of Greer 
et al. [18-20], is that only the most potent particles will become 
active nucleants for new grains. The other outcome related to this 
is that the NFZ prevents nucleation on any particles within the 
zone and further that the amount of CS between two grains will 
decrease due to overlapping diffusion fields making the likelihood 
of further nucleation very low. Both these factors explain the very 
low efficiency of master alloys where less than 1% of particles are 
thought to become active [21].

To validate these predictions two approaches have been applied.
The first is real-time synchrotron x-ray of the solidification of Al-

Si-Ti alloys so that the nucleation events can be observed [22].
Figure 3 captures a typical solidification video frame of a partially 
solidified Al-4wt%Si-Ti alloy. Observation of the video supports 
the concept of a wave of nucleation events with little or no
additional nucleation occurring between the first nucleated grains. 

Figure 3. A selected Synchrotron X-ray still of the solidification 
of the Al-4Si alloy [22].

Figure 4. Development of the calculated CS, TCS, with time from 
MatIC simulations. The development of TCS after 5s (a,d,g),

10s (b,e,h) and 15s (c,f,i). Isothermal CS contours are shown for 
different dimensions and the number of grains modeled: 2D1g (a-
c), 2D4g (d-f), and 3D1g (g-i) [23].

The second approach is numerical modeling of the formation of 
the NFZ in 1D, 2D and 3D [23]. Figure 4 is a map of the iso-
composition contours between growing grains where the 
maximum amount of CS is some distance from the solid-liquid 
interface. The modeling also showed that once the diffusion fields 
overlap the amount of CS quickly decreases. When overlap begins
is dependent on the separation distance between the two grain 
centers. For larger separation distances a greater amount of CS 
can be achieved before overlap occurs. If the most potent particles 
are a long way apart then it is likely that nucleation may occur on 
one of the next most potent particles that exist between the two 
grains. Based on these validation studies the Interdependence 
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Model is a reasonably good embodiment of what is actually 
occurring during the initial transient of solidification of a casting.

Application of the Interdependence Model

Prediction of the grain size of aluminium alloys

The purpose of this section is to apply the concepts of the 
nucleation-free zone, xnfz, and the distance to the next particle, 
xSd, to data for commercial grain refiners. Currently for wrought 
alloys there are two main grain refiners: Al-5Ti-1B and Al-3Ti-
1B.  Al-5Ti-1B is used more commonly whilst Al-3Ti-1B is often 
used in higher solute situations especially where higher residual 
Ti contents are present, for example in recycled alloys.

As stated above when grain refining master alloys are added to 
alloys they typically contain both nucleant particles and solute.  
However, the Interdependence Model described by Equation 2 has
two separate terms where the distance to the nucleant particle and 
the solute content contribute separately. The empirically derived 
relationship [3] for an Al-3Ti-1B grain refiner addition to seven 
different alloys with Ti solute additions up to 0.05wt% is
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                                                      (3)

Using this equation, grain size calculations were made for various 
additions of the Al-5Ti-1B and Al-3Ti-1B grain refiners. It was 
assumed that 2.2% of the Ti in the master alloy combines with the 
1%B and the excess Ti (0.8% for the Al-3Ti-1B and 2.8% for the 
Al-5Ti-1B alloy) is present in the alloy as solute. The addition 
levels are provided in Table 1 and the grain sizes based on an 
alloy with a Q-value of 3.1, which is typical of a 1050 alloy 
(0.3Si, 0.27Fe) are shown in Figure 5. It can be seen that the Al-
5Ti-1B master alloy provides better grain refinement than the Al-
3Ti-1B alloy for the same addition level. This difference is less 
evident in alloys with higher Q-values.

Figure 6 plots the three iso-nucleant particle density (dashed) lines 
from Figure 2 which are straight parallel lines. Two (solid) lines 
are superimposed on these dashed lines, one of which is related to
the addition of Al-5Ti-1B master alloy and the other to Al-3Ti-1B 
master alloy. The dots on the lines indicate particular grain 
refinement additions given in Table I. It can be seen that for a 
particular addition level, the Al-3Ti-1B alloy provides less solute 
(has a lower Q value or higher 1/Q). However, for a particular Q-
value its grain size is lower because more TiB2 particles are added
for each addition of solute Ti.

Table I. The levels of grain refiner addition that relate to the 
points on the grain size prediction curves in Figures 5 to 9 for 
additions of Al-3Ti-1B and Al-5Ti-1B grain refiners.

Addition level 
(kg/tonne) Al-3Ti-1B (wt%Ti) Al-5Ti-1B (wt%Ti)

0.5 0.0015 0.0025

1 0.003 0.005

2 0.006 0.01

5 0.015 0.025

10 0.03 0.05

20 0.06 0.1

Figure 5.  Plot of predicted grain size based on Equation (3) for 
the addition levels given in Table 1.

