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a b s t r a c t

Addition of pure Al into the melt of an Mg–10 wt.% Y cast alloy leads to in situ formation of Al2Y particles.
Part of these particles can act as heterogeneous nucleation sites and reduce the grain size. Such particles
are termed active nucleation particles. In this paper, grain refining efficiency of the Al2Y particles was
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experimentally studied in terms of the number density and size of the total and active Al2Y particles.
The results show that the as-cast grain size is closely related to the number density of the active par-
ticles �a that is controlled by the size of active particles, dap, at different Al addition levels. The finest
grains were achieved at 2 wt.% Al addition level, which corresponds to the average dap of 6–6.5 �m with
�a of 260–290 /mm2. The active particle size effect was discussed based on the competitive processes
between heterogeneous nucleation and crystal growth, both of which are associated with the curvature
eterogeneous nucleation undercooling.

. Introduction

Grain refinement by inoculating heterogeneous nucleation par-
icles can effectively improve the quality of castings and mechanical
roperties of foundry alloys [1]. One of the most successful exam-
les of this approach is the application of Al–Ti–B master alloys in
luminium alloys, in which either the TiB2 or the Al3Ti or both types
f particles act as heterogeneous nucleation sites or so called inoc-
lants [2–4]. However, not all particles in the melts can promote
he heterogeneous nucleation. Following Maxwell and Hellawell’s
ypothesis [5] that the final grain size is a result of competition
etween heterogeneous nucleation and crystal growth, Greer and
o-workers [4,6–8] developed a free growth model and a numeri-
al method to predict the grain size in Al casting alloys. The good
greement of the predictions with the experimental results indi-
ated that only those particles, of which the size is large enough,
an effectively inoculate the metals. This sort of particles is called
ctive nucleation particles. However, the effect of the active nucle-
tion particles on grain refinement efficiency has not been fully
ddressed previously. In the past nearly half century, extensive

esearch has been focused on developing new grain refiner for Mg
ast alloys, and a number of grain refiners have been reported,
uch as Zr for Al/Si/Mn-free Mg alloys [9] and Al4C3 [10–12], SiC
13–15] etc. Although the dependence of grain refining efficiency
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on the addition level of inoculated particles has been investigated
[11,12,15,16], there is still lack of understanding the actual role
of the active particles in grain refinement. Only limited informa-
tion can be found in the report of Ma and his co-workers [17]. They
observed that not all Zr particles contribute to the grain refinement
in pure Mg and the active Zr particle size is around 2 �m at 1 wt.%
Zr addition level.

Easton and StJohn [18] reported that the grain size of the as-cast
Al alloys is closely related to the number density of active TiB2 par-
ticles in the melt. Suppose the number density of total inoculated
particles is �, and the fraction of active particles is fa, the num-
ber density of active nucleation particles �a can be expressed as
follows:

�a = �fa. (1)

Normally the fraction of active particles is very small. A typical
value of fa is 1–2% in an Al–Ti–B master alloy used in Al alloys [19].
Furthermore, the grain refining efficiency of nucleation particles
also depends on the size of the particles. Perepezko [20] indicated
that the critical undercooling of nucleation, �Tn, is inversely pro-
portional to the diameter of spherical nucleation particle, dp:

�Tn = 4�SL

(dpSv)
, (2)
where �SL is the interfacial energy between liquid and nucleation
particles and Sv is entropy of fusion of the nucleation per unit vol-
ume. In the above equation, dp can also approximately represent
the size of polygonal particles [21]. Eq. (2) predicts that heteroge-
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the total Al2Y particles, �, was evaluated in three rectangular areas
that are close to the centre of transverse section of each sample.
The rectangles are 600 �m long and 400 �m wide. The values of
�a and � measured at different Al addition levels are presented in
Fig. 1. Optical micrographs of as-cast Mg–10 wt.% Y alloy at: (a) 0.5 w

eous nucleation more easily occurs on larger particles than on
maller ones. This implies that the larger particles have higher
ucleation activity, which may lead to smaller grains. But, this is
ot always true because grains nucleated on larger particles tend
o grow faster due to smaller curvature undercooling. Hence, in a
pecified alloy system, there must be an optimum size of active
ucleation particles that produce the finest grains.

