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Abstract: Nucleation of dendritic primary a(Al) phase with addition of element Ce and Sr in hypoeutectic Al-7%Si—Mg cast alloy
was investigated by using differential scanning calorimetry (DSC) and scanning electron microscopy. DSC results were used to
calculate the activation energy and nucleation work of primary o(Al) phase. The results show that the values of activation energy and
nucleation work are decreased and the nucleation frequency is increased with the additions of Ce and Sr to the alloys. Moreover, the
grain size of dendritic a(Al) phase is well refined, and the nucleation temperatures of primary a(Al) dendrites are decreased with the
additions of Ce and Sr. The effects of elements Ce and Sr additions on kinetic nucleation of primary o(Al) phases were also

discussed in hypoeutectic Al-7%Si—Mg cast alloy.
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1 Introduction

Al-7Si—Mg alloys are the most important Al-based
cast alloys, and possess wide applications in aircraft,
automobile, marine and electrical industries because of
their excellent casting characteristics, weldability and
corrosion resistance. Microstructure of Al-7Si—Mg alloy
consists of a large fraction of primary a(Al) dendrites
and secondary eutectic phases distributed in the
interdendritic area. The mechanical properties of most
cast alloys strongly depend on their microstructure
characterization. Therefore, additions of grain refiner and
modified agent for AI-7Si—Mg cast alloys are a popular
melt treated processing.

The most common grain refiner for hypoeutectic
Al-7Si cast alloys is Al-5Ti—1B master alloy [1,2]. It
was assumed that Al Ti particles must be the
heterogeneous nucleation sites as they are a
pro-peritectic phase, which could nucleate the solid
through a peritectic reaction and furthermore have very
good lattice matching with Al. ZHANG et al [3]
concluded that AL;Ti (/4/mmm, a=0.385 nm, ¢=0.429 nm)
is a more powerful nucleating substrate for Al alloy than
TiC, TiB, and AIB, due to its better edge-to-edge

matching in both close packed directions and close
packed planes of the primary a(Al) phase (m3m, a=0.404
nm). On the other hand, some other literatures [4,5]
agreed on the concept that solute elements segregate and
restrict the growth of the solid—liquid interface of new
grains and therefore cause grain refinement.

The structural transformation of the eutectic silicon
phase from a coarse plate-like or flake-like structure to a
fine fibrous structure in hypoeutectic Al-7Si cast alloys
occurs when elements such as strontium and sodium are
added, which has been explained based on an impurity-
induced twinning (IIT) mechanism [6]. The ideal ratio of
the atomic radius of the impurity-element compared with
silicon for an element to cause modification was
calculated as 1.646. The elements causing modification
have an atomic radius ratio close to 1.65 from the theory
of IIT, and the fine fibrous eutectic modification of
hypoeutectic Al-7Si alloys containing Sr, Na, Ca and Ba
was all investigated [6—8]. The additions of rare earth
element La, Sm and Ce were also reported to cause the
eutectic modification [9-11].

However, the effect of the additions of the
modifying elements on primary a(Al) phase in Al-7Si
alloy has not been well investigated. LIAO et al
[12] found that the addition of Sr in Al—11.6%Si alloys
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results in a considerable increase of the amount of
primary o(Al) dendrites and improves the mechanical
properties of the modified alloys. It was indicated that Sr
addition for A357 alloy not only modifies the
morphology of eutectic Si phase but also affects the
structure of primary a(Al) dendrites [13]. Furthermore, it
was reported that the multicomponent Ce-phases may act
as nucleation sites for a(Al) crystals in hypoeutectic
Al-Si alloys, and the liquidus temperature of primary
a(Al) is slightly reduced by the addition of Ce [14]. The
precipitation enthalpy in Al-Si—Mg alloy decreases with
Ce addition, while precipitation takes place more rapidly
and intensively, indicating increased reaction Kkinetics
[15].

The present study aims to investigate the effect of
Ce and Sr additions on nucleation of primary a(Al)
phase in hypoeutectic Al-7%Si—Mg cast alloys by
differential scanning calorimetry (DSC) to calculate the
activation energy, nucleation work and the nucleation
frequency, and ascertain the kinetic nucleation of
primary a(Al) phase.