Figure 6. Predictions of grain size for an alloy with a Q value of 
3.1 (similar to alloy 1050) given an addition of an Al-5Ti-1B or 
Al-3Ti-1B master alloy. The dashed lines are from Figure 2 where 
the TiB2 content remains constant for each line.

Figure 6 shows that the addition of a master alloy containing both 
particles and solute is also a relatively straight line but with a 
slight curve for the low values of Q. Since the grain size is plotted 
against the inverse of Q, the curve is due to the addition of TiB2
particles following an inverse cube root relationship with grain 
size and the reduced effect of Ti solute additions. This 
relationship means that the change in grain size with each 
additional increment of TiB2 particles and Ti solute becomes 
smaller until each further increment tends towards a straight line 
as observed in Figure 6. It is clear that the curves in Figure 6
could easily be approximated as a straight line, particularly over a 
limited range of 1/Q values. Further, in the case of the evaluation 
of experimental data a straight line of best fit could easily be 
approximated to scattered data therefore concealing the effect of a 
changing particle number density. This is particularly important 
when the nucleant particles are introduced by the alloying 
elements (i.e. native or impurity intermetallic particles), which 
have not been identified.

Thus, Figure 1 does not represent the situation for master alloys 
that add both particles and solute. In Figure 7, the data for the Al-
5-Ti-1B master alloy is split into the contribution of xSd and xnfz.
It can be noted that, the decrease in xSd with addition of the Al-
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5Ti-1B master alloy contributes as much to the value of the 
gradient of the grain size plot as the solute does through the 
gradient of xnfz. For the Al-3Ti-1B master alloy, due to the 
greater addition of TiB2 particles at higher addition levels, xnfz is 
at least an equal contributor to the grain size as xSd. The values of 
xnfz are not affected by the TiB2 content and, therefore, the 
gradient of xnfz versus 1/Q is the same for all plots presented in 
this paper regardless of the master alloy used. The lines of best fit 
for the grain size and xSd for the Al-5Ti-1B master alloy are 
shown in Table II both for an optimum intercept and for when the 
line is forced to go through the origin.

(a)

(b)

Figure 7. Contributions of xSd and xnfz to the grain size on the 
addition of (a) Al-5Ti-1B and (b) Al-3Ti-1B master alloy to an 
alloy with a Q value of 3.1., e.g. alloy 1050.  

In an alloy with a moderately high solute level with a Q value of 
7.8 similar to alloy 6061 (0.52Si, 0.21Cu, 0.05Fe, 0.73Mg), 
Figure 8 shows that the gradient of the grain size plot is greatly 
increased because the Ti solute has less of an effect on the grain 
size because of the higher Q value of the base alloy. It should be 
pointed out that this Q value is still moderately low compared 
with Al-Si foundry alloys having Q values close to 50. In this 
case, there appears to be little benefit in using the Al-5Ti-1B 
master alloy compared with the Al-3Ti-1B master alloy.

When the grain size is broken into the two components, xSd and 
xnfz (Figure 9), it can be clearly seen that the grain size is 
dominated by xSd. Hence, in this alloy it is very important to 

reduce the value of xSd by adding more TiB2 particles so that 
extra nucleation can occur. The lines of best fit for the grain size 
and xSd are shown in Table II both for an optimum intercept and 
for when the line is forced to go through the origin.

It is clear from Figure 7 and Figure 9 that the addition of solute 
and nucleant particles together leads to a substantial increase in 
the slope of the curve and a decrease in the intercept with the y-
axis compared to when the TiB2 content is constant (i.e. the 
dashed lines).  Both these changes were observed for the addition 
of Zr master alloy to magnesium where Zr provides both growth 
restricting solute and potent particles [24]. This may be part of the 
reason why in some systems very low or negative intercepts are 
observed as is observed by the lines of best fit for this data (Table 
II) (although if the particles are unknown it may be difficult to 
separate this effect from a situation where there are a large 
number of relatively poor nuclei).

Figure 8.  Predictions of grain size for an alloy with a Q value of 
7.8 (similar to alloy 6061) given an addition of an Al-5Ti-1B or 
Al-3Ti-1B master alloy.

Figure 9. Contributions of xSd and xnfz to the grain size on the 
addition of Al-5Ti-1B alloy to an alloy with a Q value of 7.8, e.g. 
6061.

By comparing Figures 7(a) and 9 it easy to observe the relative 
impact of master alloy additions on the grain size for the two 
cases of low and high Q-values for typical aluminium alloys. For 
the low Q-value case, both the solute and particles make a similar 
contribution to reducing the grain size. That is, as solute from the 
master alloy is added (i.e. 1/Q decreases) the grain size decreases 
while the grain size also drops across the dashed lines showing 

942



that the additional TiB2 particles are also decreasing the grain 
size. For the high Q-value alloy the grain size initially drops 
quickly across the dashed lines indicating that the addition of 
TiB2 particles is making the strongest contribution to the grain 
size. This observation suggests that the addition of Al-5Ti-1B is 
most suitable for low Q-value alloys and that Al-3Ti-1B is 
adequate for refining high Q-value alloys, which is how the 
master alloys are often used in practice.

