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Abstract: The effect of the cooling rate ranging from 1.4 °C/s to 3.5 °C/s on the solidification behavior of the sand-cast
Mg—10Gd—3Y—0.4Zr alloy was studied by computer aided cooling curve analysis (CA-CCA). With the increase in cooling rate, the
nucleation temperature (7, N) increases from 634.8 °C to 636.3 °C, the minimum temperature (7, vi,) decreases from 631.9 °C to
630.7 °C, the nucleation undercooling (ATy) increases from 2.9 °C to 5.6 °C, the beginning temperature of the eutectic reaction
(Tewn) increases, the time of the eutectic reaction shortens, solidus temperature decreases from 546.0 °C to 541.4 °C, and
solidification temperature range (ATs) increases by 6.1 °C. The increased nucleation rate ( N ) is supposed to be the main reason for
the increased ATy. Increased value (Teun—7eu) and shortened time of the eutectic reaction cause the change in the volume fraction

and morphology of the second phase.
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1 Introduction

The replacement of high density cast iron and steel
materials by Mg alloys is of interest in the last few
decades, especially in the automotive and the aerospace
industries. In recent years, the developing Mg—10Gd—
3Y-0.4Zr (GW103K) alloy shows higher specific
strength at room and elevated temperatures [1,2], greater
creep resistance, and Dbetter corrosion resistance
compared with the conventional aluminum and other
magnesium alloys [3—15].

Most studied GW103K alloys in the research works
above were formed through permanent mold in the
lab [10]. However, it was reported that the GW103K
alloy was used in components with a complex geometry
(e.g., transmission housings, engine blocks, etc) which is
usually formed by the sand-cast method [13—15]. The
cooling rate is one of the most fundamental parameters in
the sand-cast process [16,17]. In the modern casting
industry, computer aided cooling curve thermal analysis
(CA-CCA) of alloys was employed more and more

extensively for the evaluation of several processing and
material parameters [18]. It provides information on
the composition of the alloy, the latent heat of
solidification [19], the evolution of fraction solid [20],
the types of phases that solidify and even dendrite
coherency [21]. It can also be used for determining
dendrite arm spacing, degree of modification and grain
refinement, and characteristic temperatures related to
phase transformation [22,23].

With the consideration of its industrial application
and the direct influence on mechanical properties, the
aim of this work is to investigate the effects and on-line
prediction of cooling rate on microstructure refinement
of the sand-cast Mg—10Gd—3Y-0.4Zr (GW103K) alloy
using computer aided cooling curve analysis. The results
of thermal analysis were used to develop a simple
mathematical model which can be used to predict
microstructure refinement and phase modification of the
cooling rate affected sand-cast GWI103K alloy. The
mechanism of the grain refinement and the relationships
between the modified microstructure and solidification
parameters of the eutectic phase caused by the increase
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in cooling rate were also discussed.
2 Experimental

High purity Mg ingots (99.95%, mass fraction), and
Mg—25%Gd, Mg—25%Y and Mg—30%Zr master alloys
were used. The melting process was carried out in an
electric resistance furnace under the mixed atmosphere
of CO, and SF¢ with the volume ratio of 100:1. After
being refined at 750 °C, the alloy melt was firstly held at
780 °C for 10 min, then cooled to 750 °C and poured
into the sand mold. The casting had five mutative
cavities with respective thickness () of 5, 10, 15, 20 and
30 mm, as shown in Fig. 1. The chemical composition of
the sand-cast alloy was measured by an inductively
coupled plasma analyzer (Perkin Elmer, Plasma-400),
and the results are listed in Table 1.

Fig. 1 Photo of casting and location of K-type thermocouples

Table 1 Chemical compositions of sand-cast GW103K alloys

Mass fraction/%

Jo/mm
Gd Y Zr Mg
30 10.12 3.06 0.42 Bal.
20 10.48 3.12 0.43 Bal.
15 10.22 3.07 0.44 Bal.
10 10.46 3.19 0.43 Bal.