Recently, we have reported a new and effective grain refiner –
l2Y that formed in situ in an Mg–10 wt.% Y cast alloy through addi-

ion of pure Al [22]. Two reproducible crystallographic orientation
elationships between the active nucleation particles and the Mg
atrix have been identified using electron back scatter diffraction

EBSD) technique [23]. This indicates the high activity of Al2Y par-
icles as heterogeneous nucleation sites. But, the effect of physical
atures, such as the size, number density and fraction of the active
l2Y particles, on the grain refining efficiency is still beyond under-
tanding. Hence, the present work aims to investigate how the Al
ddition affects the grain refining efficiency; to study the variation
f the number density and size of the total and the active Al2Y par-
icles formed in situ with the addition of Al; and to understand the
ffect of number density and size of active Al2Y particles on grain
efining efficiency in an Mg–10 wt.% Y cast alloy.

. Experimental

About 1 kg Mg–10 wt.% Y base alloy was firstly molten in a BN coated mild steel
rucible at 730 ◦C under a protective atmosphere of mixed CO2 and SF6 in dry air.
ure Al (99.7%) was added into the melt in the amounts from 0.5 wt.% to 3.0 wt.%
nd inoculated for 30 min before casting. The minimum Al addition level applied
ecause only the Al addition on top of 0.5 wt.% leads to the in situ formation of Al2Y
articles and results in grain refinement [22]. Extra pure Y (98.6%) was also added
imultaneously in terms of the stoichimetric ratio of Al2Y to compensate the amount
f Y consummated due to the formation of the intermetallic compound. Thus, the
olute concentration, 10 wt.% Y, can be retained in the melt. Then, the melt was cast
nto a cylindrical steel mould (Ø20 mm × 180 mm) that was preheated in oven at
50 ◦C. Block samples were cut from the ingot at section that is 20 mm away from
he top. Metallographic samples were etched by an acetic–picric solution after well
olishing. The grain size at the centre of transverse sections was examined by the

ine-intersect method under polarised light. The Al2Y particles sitting within the
ne Mg grains in the as-cast samples are regarded as the possible active heteroge-
eous nucleation sites or inoculants. Since the active nucleation particles are always
rystallographically related to the metal matrix [24], one or more reproducible ori-
ntation relationships (OR) between the active nucleation particles and their metal
atrix should be observed. The ORs was examined using back scattered electron

iffraction (EBSD) facility equipped in a JEOL 6460 LA scanning electron microscopy
SEM). All other Al2Y particles are considered as inactive nucleation particles. These
nclude the Al2Y particles that are within the Mg grains, but have random or non-

eproducible ORs and the small particles sitting along grain boundaries. Each active
ucleation particle was numbered and its size was measured once it has been veri-
ed by crystallographic examination in terms of the ORs between the particles and
g matrix. The statistical result of the number density and size distribution of the

otal Al2Y particles were obtained by ex situ measurement through ImageTool©

oftware.
l (base alloy); (b) 0.6 wt.% Al; (c) 2 wt.% Al and (d) 3 wt.% Al addition.

3. Results

Fig. 1 shows the optical micrographs of the as-cast samples at
different addition levels of Al. It can be seen that increasing the
addition level of Al from 0.5 wt.% to 0.6 wt.% not only significantly
reduces the grain size, but also leads to the formation of equiaxed
grains. The grain size of the base alloy with 0.5 wt.% Al addition
shown in Fig. 1(a) is about 210 �m. Previous study [22] has proved
that there is no Al2Y present in this base alloy and the entire 0.5 wt.%
Al added has been dissolved in the liquid, of which the solubility
is 0.5 wt.%. Adding 0.1 wt.% Al more into the melt of the base alloy
sharply decreases the grain size to 55 �m, as shown in Fig. 1(b). The
finest grains that have average grain size of 27 �m were obtained
at 2 wt.% Al addition as shown in Fig. 1(c). However, more than
2 wt.% addition of Al does not further refine the grains, but slight
coarsening occurs. The grain coarsening at 3 wt.% Al addition can be
observed in Fig. 1(d). The variation of Mg grain size with Al addition
level is also presented in Fig. 2. The L-shape curve of the grain size
associated with the grain refiner addition level is quite similar to
the observations from Al3Ti/TiB2 in Al alloys [6] and Zr in Al-free
Mg alloys [16]. This implies that the grain refining efficiency of Al2Y
is compelling.

