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Abstract A new concept of fragility of superheated melt
is used to analyze the viscosity of eutectic Al-12 wt%Si
melts modified with phosphorus (P). The influence of P on
the melt is investigated on the basis of Arrhenius law and
fragility concept. The value of generalized fragility M
named here is determined and available for evaluating the
stability of modified eutectic Al-12 wt%Si melts and pre-
dicting the modifying effect of P.

Introduction

Viscosity is an important property of liquid metals and
alloys. The viscosity results from the cohesion and
molecular momentum exchange between fluid layers when
they flow [1]. More and more research results suggest that
liquid structures would have chemical short-range and
medium-range order [1-4]. The behavior of liquid-liquid
structural transition [5] manifested the occurrences of local
clusters in liquid metals. Many experiments and computer
simulations [6—11] showed that the properties of the liquid
have a great effect on the mechanical properties and the
quality of cast products.

A great deal of the efforts to study the modification of Al-
Si alloys can date back to early 1920s under the demand of
improving their mechanical products and industrial appli-
cation [12, 13]. But less attention has been paid on the
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structures of Al-Si melts and their physical and chemical
properties. In this paper, we test the viscosity of eutectic
Al-Si melts modified with P and discuss the intrinsic
mechanism of modification. The fragility theory proposed
by Angell [14] is introduced to formulate the experimental
results. The concept of fragility was originally served as a
criterion to classify the glass-forming liquids [15]. Bian and
his coworkers [16, 17] developed a new concept on the
fragility of superheated melts based upon Angell’s method.
The new expression is given as

On(M)/m(T)]|  _ |om

MB:’ OT/T) pey ~ |0T, M

T,=1

where Tp is liquidus temperature, 1, = n(D/n(Ty), T, =
T/Ty. This definition is more convenient because the
parameters (71, 1) at liquidus temperature are easier to get
than those (7, #1) at glass transition temperature needed for
Angell’s fragility. Herein, the new fragility My is general-
ized and it can be used freely to analyze the modification of
Al-Si alloys.

Experimental

The pure Aluminum (99.99 mass%) and ultra-high purity
(99.9999 mass%) monocrystalline silicon were used for
the fabrication of the Al-Si alloys. The high-purity Al-
12 wt%Si alloy was made in a graphite crucible and melting
in an electric resistance furnace. The phosphorus was added
in the form of laminar Al-2.5%P (mass fraction) master
alloy (Patent No. CN1317590A) at the mass percent level of
150, 200, and 300 ppm P, respectively. The melts were
refined with C,Clg at 1023 K. Then the modified melt was
poured into the cylindrical metal mold. The samples were
machined to ¢27 x 48 mm? for viscosity measurements.
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The thermodynamic properties of the eutectic Al-Si
alloys were investigated by a Netzsch DSC404 calorimeter
using pure indium (99.999 mass%) and zinc (99.999
mass%) standards. All differential scanning calorimetry
(DSC) measurements were performed in a protection
atmosphere flow (30 cm® min~") of nitrogen gas.

The viscosity was tested by an oscillating vessel vis-
cometer (type: OSVM, made in Japan) for high-tempera-
ture melts. The samples were placed in a graphite vessel
hung by a torsion suspension and sealed with a graphite
cap, and the vessel was set in oscillation about a vertical
axis, the oscillatory motion was gradually damped on
account of frictional energy absorption and dissipation
within the melt. The experiments were carried out under
highly pure argon at a pressure of 1 atm as a shielding
atmosphere to prevent the samples from oxidation. The
samples were heated with the speed of 4 K/min to the
highest measured temperature, holding temperature for 3 h.
Finally, the viscosity was tested during the cooling process
at the interval of 20-50 K. The value of the viscosity was
collected by computer automatically for three or four times
at each temperature, and the averaged values were used in
this paper.

Results and discussion

The simplest viscosity—temperature relation, Arrhenius
function, is suitable for molten alloys at temperatures at
which viscosity is low (below 1 kPa s) [18]. The Arrhenius
equation is expressed as

1 = 1o exp (%) (2)

where 7 is a pre-exponential constant for the viscosity at a
high temperature 7. Parameter R is the gas constant. E, is
the activation energy for viscous flow. So the fitting curves
in Fig. 1 can be given based on Eq. 2. The related values
are listed in Table 1.

