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Abstract—Predicting the misrun formation in thin-walled castings of magnesium alloys is a critical task for
foundry. The computer simulation of casting processes can be used to solve this problem. Adequate results of
simulation can be attained in the presence of the correct thermal properties of the alloy and a mold in a wide
temperature range, interface heat-transfer coefficient between the casting and a mold, and the critical solid
fraction (at which the melt f low in a mold is stopped). In this work, the interface heat-transfer coefficient
between the ML5 (AZ91) magnesium alloy and a no-bake sand mold is found by comparing simulation
spiral test lengths with experimental spiral test lengths under the same pouring conditions. Its values above
the liquidus temperature are hL = 1500 W/(m2 K) at pouring temperatures of 670 and 740°C and hL =
1800 W/(m2 K) at 810°C. Below the solidus temperature, hS = 600 W/(m2 K). The critical solid fraction for
the ML5 (AZ91) magnesium alloy was also determined for no-bake mold casting (with a cooling rate of
~2 K/s)—its value was 0.1–0.15. The critical solid fraction is refined by comparing the position of misruns
by the results of simulation and in an actual “Protective cap” ML5 (AZ91) alloy casting poured into the
no-bake mold. Castings are poured at temperatures of 630 and 670°C, and the critical solid fraction is 0.1
in both cases.
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INTRODUCTION
To predict the misrun formation in castings, the

computer simulation of foundry processes is widely
used [1, 2]. Simulating filling of thin-wall castings of
magnesium alloys is an especially important problem,
because magnesium alloys do not possess high f luidity
due to their wide solidification range.

Melt f luidity depends on many factors such as the
melt composition, melt superheating, alloy grain size,
the presence of grain-refining additions, thermal
properties of the mold material and its temperature,
melt purity and viscosity, and the presence of coatings
on the mold surface [3]. Fluidity is measured in indus-
trial practice as the known-section channel length,
which is filled by melt in the standard f luidity test [4].
Spiral, strip, and other tests are used [5]. There are few
works in which the f luidity of magnesium alloys was
studied [6–8], which is associated with complexity of
their melting and casting.

Melt f low in the mold also continues at the
moment when the melt is in the mushy state. The frac-
tion of the solid phase, at which the melt f low in the
mold is stopped, is called critical [9]. There are certain

difficulties in its experimental determination. Another
parameter, which is called the coherency point [12], is
similar and determinable experimentally [10, 11]. The
coherency point is the solid fraction; upon reaching it,
the melt starts to acquire strength [10].

Values of coherency point for the AZ91 (ML5) are
presented in Table 1 and in Fig. 1. According to [13], an
increase in the cooling rate (Vcool) promotes an
increase in the AZ91 alloy coherency point. In other
publications [14–18], higher values are presented for
the AZ91 alloy at Vcool = 0.4–1.0 K/s.

One important parameter, which should be known
to simulate the f luidity and misrun formation, is the
interface heat-transfer coefficient [3]. It is usually cal-
culated based on experimentally determined tempera-
tures in the casting and in the mold [19]. The tempera-
ture dependence of the interface heat-transfer coeffi-
cient is best suitable for simulation [20]; however, its
dependence on time, which cannot be used for simu-
lation, is most often presented in publications [19].
The interface heat-transfer coefficient is not constant
and depends on many parameters [21–27].
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Table 1. Coherency point of the AZ91 (ML5) alloy

Vcool, K/s Determination method of the coherency point Reference

0.05 0.6 Thermal analysis  [13]
0.08 1.3 Thermal analysis  [13]
0.13 2.5 Thermal analysis  [13]
0.5 1.0 Thermal analysis  [14]
0.17 0.4 Rheological method and thermal analysis  [15, 16]
0.4 0.7 Thermal analysis  [17]
0.14–0.28 0.4 Rheological method  [18]
0.38–0.42 0.4 Thermal analysis  [18]

coh
Sf
The authors of [20] have found the following values
of the interface heat-transfer coefficient for the AZ91
magnesium alloy during casting into the sand mold
hardened by furan resin: hL = 600 W/(m2 K) above the
liquidus temperature and hS = 50 W/(m2 K) below the
solidus temperature. We failed to find more data for
the comparison.

The authors of [1, 28, 29], in order to evaluate alloy
fluidity and the subsequent determination of the inter-
face heat-transfer coefficient and critical solid fraction
by comparing the results of simulation and experi-
mental data, used the spiral test.

The goal of our work was to find the interface heat-
transfer coefficient between the ML5 (AZ91) magne-
sium alloy and the no-bake sand mold, as well as the
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Fig. 1. Dependence of the coherency point on the cooling
rate for the ML5 (AZ91) alloy.
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critical solid fraction for the ML5 (AZ91) alloy when
casting into the no-bake sand mold using procedures
approved for the A356 alloy [29].