The number density of active nucleation particles, �a, and of
Fig. 2. The grain size of Mg–10 wt.% Y alloy at different Al addition levels.
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ig. 3. The number density of total Al2Y particles, �, and the number density of
ctive nucleation particles, �a at different Al addition levels.

ig. 3, in which the left y-axis is for �a and the right y-axis is for �.
t can be seen that the �a value increases with addition of Al and
he highest value is about 260–290 /mm2 that achieved at 2 wt.% Al
ddition. Then the �a value reduces with addition of Al. This result
hows that the grain size of the as-cast Mg alloy is closely related
o the number density of the active nucleation particles. However,
he variation of � value with Al addition level is opposite to �a

alue when the addition level is lower than 1.5 wt.%. In addition,
ig. 3 also indicates that the average number density of the active
ucleation particles is only 1–2% of the number density of the total
articles. The rest of Al2Y particles do not significantly contribute
o grain refinement.

In order to further understand the influence of Al2Y particles
n the grain refinement, we also examined the particle size distri-
ution of the total Al2Y particles, dp, and of the active nucleation
articles, dap. The results are shown in Figs. 4 and 5, respectively.
bout 40% of the total Al2Y particles are around 2 �m in diameter.
owever, the size of the majority of active nucleation Al2Y particles

ncreases from around 3.5 �m to 6 �m as the Al addition level rises
rom 0.6 wt.% to 1.5 wt.%. In addition, near Gaussian distribution of
ctive particle size can be clearly observed for each addition level.
t 0.6 wt.% Al addition level, most of the active nucleation Al2Y par-

icles are relatively small, ranging from 1 �m to 5 �m. The active

ucleation particles are getting bigger and some exceed 10 �m
ith the increasing Al additions. However, when the Al addition is

ver 1.5 wt.%, the evolution of the distribution profiles slows down.
ig. 6(a–c), shows the typical back scattered electron images of the
ctive Al2Y particles within Mg grains as pointed by the arrows at

ig. 4. The size distribution of total Al2Y particles in refined Mg–10 wt.% Y alloy at
ifferent Al addition levels.
Fig. 5. The size distribution of active nucleation particles in refined Mg–10 wt.% Y
alloy at: (a) 0.6 wt.% Al; (b) 1 wt.% Al; (c) 1.5 wt.% Al; (d) 2 wt.% Al and (e) 3 wt.% Al
addition.

Al addition levels of 0.6 wt.%, 2.0 wt.% and 3.0 wt.%, respectively. It
is clearly shown in Fig. 6 that all the active Al2Y nucleation parti-
cles are in polygonal morphology, and located close to the centre
of grains. They are also normally bigger than the inactive grain
boundary particles.

The relationship between the mean particle size and the Al addi-
tion level is shown in Fig. 7. The average size of total Al2Y particles,
dp varies from 1.6 �m at 0.6 wt.% Al addition to 2.0 �m at 1.0 wt.%
Al addition, then tends to be constant up to 3.0 wt.% Al addition. In
contrast, the mean particle size of the active nucleation particles is
much more sensitive to the Al addition. The average value of dap

rises from 3.5 �m at 0.6 wt.% Al addition to 6.5 �m at 1.5 wt.% Al
addition. It is stabilized at 6 �m at 2.0 wt.% Al addition and then

slowly increases to 7 �m at 3 wt.% Al addition. In consideration of
the results in Figs. 1 and 2, it is concluded that the most effective
size of active Al2Y nucleation particles for −10 wt.% Y Mg alloy is
6–6.5 �m. The Al2Y particles that are smaller than 2 �m do not
contribute to any grain refinement.
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Fig. 6. Back scattered electron images of active Al2Y nucleation particles in refined
Mg–10 wt.% Y alloy at (a) 0.6 wt.% Al; (b) 2 wt.% Al and (c) 3 wt.% Al addition.

Fig. 7. The mean particle size of the total Al2Y particles d̄p and of the active nucle-
ation particles d̄ap at different Al addition levels.
Fig. 8. The integrated graph showing the dependence of the average grain size (AGS)
on the number density of active and total Al2Y particles, �a and �, and the mean
particle size of active nucleation particles, d̄ap.