Table II.  Data for the lines of best fit in Figure 7(a) and Figure 9.

R2

Q=3.1 Grain size 1539.3 14.0 0.97
1601.9 0 0.97

Q=3.1 xSd 887.3 14.2 0.92
850.0 0 0.92

Q=7.8 Grain size 3345.6 -73.2 0.89
2630.4 0 0.85

Q=7.8 xSd 2693.6 -73.2 0.84
1978.4 0 0.78

Based on the above, Figure 1 can be adjusted to take into account 
the simultaneous increase in particle number density as illustrated 
in Figure 10.

Figure 10. Schematic diagram showing the change in grain size 
with change in the value of Q for the case where the particle 
number density increases with increase in solute content.

Calculation of xSd

The above analysis highlights the important effect particle number 
density has on xSd and, therefore, grain size. Figure 11 shows the 
potency distributions against the average distance to the 
corresponding particle, Tn-Sd, for each of the three experimental 
densities of TiB2 particles obtained from the Al-5Ti-1B master 
alloy used to develop Figure 2 [3]. The values of xSd measured at 
the intercept in Figure 2
0.005%TiB2 and the 0.02%TiB2 additions respectively [3], and, 
as illustrated by the dashed line in Figure 11, correspond to n of 
approximately 0.2 - 0.25 °C. These values compare well with 
reports from the literature [19]. n in the range 0.2 - 0.25 °C 

about 1.8% of the added particles [19]. This percentage is similar 
to the previous estimates in the range of 1-2% [21]. At a 1/Q value 
of 0.3 (Q~3.1) for the 0.005%TiB2 addition, the grain size is 

suggesting that about 0.3% of the particles 
are active. This observation indicates that the nucleation-free zone 
can reduce the number of active particles by 80% or more in lean 

alloys. This effect of NFZ implies that even a grain refiner with a 
very narrow size range of potent (i.e. large) nucleant particles 
would not be able to obtain very high nucleation efficiencies, 
particularly in lean (i.e. low Q value) alloys.

Figure 11. Tn against xSd for the range of particle diameters for 
0.005%, 0.01% and 0.02% additions of TiB2 particles provided by 
an Al-5Ti-1B master alloy [25].

Using the same methodology as in Ref. [24]

= 1000.                                                       (4) 

where TiB2A is the amount of TiB2 added, TiB2MA is the weight 
percent of TiB2 in the master alloy, Nv is number density of TiB2
particles in the Al-5Ti-1B master alloy that are able to become 
active and which are defined by the size range between dPi and 
dPj (in m). Based on the analysis of Figure 11 the range of dPi is 
2.5±0.25 m. Empirical relationships for this term for the alloys 
evaluated here can be found in Table II.

Prediction of grain size refined by Al-Ti-B master alloys

Considering the above analysis we are able to develop an equation 
that predicts the grain size for the casting conditions used for this 
work

= 5.6 . . + 1000.  
(5)

The main consideration for the addition of grain refiners, such as 
Al-5Ti-1B is that they contribute both to the nucleant particle 
density and the solute content. Replacing the first term in 
Equation 5 with the first term in Equation 3 (625/Q) and defining
dPi as 2.5 m gives Equation 6 for the solidification conditions 
used to generate Figure 2:
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To develop a similar equation for the Al-3Ti-1B master alloy 
requires the measurement of the particle size distribution as has 
been done for the Al-5Ti-1B master alloy [19]. By using the 
composition of the base alloy and the Ti solute added by the 
master alloy (Table 1) the value of Q can be calculated and 
inserted into Equation 6. The value of TiB2A can also be taken 
from Table 1. The value of Nv is the total TiB2 particle content of 
the master alloy for the range of particle sizes that can be 
activated (Figure 11).

This work has clearly shown the relative contributions of solute Ti 
and TiB2 particles to the grain size. Equation 6 has quantified 
these contributions for the Al-5Ti-1B master alloy and a similar 
equation could be developed when the TiB2 particle size 
distribution for the Al-3Ti-1B master alloy is measured. In future 
work we will verify this analysis and the predictive equations for 
common alloy systems such as Al-Si alloys.

Conclusions

The Interdependence Model provides a useful basis on which to 
analyse the performance of master alloys. This analysis has shown 
that the roles of solute and particles provided by Al-Ti-B master 
alloys are both important factors in controlling grain size. A
predictive equation based on these two contributions has been 
developed for the determination of grain size for the casting 
conditions used for the acquisition of grain size data. For lean low 
Q-value alloys both solute and particles make approximately 
equal contributions to the final grain size indicating that the Al-
5Ti-1B master alloy is the best choice for these alloys. For alloys 
with higher base Q-values the addition of TiB2 particles makes a 
greater contribution to achieving the desired grain size and thus 
the Al-3Ti-1B master alloy will achieve a suitable degree of 
refinement.
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