Figure 1 shows the experimental values for viscosity #
of the eutectic Al-12 wt%Si alloy and those modified with
P. The addition of P evidently increases the viscosity of
Al-12 wt% melts below 1050 K. The addition of phos-
phorus at a level of 150 ppm diminishes the viscosity of
Al-12 wt%Si melt and it increases the viscosity as the
additional level reaches to 200 and 300 ppm [19]. The
more P concentrates, the larger the viscosity becomes. This
puzzling influence on viscosity is probably in accordance
with the complex solidification and eutectic growth of such
eutectic Al-Si alloy [12, 13]. It can be seen from the fitting
curves that the viscosity of modified Al-12 wt%Si melts
increases more rapidly than that of unmodified melt with
the decrease of the temperature. As mentioned above, P
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Fig. 1 Viscosity—temperature plot of Al-12 wt% Si melt and those
modified with 150, 200, and 300 ppm P. The continuous curves are
fitted based on Eq. 2. The discrete points are the measured viscosity
values

modification may result in the microstructural variation in
the Al-12 wt%Si melts, and then changes the activation
energy for viscous flow of these melts. We suggest that
medium-range order or other contiguous order occur in
modified eutectic Al-12 wt%Si melts because only short-
range order exists in eutectic Al-Si melt which has been
tested with high-temperature X-ray diffraction [1].

DSC profile (Fig. 2) reveals that primary silicon begins
to form when the additional level of phosphorus is more
than 200 ppm. Interestingly, little phosphorus, 150 ppm P
does not change the effect of the eutectic solidification.
Research results [20] have shown that the purity of the
eutectic alloys plays an important role in the eutectic
nucleation. Ultra-high pure eutectic Al-Si alloys have
refined microstructure without modification. If phosphorus
concentration is less than 1 ppm, the alloy would freeze
with a lamellar structure without any modifying agent.
Higher addition of phosphorus causes the eutectic silicon to
solidify in an acicular form [13]. The intricate influence of
P may be the cause of the nonuniform variation of vis-
cosity. The solidified microstructure variation could result
from the viscosity changes [19].

Basically, the loss of kinetic energy would cause the
ordering transformation of the molecules, which then crys-
tallize at freezing point 7,,, when a liquid is cooled. If the
liquid is cooled at very quick quenched rate, crystallization
can be avoided. The liquid structure therefore appears
‘frozen’ on the laboratory timescale [21-23]. The fragility

m, which is defined as m =

Olog(T) is directly related
o)y !

to the slowing down of the dynamics. It is an index of how
fast the viscosity increases while approaching the structural
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Table 1 Characteristic values of Al-12 wt%Si melts modified with different levels of P

Additional levels of P (ppm) #o (mPa s) #, (mPa s) E, (J mol™!) Ty (K) M R?

0 0.24 0.89 9316.50 843 1.33 0.97098
150 0.12 1.04 14942.99 847 2.12 0.99797
200 0.22 0.88 10062.28 861 1.41 0.99714
300 0.21 0.90 10362.10 865 1.44 0.99736

o, E, are fitting parameters according to Eq. 2, Ty is the liquidus temperature obtained from Fig. 2 and 5. is the calculated viscosity at liquidus
temperature according to Eq. 2. M is generalized fragility according to Eq. 5. R is the adjusted square of correlation coefficient

10K/min

Q

E

g \TL 300ppm P

% N T, 200ppm P

A f‘\TL 150ppm P
8 T no P
o
L 1 L 1 L 1 L 1 L 1 L
750 800 850 900 950 1000 1050

Temperature (K)

Fig. 2 DSC profiles of Al-12 wt%Si alloys with different levels of
phosphorus. 7y is the liquidus temperature

arrest at glass transition 7T,. Fragility m is an effective
parameter to classify the glass forming ability (GFA) of
liquid according to the its value, which is determined by the
deviation of viscosity from the familiar Arrhenius law at
supercooled temperature. The scaling temperature T, is
determined usually based on (a) 7, defined by scanning
calorimetry at a standard rate and (b) the temperature at
which certain relaxation times reach 100 s [24]. In fact, Ty is
available only after glasses or supercooled liquids are
obtained. Therefore, the question is attractive that whether
there is another scaling temperature directly related to liquid
melt or other expressions on fragility where T is not abso-
lutely necessary. The generalized fragility M, scaled with
liquidus temperature 77, is introduced to evaluate the GFA
of Al-based alloys and proven to be valuable [16].