2 Nucleation theory
According to the classical nucleation theory, the

nucleation frequency / in melts and alloys is calculated
from [16]

“AGg  =AGy

I =1,ex
0P kT

(1
where I, is a coefficient, AGx is the nucleation work and
AG, is the activation energy, k is Boltzmann’s constant,
and T is the nucleation temperature. The equation shows
that the nucleation frequency is inversely proportional to
the activation energy and nucleation work.

Then, the activation energy can be expressed using
the Kissinger method [17]:

m(%j:m[%j—% @)

a

where K| is a coefficient, S is the heating rate, R is the

gas constant, and 7 is the temperature. Furthermore,

equation (2) shows that a plot of In(f/T°) against 1/T

should give a straight line with the gradient —AGA/R.
According to Ref. [18], there is

-4 h{iJ + h{M] 3)
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where T% is the formation temperature (890.3 K) of a(Al)
phase during solidification in AlI-7Si alloy, 7 is the peak
temperature of a(Al) phase on the exothermic curves and
AT is the degree of undercooling. A=16na6)/
3k(AGY/ATY, AGx=1610"f0)/3(AGy)* [16], where AGy

is the driving force for nucleation, o is the solid—liquid
interfacial energy, and 6 is the contact angle at the
solid—nucleus—liquid triple point. So, there is a following
equation:

—AGk _ 1n(£] ¥ ln[M] @

a ) Py

Equation (4) gives a plot of In[f(3T—T)/TX(Te—T)*]
against —1/T and shows a straight line with gradient
AGyg/k. And the value of the nucleation work can be
calculated using equation (4).

3 Experimental

Table 1 shows the chemical composition of the
commercial Al-7%Si—Mg ingots used in the experiment.
The as-received commercial Al-7%Si—Mg ingots were
melted in a SiC crucible by a 12 kW electrical resistance
furnace. The SiC crucible was preheated to 400 °C
before charging the commercial Al-7%Si—Mg ingots and
then the alloy melt was heated up to 750 °C, carefully
skimmed to remove dross and other impurities. Two of
the alloy melts were respectively treated by Ce and Sr,
the levels of 0.03% and 0.8% in the form of the Al-10Sr
alloy and the pure cerium which was wrapped in
aluminum foil were added to adjust the chemical
compositions. Finally, the alloy melts were cast into the
pre-heated cast-iron molds.

Table 1 Chemical composition of commercial Al-7%Si—-Mg
ingot (mass fraction, %)

Si Mg Fe B Sn Ti Al
739 0356 0.116 0.0011 0.0027 0.115 Bal

The effect of additions of Ce and Sr on the
microstructures was studied by a field emission scanning
electron microscopy (FE-SEM, ZEISSSUPRASS).
Electron backscattering diffraction (EBSD) tests for
grain size were performed on a ZEISS SUPRASS5 with
HKL channel 5. DSC (NETZSCH STA 409 CD) was
used to investigate the kinetics of a(Al) nucleation by
varying the heating rate and cooling rate in the range of
5-25 K/min.

4 Results

4.1 Microstructure

Figure 1 gives the microstructures of Al-7%Si—Mg
alloys with different treatments. The results show that the
eutectic Si crystals were modified as fine fibrous with the
addition of Ce and Sr, while the secondary dendritic arm
spacing of primary a(Al) phases seems to be not changed
with different treatments. Distribution of (Al) grain size
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in Al-7%Si—-Mg alloys with different treatments is
shown in Fig. 2. With Ce and Sr addition, the dominated
grain size of a(Al) phase decreases from 150 um to 90
pm. For the grain size less than 300 pm, the distribution
value of a(Al) grains was 0.685 in untreated alloy, 0.990
in Ce-treated alloy and 0.755 in Sr-treated alloy,
respectively. It shows that the grain refinement effect of
Ce addition is more marked than that of Sr addition.