Thermal test was performed in the five-step sand
mold by attaching a high sensitivity K-type
thermocouple (d=0.3 mm) at the central location of each
part, as shown in Fig. 1. To obtain reproducible results,
the thermocouples were placed exactly at the centre of
each step, with their heads connected through spot
welding and the rest insulated with a shield. The data
were acquired using a high-speed data acquisition system,
linked to a computer through a converter (RS232/485).
The signal was recorded each 0.5 s for all data points.
The cooling curve data were processed using a thermal
analysis program. The processing included smoothing,
curve fitting, plotting the first derivatives, identifying the

onset and end of solidification, determining solidification
parameters such as cooling rate, nucleation temperatures,
nucleation undercooling, growth temperature and total
solidification time [24]. The first derivative of the
cooling curve (d7/df) was determined to enhance slope
changes which were related to the solidification reactions
for different phases, and to facilitate the determination of
the critical solidification characteristics of the alloys.
Details of the cooling process and related solidification
parameters are shown in Fig. 2 and Table 2. The cooling
rate in the present work was determined using
Rc=(Thig=Tso1)/(tiig—tso1), Where Tiiqand T are the liquidus
and solidus temperatures (°C), and #;q and f# are the
time from the cooling curve that corresponds to liquidus
and solidus temperatures, respectively [25]. The grain
size was measured using the linear intercept technique
(ASTM 112-96). Five fields were considered for each
measurement with approximately 60 intercepts in each
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Fig. 2 Cooling curve (line 1), first derivative curve (line 2) and
representation of characteristic parameters used in present work
for sand-cast GW103K alloy

Table 2 Solidification characteristic parameters shown in Fig. 2

Characteristic symbol Characteristic description

TN a-Mg nucleation (liquidus) temperature
Ty Min 0-Mg minimum temperature
ATy Nucleation undercooling
(ATn= Tun —Tomin)
tyN Nucleation time
T.c 0-Mg dendrite growth temperature
TeurN Eutectic nucleation temperature
T enG Eutectic growth temperature
[N Eutectic nucleation undercooling time
teutG Eutectic growth time
T Solidus temperature (end of solidification
process)
AT Solidification temperature range
(ATs=T,n—T5)
te Total solidification time
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field depending on the grain size. The volume fraction of
second phase was determined by an image analyzer on
optical metallographic sections.

3 Results and discussion

3.1 Cooling curves and summaries of solidification

characteristic parameters

Figure 3 shows five cooling curves of sand-cast
GW103K alloys at different cooling rates. There are two
well-defined stages in each cooling curve, which
respectively correspond to the following two reactions
during the solidification process of sand-cast GW103K
alloys: 1) Nucleation and growth of the primary a-Mg
phase; 2) Nucleation and growth of Mg-MgyREs
eutectic compound.
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Fig. 3 Cooling curves of sand-cast GW103K alloy at five
different thicknesses of casting which related to different

cooling rates

Both of those two reactions were brought forward
by the increased cooling rate. It is also observed that the
liquidus peak disappears gradually with the increase in
cooling rate, as shown in Fig. 3. Main solidification
parameters calculated from cooling curves at different
cooling rates are listed in Table 3. The other
solidification parameters are listed in Table 4, which are
related to the eutectic reaction.

3.2 Microstructure
Our previous work showed that the influence of the
cooling rate on the microstructure of the sand-cast

GW103K alloy [15] can be summarized as: 1) The
microstructure of sand-cast GW103K alloys consists of
the equiaxed a-Mg matrix and the eutectic compound at
the grain boundaries; 2) The increase in cooling rate
causes the eutectic compound to exhibit continuous
network instead of coarsening discontinuous network of
plate-shaped microstructure; 3) The average a-Mg grain
size decreases from 59 pm to 41 um, and the volume
fraction of the second phase increases from 17.6% to
22.0%, when the cooling rate increases from 1.4 °C/s to
3.5 °Cls.