EXPERIMENTAL
We used the following raw materials as the charge

for the alloy preparation: magnesium (99.9%), alumi-
num (99.99%), zinc (99.975%), and master alloy Mg–
10 wt % Mn. Melting was performed in a steel crucible
in a resistance furnace under cover of the carnallite-
based f lux (KCl · MgCl2). Melt refining to remove
non-metallic inclusions was performed at 740–760°C
by mixing molten carnallite into the melt. After this,
the melt was held for 15 min to remove the f lux and
pouring was performed. The composition of prepared
alloys is presented in Table 2. The chemical composi-
tion was determined by energy dispersive X-ray spec-
trometry over the area of 1 × 1 mm using a Tescan
Vega SBH3 scanning electron microscope (SEM)
(Tescan, Czech Republic) with an Oxford energy dis-
persive microanalysis attachment.

To determine the melt f luidity, a spiral test was
used. The mold for its pouring was made from furan
resin binded sand. Pouring temperatures were tp =
670, 740, and 810°C. To compare the misrun locations
in an actual casting with the results of simulation, the
Protective Cup casting was poured at tp = 630 and
670°C. The mold making procedure and casting
parameters of spiral test and Protective Cup is pre-
sented in [29]. So long as the molds were intended for
magnesium alloy pouring, the ignition inhibitor—the
potassium tetrafluoroborate powder in an amount of
0.5 wt % of the sand weight—was added during their
fabrication.

Simulation was performed in the ProCast 2016
software. The simulation process, as well as the proce-
dure for finding the interface heat-transfer coefficient
and critical solid fraction, are described in [29]. We
used the alloy thermal properties calculated with the
help of the PanMg 2014 thermodynamic database
(CompuTherm, United States) included into the Pro-
Cast 2016 program and thermal properties of furan
OF NON-FERROUS METALS  Vol. 59  No. 6  2018
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Table 2. Content of elements in prepared alloys

Alloy
Alloying elements, wt % Impurities, wt %

Mg Al Zn Mn Cu Ni Fe Si

Spiral test Bal. 8.13 0.57 0.30 0.01 0.01 0.01 0.04

Protective Cup casting Bal. 8.58 0.65 0.20 0.02 0.01 0.01 0.06

ML5 (AZ91) GOST 
(State Standard) 2856–79

Bal. 7.50–9.00 0.20–0.80 0.15–0.50 0.10 0.01 0.06 0.25
binded sand mold taken from [30]. The thermal prop-
erties of MPG-6 graphite (graphite stopper was used
when pouring the spiral test) were taken from [31],
while the interface heat-transfer coefficient between
the melt and graphite was taken from [32].

RESULTS AND DISCUSSION
Results of Experimental and Simulated 

Spiral Test Pouring of the ML5 (AZ91) Alloy

We simulated casting of spiral tests at several values
of the interface heat-transfer coefficient between the
casting and a mold above the liquidus temperature
(606°C) hL = 600–2100 W/(m2 K) every 300 W/(m2 K)
and at a constant value of the interface heat-transfer
coefficient below the solidus temperature (413°C) hS =
600 W/(m2 K). The interface heat-transfer coefficient
below the solidus temperature was determined previ-
ously in [33]. The interface heat-transfer coefficient
between the liquidus and solidus temperatures was
specified in the form of a linear dependence between
mentioned two.

A thermocouple measuring the melt temperature
in a sprue was mounted into the parting line of the
mold before pouring. We found cooling curves for the
thermocouple arranged in the mold parting line using
the simulation. The best coincidence of cooling curves
found with the help of simulation and experimental
curves was observed at hL = 1500 W/(m2 K) at tp = 670
and 740°C an hL = 1800 W/(m2 K) at tp = 810°C. The
results of a comparison of experimental and simulated
cooling curves at the above values of the interface
heat-transfer coefficient are presented in Fig. 2. It is
seen that these curves are rather close. These values of
the interface heat-transfer coefficient were subsequently
used. They differ from value hL = 1100 W/(m2 K) pre-
sented in [33], but this difference is not as significant
for pouring temperatures of 670 and 740°C.

Amounts of the solid phase at the coherency point
presented in Fig. 1 and Table 1 are expressed as vol-
ume fractions. The critical solid fraction is expressed
in the ProCast casting simulation software as weight
fraction; therefore, it is necessary to determine what
RUSSIAN JOURNAL OF NON-FERROUS METALS  Vo
the difference of the volume fraction of the solid phase
for the ML5 (AZ91) alloy from the weight fraction is.
Volume and weight fractions of the solid phase of the
ML5 (AZ91) alloy with the Mg–9Al–0.7Zn–0.3Mn
(wt %) composition were calculated in the Thermo-
Calc program using the TTMG3 thermodynamic
database. To determine the volume fraction, the den-
sity of this alloy was additionally calculated in the Pro-
Cast program. It was determined that the volume frac-
tion of the solid phase at t = 575°C is 0.456, while the
weight fraction is 0.464; i.e., they differ no more than
by 3%. This allows us to affirm that volume fractions
of the solid phase presented in Table 1 almost coincide
with the weight fractions.