Fig. 1 SEM images of Al-7%Si—Mg alloys with different
treatments: (a) Untreated alloy; (b) Ce treated alloy; (c) Sr
treated alloy

4.2 Activation energy

Figure 3 shows the effect of heating rate on the
endothermic peaks of Al-7%Si—Mg alloys. It can be
seen that the fusion peak temperature of o(Al) dendrite
increases with increasing the heating rate. Figure 4
shows the plots of In(f/T%) against 1/T using endothermic
peak temperatures extracted from Fig. 3. According to
equation (2), the gradient —AG,/R can be extracted from
the straight lines in Fig. 4 and the value of AG4 can be
calculated and listed in Table 2.
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Fig. 2 Distribution of a(Al) grain size in Al-7%Si—Mg alloys
with different treatments: (a) Untreated alloy; (b) Ce treated
alloy; (c) Sr treated alloy

4.3 Nucleation work

Figure 5 shows the effect of cooling rate on the
exothermic peaks of Al-7%Si—Mg alloys. It can be seen
that the solidification peak temperature of primary o(Al)
dendrite decreases with increasing cooling rate. Figure 6
shows the plot of In[#(3T-T;)/T*(Ty —~T)*] against
1/T using exothermic peak temperatures extracted from
Fig. 5. According to equation (4), the gradient AGx/k can
be extracted from the straight lines in Fig. 6 and the
value of AGk can be calculated and listed in Table 2.
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Fig. 3 DSC traces of endotherms of Al-7%Si—Mg alloys with
different heating rates: (a) Untreated alloy; (b) Ce treated alloy;
(c) Sr treated alloy
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Fig. 4 Plot of In(8/T%) vs 1/T using endothermic peak
temperatures of primary a(Al)

Table 2 Results of gradient for activation energy and nucleation
work extracted from Fig. 4 and Fig. 6 (R=8.314 J/(mol-K "), k=
1.38x107% J/K)

Gradient Activation

encray Nucleation
Sample  (—AGL/R)/ (~AGy/k)/ (AG)/ WOJrk (Ang)/
K K (J_molfl) ( mo )

Unmodified —52789.39 45818.35 4.3889x10° 6.3229x107"°
Ce modified —44049.20 37607.79 3.6623x10° 5.1899x107"
Sr modified —46496.78 31958.97 3.8657x10° 4.4103x107*°
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Fig. 5 DSC traces of solidification exotherms of Al-7%Si—Mg
alloys with different cooling rates: (a) Untreated alloy; (b) Ce
treated alloy; (c) Sr treated alloy
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Fig. 6 Plot of In[f(3T-T;)/TX(Tx—T)’] vs 1/T using exothermic
peak temperatures of primary c(Al)

4.4 Nucleation frequency

For the nucleation frequency given as equation (1),
the ratio Iy/Iy, of the nucleation frequency for the
modified alloy to the unmodified alloy is as follows:
Iy /Iy, =

exp{%{ H AGp un _AGa m )+[AGKUn _AGg m ﬂ}
T, Un T, M T Un T, M
®)
where the subscripts “Un” and “M” present the
unmodification and modification, respectively.
According to the DSC in Fig. 5, when the cooling
rate is 5 K/min, the nucleation temperatures of primary
o(Al) dendrite are 610.07, 614.15, and 611.39 °C for
unmodified and modified of Al-7%Si—Mg alloys with
addition of Ce and Sr, respectively. So, from equation (5),
the ratio of nucleation frequency, Ic/ly, s
exp(6.0996x10*") and Ig/ly, is  exp(4.3399x10%"),
respectively. From the calculation above, the nucleation
frequency of primary a(Al) dendrite in the modified
Al-7%Si—Mg alloys with addition of Ce or Sr is much
larger than that of the unmodified one, and the a(Al)
nucleation frequency in the alloy modified with Ce is
much larger than that of the modified one with Sr.
Table 3 shows the primary a(Al) peak depression of

Table 3 Primary a(Al) undercooling of modified Al-7%Si—Mg
alloys

Cooling rate/ Undercooling/K
(K-min™) Ce modified Sr modified
5 -0.8 -0.2
10 -1.5 -0.5
15 -1.0 -1.1
20 2.1 -1.4
25 0.4 0.4
Average —-1.16 -0.72

two modified alloys from Fig. 5. It shows that the
nucleation temperatures of primary a(Al) dendrites are
decreased with the addition of Ce or Sr. The average
nucleation undercooling of primary a(Al) phase in
modified alloy with Ce and Sr is —1.16 K and —0.72 K
respectively, compared with unmodified alloy.