3.3 Solidification parameters of a-Mg phase

Figure 4 shows the influence of cooling rate (R¢) on
the solidification parameters of the a-Mg phase, which
include the nucleation temperature (7,n), minimum
temperature (7,\;,) and growth temperature (7,g) of
a-Mg phase. T,y is the temperature corresponding to the
beginning of the liquidus peak on the first derivative
curve, which also indicates the start of the solidification.
T,n increases from 634.8 °C to 636.3 °C with the
cooling rate increasing from 1.4 °C/s to 3.5 °C/s. It
indicates that the higher cooling rate causes an earlier
beginning of the nucleation process. Before the
nucleation starts, there are embryos in the melt caused by
the undercooling which can enhance the driving force for
the nucleation [26]. In the present work, high cooling
rate leads to high undercooling, which increases the
amount of embryos. As a result, the nucleation
temperature (7,n) increases, which is due to the
increased driving force. There exists a well linear
relationship between 7, and Rc. The empirical fitting
function is

T,x=633.87+0.701R¢, R*=0.995 (1)

T, min 1s the temperature dividing the main nucleation
process from the main growth process of a-Mg phase,
which means that most nucleation occurs before this
temperature. 7, wmin decreases from 631.9 °C to 630.7 °C
with the increase in cooling rate. This indicates that the
high cooling rate delays the end of the nucleation stage
directly, which is the beginning of the growth of the
a-Mg phase. This phenomenon implies that the increased
cooling rate extends the nucleation process slightly.
There exists a well linear relationship between T,y and
Rc. The empirical fitting function is

Table 3 Characteristic parameters of a-Mg phase and solidification process from cooling curves at different cooling rates

Jo/mm Rc/(°Cs™) T,N°C T,c/°C Tmin/°C AT, N/°C taN/s Ts/°C ATs/°C ts
30 1.4 634.8 631.5 631.9 2.9 4.75 546.0 88.8 61.2
20 1.6 635.0 631.3 631.7 33 3.49 545.6 89.4 57.5
15 2.1 635.4 631.0 631.4 4.0 2.46 544.2 91.2 47.8
10 35 636.3 629.7 630.7 5.6 2.29 541.4 94.9 26.6

Cooling curve of the location with thickness J=5 mm was too rough to be identified.
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Table 4 Characteristic parameters of eutectic phases from
cooling curves at different cooling rates

5/1111’11 RC/(OC'Sil) Teul, N/DC Teut, G/OC teul, N/S teul,G/s
30 1.4 557.0 549.7 5.2 23
20 1.6 557.6 549.3 29 1.6
15 2.1 558.3 548.3 2.6 1.2
10 35 559.6 546.3 1.9 1.1
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Fig. 4 Relationship between solidification parameters of a-Mg
phase (T,n, Tyminand T, ) and cooling rate

T, Min=632.61-0.552Rc, R*=0.991 )

T, is the temperature corresponding to the end of
the a-Mg phase formation, which means that the growth
process endures without nucleation of the a-Mg phase. It
should be noted that 7, is lower than T, i, Similar
results were shown in Refs. [19,26—28], which pointed
out that the grain refiner played a main role in this kind
of behaviour. T, decreases from 631.5 °C to 629.7 °C
with the increase in cooling rate. This indicates that the
increase in cooling rate also delays the total nucleation
time by extending the nucleation stage of the a-Mg
phase. There also exists a well linear relationship
between T, and R¢. The empirical fitting function is

T,6=632.71-0.853Rc, R*=0.995 (3)

3.4 Undercooling and latent heat of a-Mg phase

Figure 5 shows the relationship between the
nucleation undercooling parameters (A7y and Aty) of the
o-Mg phase and the cooling rate. The nucleation
undercooling (A7y) is an effective way to estimate the
nucleation activity of the melt, and A#y expresses the
nucleation process. When the cooling rate increases from
1.4 °C/s to 3.5 °C/s, ATy increases from 2.9 °C to 5.6 °C,
but Aty decreases from 4.8 s to 2.3 s. The increase in ATy
causes the increase in nucleation rate (N ) and the
growth rate (V). There exists a linear relationship
between ATy and Rc, which is given by

ATn=1.257+1.253Rc, R*=0.993 4)