4. Discussion

To understand the effect of Al addition on the grain size of cast
Mg–10 wt.% Y alloy, Figs. 2, 3 and 7 are combined into one figure
as shown in Fig. 8. One can clearly observes that the most signif-
icant reduction of grain size occurs between 0.5 wt.% and 0.6 wt.%
Al addition (Phase I). Because there is no Al2Y can be detected at
0.5 wt.% Al addition [22], this result implies that once Al2Y particles
form in situ in the melt at the addition level of 0.6 wt.% Al, het-
erogeneous nucleation on Al2Y particles takes place, which results
in grain refinement. Further reduction of grain size relies on the
average size, dap, and number density, �a, of the active Al2Y par-
ticles. Adding more Al into the melt produces larger amount of

Al2Y phase through increase of either the number density or the
size of Al2Y particles or both. Results showing in Fig. 8 indicate
that increase Al addition from 0.6 wt.% to 1.5 wt.% (Phase II) tends
to produce more big particles that are the potential active nucle-
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tion sites. As a result, the number density of active particles, �a,
ncreases though bigger particles were produced at the scarifica-
ion of number density of total particles, �. Adding more Al to
.0 wt.% (Phase III), the Al2Y particle size gets stabilized so that
he number densities of both active particles and inactive particles
ncrease with the increasing Al additions, and hence, finer grains

ere obtained. However, once the addition of Al is over 2.0 wt.%
Phase IV), the fraction of even coarser particles keeps increas-
ng. This not only lowers the number density of both active and
nactive particles, but also leads to grain coarsening as shown in
ig. 1(d).

The present results and previous work [18] indicate that the
umber density and size of active particles play the key roles

n grain refinement. The effect of number density is straight-
orward since more active nucleation particles normally lead to
ner grains. The size effect is explained as follows: As proposed
y Maxwell and Hellawell [5] and Greer et al. [6], the final
rain size of castings is associated with the competitive processes
etween nucleation and growth. Both processes are affected by
he actual undercooling, �T, which corresponds to the consti-
utional undercooling �TC deducting the curvature undercooling

Tn. In the present work, addition of Al is combined with simul-
aneous addition of Y according to the atomic ratio of Al to Y
n Al2Y, so that the actual solute concentration in the melts is
onstant after the formation of Al2Y in all samples. It means
hat the effect of �TC resulting from the solute atom segre-
ation can be considered as the same for all as-cast samples.
herefore, the different grain sizes of the samples at various Al
ddition levels are mainly caused by the curvature undercool-
ng, �Tn. According to Eq. (2), when the heterogeneous nucleation
ccurs on a larger particle, the nucleus may have larger diameter,
ap. Such nucleus corresponds to smaller curvature undercooling,
Tn, and results in a larger actual undercooling, �T. Therefore,

igher nucleation rate can be achieved, which leads to grain refin-
ng. However, the larger �T will also raise the growth rate of
ew crystals and lead to the more latent heat release per unit
ime. It will in turn stifle or even terminate the nucleation event
ntil �T ≤ 0. This effect will negatively contribute to the grain
efinement. As a result of these two competing processes, there
s a optimum size of the active nucleation particle, which leads
o the finest grains. In the present work, the optimum size of
l2Y particles to achieve the highest grain refining efficiency

s 6–6.5 �m in the Mg–10 wt.% Y alloy. This conclusion is con-
istent with the prediction through Greer’s numerical approach
6–8,15], of which an optimum mean particle size is accessible

or the highest grain refining efficiency. More importantly, the
ptimum value of the active nucleation particle size based on
he current experimental results provides a more straightforward
uidance for optimizing the grain refinement process in future cast-
ngs.

[
[
[
[
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5. Summary

1. Addition of 0.6 wt.% Al into Mg–10 wt.% Y cast alloy dramatically
reduces the as-cast grain size from 210 �m to 55 �m, and the
finest grains of 27 �m were obtained at 2.0 wt.% Al addition level.

2. There is only 1–2% of the total Al2Y particles formed in situ in
the melt contributes to grain refinement. The number density
and size of these active nucleation particles play an important
role in grain refining efficiency.

3. Although the mean size of active Al2Y nucleation particles
increases with Al addition, the highest number density of the
active particles can only be obtained at 1.5–2.0 wt.% Al additions,
which produces the finest Mg grains.

4. The optimum size of active Al2Y nucleation particles correspond-
ing to the most effective grain refinement for Mg–10 wt.% Y cast
alloy is 6–6.5 �m. In general, Al2Y particles that are smaller than
2 �m do not act as heterogeneous nucleation sites.
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