Similar Angell plot [25] Fig. 3 can be obtained using the
liquidus temperature 77, instead of T, in Angell plot. The
rapid variation of viscosity for superheated liquid is usually
expressed as (M means according to Angell method)

0l T
o(TL/T)

Figure 4 shows the experimental viscosity scaled with
nL and the fitting curves according to Bian’s plot method.

My =

T=T.
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Fig. 3 Angell plot with 71, scaled temperature of experimental data
(discrete points) and fitting curve (solid line) of Al-12 wt%Si melts
with different levels of P

Figure 3 is of great importance to estimate changing rate of
viscosity dependent on temperature. The viscosities of Al—
12 wt%Si melts with little amount of P have no apparent
differences at higher temperature about 913 K, but their
increasing rate is apparently different with the decreasing
temperature. By comparison, Fig. 4 clearly illustrates the
dependence of activation energy E, for viscous flow on the
composition of the melts. The lower the curve, the larger is
the E,. Although phosphorus evidently increases E, of Al-
12 wt%Si melt, it is hard to find the quantitative relation
between the increasing extent of viscosity and the P
concentration.

The fragility can be calculated combining Eqgs. 1 and 3
with Eq. 2, respectively.

E,
My = ——2 4
AT RTLIn10 )
E,
Mg = 5
BT RT (5)

Actually, both expressions of fragility are identical except
for the constant 1/In 10 which comes from the common
logarithm because they are decided by the same parameters
Ty and E,. For this reason, we use Mg, (named generalized
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Fig. 4 Bian plot of reduced viscosity versus reduced temperature of
Al-12 wt% Si melts with different levels of P

fragility M here), to determine the fragility of Al-12 wt%Si
melts modified with P. From Table 1 and Fig. 1 we can see
that Al-12 wt%Si melt with 150 ppm P has the largest M
(>2) and its viscosity has acute changes. And the others
have less M (<2). The critical value of M to predict the
effect of modification of P could also be 2, which is similar
to the evaluated GFA of alloys [16, 24]. Furthermore, it is
well applied to evaluate the stability of a single alloy melt
[26]. The liquid with a high value of M experiences rapid
structure rearrangement toward the liquidus temperature.
On the contrary, the liquid with low value of M holds more
liquid structure when cooled down. So M can be used as a
theoretical parameter reflecting the stability of liquid
phase. The Al-12 wt%Si melt with 150 ppm P is the most
unstable, on the contrary, the unmodified Al-12 wt%Si
melt is most stable. This precisely indicates that only
enough P concentration can modify the eutectic Al-
12 wt%Si melt. The metastable melt with 150 ppm P is
much more prone to modifying and producing primary
silicon. Similarly, the melt present with primary silicon,
which was modified with 200 or 300 ppm P, is relatively
stable. Therefore, we suggest that if the generalized fra-
gility M is more than 2, then the modification fails; if the
generalized fragility M is between 1.33 and 2, then the
modification succeeds. Generally, the term generalized
fragility M is capable of predicting the modifying effect.

Conclusions
Our research indicated that P at 150 ppm level is not

enough to modify eutectic Al-12 wt%Si alloy but it can
dramatically increase activation energy E,. Primary silicon

is easily obtained when P concentration up to 200 ppm and
viscosity rises with increasing P concentration.

The fragility with T} -scaled temperature according to
the Angell method is compared with that developed by
Bian. It is found that both expressions of fragility are the
same because they are decided by the same parameters 7,
and E,. The critical value of generalized fragility M is
determined for Al-12 wt%Si melt with different levels of
P, and it is capable of predicting the modifying effect of
phosphorus.
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