It should be noted that the nucleation time (Aty)
decreases when the cooling rate increases from 1.4 °C/s
to 2.1 °C/s, but nearly does not decrease any more with
the further increase in cooling rate to 3.5 °C/s. There are
probably two stages of Aty separated at the cooling rate
of 2.1 °C/s. In the first stage (1.4—2.1°C/s), the cooling
rate is relatively low and the driving force for the
nucleation is limited. So, the cooling rate has a
significant influence on the undercooling time (Aty). In
the second stage (2.1-3.5 °C/s), the cooling rate is
relatively high which brings the liquid metal higher
nucleation ability. Meanwhile, it also accelerates the
solidification progress. So, there is no significant
decrease in undercooling time (Aty) in the present work.
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Fig. 5 Relationship between nucleation undercooling

parameters (ATy and Aty) for a-Mg phase and cooling rate

Higher cooling rate brings greater undercooling,
which enhances the driving force for the nucleation and
growth of the a-Mg phase. According to Kurz and
David’s solidification theory [26], the nucleation of the
a-Mg phase has stronger effect on the grain refinement
compared with the growth for the eutectic alloy. Our
previous work showed that the average a-Mg grain size
(d) decreased from 59 pm to 41 um when the cooling
rate increased from 1.4 °C/s to 3.5 °C/s [15]. Table 5
gives the relationship between the average a-Mg grain
size (d) and undercooling parameters (A7y and At)
caused by different cooling rates. With the increase in the
cooling rate, the average a-Mg grain size (d) decreases
with the increase in the nucleation undercooling (ATy),
but does not decrease with the increase in the nucleation
time (At#y). Furthermore, the polynomial relationship
between d and ATy is

d=123.65-31.375AT\+2.972ATy >, R*=0.943 5)

During the formation of the a-Mg phase, the total
amount of nucleation (V) can be expressed as: N=N -Aty,
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where N is the nucleation rate of the a-Mg phase, and
Aty is the nucleation time of the a-Mg phase. It should be
noted that the increased nucleation undercooling (A7)
increases the driving force for the nucleation process,
which enhances the nucleation rate (N ) directly. With
the increase in cooling rate, N increases, N increases,
but Aty decreases in the present work. With the decrease
in the a-Mg grain size (d), increase in nucleation rate
(N) is the main reason for the grain refinement of the
sand-cast GW103K alloy rather than the nucleation time
(Aty).

Table 5 Relationship between average a-Mg grain size and
nucleation undercooling (A7y) and nucleation time (Aty) of

o-Mg phase
R/(Cs™) AT\/C Aty/s d/um
1.4 29 4.8 59
1.6 3.4 3.5 50
2.1 4.0 2.5 43
3.5 5.6 2.3 39

The recalescence undercooling (ATR=7,6—T,min) 1S
a direct way to express the release process of latent heat,
which can well estimate given growth during the
solidification when the melt is grain refiner free [19,27].
Unlike the cooling curve of the alloy without the grain
refiner, after the effective grain refiner Zr is added into
the melt, the growth temperature (7, ) is lower than the
minimum temperature (7, min) in the present work. As a
result, the recalescence undercooling (ATrR=7,6—Tsmin)
becomes negative or even physically meaningless. The
significant increase in the nuclei number caused by Zr
improves the stability of the interface between the solid
and the liquid, which in turn disturbs the original
equilibrium of the growth process. Similar results were
reported that no recalescence undercooling was observed
once the grain refiner was wused in as-cast Al
alloys [28,29].

3.5 Solidus temperature and solidification temperature

range

Figure 6 shows the effects of cooling rate on the
solidus temperature (7s) and the solidification
temperature range (A7s). With cooling rate increasing
from 1.4 °C/s to 3.5 °C/s, the solidus temperature
decreases by 5.6 °C in Fig. 6(a) and the solidification
temperature range increases by 6.1 °C in Fig. 6(b). The
increase in cooling rate increases the nucleation
temperature (7, n) but decreases the solidus temperature
(Ts), giving an increase in the solidification temperature
range (ATs). Alternately, increased cooling rate
decreases the solidification time (fs), which starts at the
nucleation temperature (7,n) and ends at the solidus
temperature (7).
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Fig. 6 Relationship between solidus temperature (7s) and
cooling rate (a), and relationship between solidification
temperature range (A7s) and cooling rate (b)

It should be noted that the slope value (2.193) of
cooling rate in Eq. (6) is larger than that (0.701) in
Eq. (1). This indicates that the cooling rate has a more
significant influence on the solidus temperature (7s) than
on the nucleation temperature (7,n), which is the actual
liquid temperature in the sand-cast solidification. The
linear relationships between the cooling rate and the

solidus temperature (7s) and the solidification
temperature range (ATs) are

Ts=549.02-2.193R¢, R*=0.995 (6)
ATs=84.853+2.894Rc, R*=0.996 @)