5 Discussion

In the metal casting industry, it is common practice
to introduce nucleating agents to a liquid metal, referred
to be inoculation, for the formation of fine, uniform and
equiaxed grains. Al-7%Si—-Mg alloys based on
inoculation with the Al-Ti—B-type master alloys are
typical examples in this regard. Ti content in the
experimental alloys is 0.115% as shown in Table 1, and
is enough for inoculation. A model has been proposed for
heterogeneous nucleation and grain formation on potent
spherical particles during solidification on the basis of an
adsorption and surface diffusion mechanism. For a
spherical-cap nucleus to become a “transformation
nucleus”, the linear dimension (d) of the flat substrate
must exceed the critical nucleus size (2r"). This Turnbull
criterion (d>2r*) defines a minimum undercooling for
grain formation, and effective inoculation on flat
nucleating substrates [19]. The linear dimension (d ) is
expressed as follows [19,20]:

_ 4rSLTIn
LyAT

d (6)
where rgy is the interfacial energy, 7}, is the melting point,
Ly is the latent heat of fusion per unit volume of the
crystal and AT is the undercooling. Equation (6) defines
a minimum undercooling (AT;,) for the formation of a
transformation nucleus or a grain on a flat substrate.

In this study, the nucleation frequency of primary
a(Al) phases in the well modified Al-7% Si—Mg alloy is
about exp(10**) times more than the unmodified one by
decreasing the activation energy and nucleation work. In
other words, the activation energy and nucleation work
of primary a(Al) phases in the modified alloy are lower
than those of the unmodified alloy, and the energy of the
effective nuclei is steady and the quantities of the
effective nuclei are enough for nucleation. Then, the
effective nucleation site is easier to obtain under a certain
undercooling. This allows more particles to be active in
nucleation and, consequently, increases the number
density of active particles, giving rise to a finer grain size.
In the modified alloys, the lower activation energy and
nucleation work could be attributed to the decreasing of a
minimum undercooling (AT,;,) for nucleation by the
adsorption or wetting mechanism on potent/wettable
substrates [21]. The further discussion is beyond the
scope of this work.
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On the other hand, it is well accepted that for
effective grain refinement some solute is required in the
melt to restrict the growth of the solid even if potent
nucleating particles with a favourable physical nature are
present [22,23]. It was also shown that for four
contributions to the total solidification undercooling
(kinetic, curvature, thermal, and solutal) the solutal or
constitutional undercooling (A7) is the controlling term
under typical aluminum alloy casting conditions [24].
The most recent analytical model for constitutional
undercooling driving grain formation and grain size
prediction was given in Refs. [5,25, 26].

In this study, the average undercoolings of primary
o(Al) phase with Ce or Sr addition are —1.16 K and
—0.72 K, respectively. It revealed that the solute elements
in the liquid ahead of the growing crystals reduce the
growth velocity of the nucleated crystals and increase the
maximum undercooling achievable before recalescence,
and then result in a finer grain size. Therefore, based on
the kinetics of primary o(Al) phase nucleation, the grain
refinement of primary o(Al) phase in modified alloy
with Ce or Sr addition is attributed to the promoted
nucleation and restricted growth. Furthermore, since the
influence of Ce addition on the promoted nucleation and
restricted growth is much stronger than that of Sr
addition, the effect of grain refinement of Ce addition is
more marked compared with Sr addition.

6 Conclusions

1) The dominated grain size of o(Al) phase in
Al-7%Si—Mg alloys modified by Ce or Sr elements is
decreased from 150 pm to 90 um, but the effect of grain
refinement with Ce addition is more marked than that
with Sr addition.

2) Ce or Sr addition in Al-7%Si—Mg alloys can
decrease the activation energy and nucleation work for
o(Al) nucleation and increase the nucleation frequency
of the primary o(Al).

3) The average nucleation undercoolings of primary
o(Al) phase in modified alloys with Ce and Sr addition
are respectively —1.16 K and —0.72 K, compared with the
unmodified alloy.

4) The grain refinement of primary ¢(Al) phase in
modified alloy with Ce or Sr addition is attributed to the
promoted nucleation and restricted growth.
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