3.6 Solidification parameters of eutectic reaction

Figure 7 shows the effect of the cooling rate on
solidification parameters of the eutectic phases (7.,
and T..g). With the increase in cooling rate, the
beginning temperature of the eutectic reaction (Zeun)
increases, but the growth temperature of the eutectic
phase (o) decreases. Both T,y n and Ty have linear
relationships with the cooling rate. The empirical fitting
functions are

T n=555.64+1.158Rc, R*=0.963 ®)
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Tew6=551.84-1.599Rc, R*=0.993 9)

With the increase in cooling rate, the value
(Tewn—Tenr) increases, which brings an augmented
driving force for the formation of the eutectic phase. The
decreases in both Af.y,n and At indicate that the value
of (AteyntAlew,g) decreases, which means that the
increased cooling rate shortens the period of the eutectic
reaction. Table 4 shows that both Aty n and Afyg
decrease with the increase in cooling rate from 1.4 °C/s
to 2.1 °C/s, but do not decrease any more with further
increase in cooling rate, because the cooling rate has a
strong influence on the eutectic reaction as well as the
solidification. On the one hand, higher cooling rate
causes higher undercooling. Therefore, the eutectic
reaction occurs and ends earlier. On the other hand,
higher cooling rate can also accelerate the whole
solidification process. As a result, the rest liquid metal
does not transform into the eutectic phase but into the
supersaturated solid solution.

With the cooing rate increasing from 1.4 °C/s to
3.5 °C/s, the volume fraction of the second phase
increases from 17.6 % to 22.0 %, the microstructure of
the eutectic phase exhibits a continuous network instead
of a coarsen discontinuous network of plate-shaped
particles, and a rod-like mode becomes the main
morphology of the S phase instead of the lamellar
structure in the eutectic phase. High cooling rate
increases the nuclei density, but shortens the growth time
of the a-Mg phase. On the one hand, larger number of
nuclei bring about more interfaces between the solid and
the liquid, which disturbs the relative stability of the
original growth process of the a-Mg phase. As a result,
more liquid is left for the eutectic reaction. On the other
hand, the shortened growth time of the a-Mg phase
implies that the volume of the liquid used for the

formation of the a-Mg phase is limited. This further
implies that there is more liquid available for the eutectic
reaction with higher cooling rate, which causes the
increase in the volume fraction of the second phase.
Additionally, based on the increased nuclei number, a
continuous network-shaped microstructure of the eutectic
phase forms instead of the coarsening discontinuous
network of plate-shaped particles. As another factor, the
shortened growth time of the eutectic phase restrains the
formation of the coarsening discontinuous network of
plate-shaped eutectic compound when the cooling rate
increases. Furthermore, high cooling rate not only leads
to high undercooling for the nucleation of the a-Mg
phase but also increases the driving force for the
formation of the f phase in the eutectic compound. Due
to the increased nuclei of the f phase caused by high
undercooling, the rod-like mode becomes the main
morphology of the S phase instead of the lamellar
structure in the eutectic.

4 Conclusions

1) The nucleation temperature (7,y) increases from
634.8 °C to 636.3 °C, the minimum temperature (7, min)
decreases from 6319 °C to 630.7 °C, the growth
temperature (7, ) decreases from 631.5 °C to 629.7 °C,
the nucleation undercooling (A7y) increases from 2.9 °C
to 5.6 °C, the solidus temperature decreases 5.6 °C, and
the solidification temperature range (ATs) increases by
6.1 °C, respectively.

2) The nucleation undercooling (ATYy) plays a main
role in the average a-Mg grain size (d) rather than the
nucleation time (Aty). The increase in nucleation rate
(N) is supposed to be the main reason for the increased
nuclei number (N), which directly causes the grain
refinement of the studied alloy. The relationships
between the modified microstructure and solidification
parameters of the eutectic phase are discussed.

3) It is proved that computer aided cooling curve
analysis can be used to explore the solidification
behavior of the sand-cast Mg alloy. This also shows the
opportunity to propose an on-line quality control
algorithm to predict the effect of grain refinement and
microstructure  modification  for  the
Mg—10Gd—3Y-0.4Zr
investigated conditions.

sand-cast

alloy solidified under the
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