According to the results of simulation, the average
cooling rate when pouring spiral tests of the ML5
(AZ91) alloy was ≈2 K/s. The value of the coherency
point for the ML5 (AZ91) alloy at a high cooling rate
(2.5 K/s) presented in the literature is 0.13 [13]
(Fig. 1). Therefore, we determined the lengths of spi-
ral tests using the simulation at critical solid fractions

 = 0.1 and 0.15, which correspond to the coherency
point of the ML5 (AZ91) alloy. Values of the interface
heat-transfer coefficient above the liquidus temperature
were specified as hL = 1500 W/(m2 K) for pouring tem-
peratures of 670 and 740°C and hL = 1800 W/(m2 K) for
tp = 810°C.

Lengths of poured spiral tests depending on the
pouring temperature are presented in Fig. 3 and
denoted by solid line 1. Their average values were 332,
446, and 603 mm for tp = 670, 740, and 810°C, respec-
tively. Figure 3 also shows spiral lengths found using
the simulation at critical solid fraction  = 0.15
(dashed line 2) and 0.1 (dotted line 3). It is seen that
the experimental and simulated spiral lengths are clos-
est for tp = 670°C at  = 0.15, for tp = 740°C at  =

0.1, and for tp = 810°C at  = 0.15. Our results do not
allow us to note the critical solid fraction, but in gen-
eral we can consider that it is in the range of 0.1–0.15.
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Fig. 2. Cooling curves: (1) experimentally recorded using a thermocouple arranged in a mold parting line when pouring the spiral
test and (2) found by the simulation at hL = 1500 W/(m2 K) and hS = 600 W/(m2 K) for tp = (a) 670°C, (b) 740°C, and (c) hL =
1800 W/(m2 K) and hS = 600 W/(m2 K) for tp = 810°C.
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Results of Pouring and Simulation of the Protection Cup 
Casting Made of the ML5 (AZ91) Alloy

Figure 4a shows the Protection Cup casting poured
at 630°C. The critical solid fraction was specified as
0.1. Casting regions where the solid fraction during
filling equals zero are shown gray 1. Regions where
solid fraction is between zero and a critical value of 0.1,
and consequently, there is a low probability of the mis-
RUSSIAN JOURNAL 
run formation, are denoted darker 2. Zones with a
high probability of the misrun formation (the solid
fraction exceeds the critical one) are fulfilled black 3.
It is seen that the results of the simulation and experi-
ment are rather similar. We also performed simulation

at  = 0.15. The coincidence with the experiment
was much worse in this case.

cr
Sf
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Fig. 3. Experimental (1) and found at the critical solid
fraction of (2) 0.15 and (3) 0.1 dependences of the length of
the spiral test made of the ML5 (AZ91) alloy on the pour-
ing temperature. The used interfacial heat-transfer coeffi-
cients were hL = 1500 W/(m2 K) at tp = 670 and 740°C and
hL = 1800 W/(m2 K) at tp = 810°C.
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Fig. 4. Comparison of misruns in (a) an actual casting
made of ML5 (AZ91) alloy and (b) during simulation at
the critical solid fraction of 0.1 for the pouring temperature
of 630°C. Solid fraction: fS = 0 (1), 0 < fS < 0.1 (2), and
fS > 0.1 (3).
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Fig. 5. Comparison of misruns in (a) an actual casting
made of ML5 (AZ91) alloy and (b) during simulation at
the critical solid fraction of 0.1 for the pouring tempera-
ture of 670°C. The solid fraction: fS = 0 (1), 0 < fS < 0.1 (2),
and fS > 0.1 (3).
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The position of misruns in the Protective Cup cast-
ing at a pouring temperature of 670°C is shown in Fig.
5a. It is seen that misruns are present only in a small
segment at the casting top. Figure 5b shows the solid
fraction distribution in the casting during filling found
using simulation at tp = 670°C. The critical solid frac-
tion is 0.1. In general, the area of misruns by the results
of simulation is much larger than in an actual casting,
RUSSIAN JOURNAL OF NON-FERROUS METALS  Vo
but their position (in the top casting part) coincides
very well. Simulation at  = 0.15 did not match the
experiment as well.

The disagreement of misruns positions between
experimentally produced casting and results of simu-
lation in ProCast observed in Fig. 5 is explained by the
imperfection of simulating the melt f low when filling
the mold. It is seen (Fig. 5a) that the direction of the
main melt f low (a bright region in the photograph of
the casting staring in the gate region and passing with
elevation upward to the opposite casting wall) forms
the superheated melt zone in the wall opposite to the
gate, while melt is cold there according to the results of
simulation (Fig. 5b) and the mold is filled along the
wall adjoining the gate. This implementation feature
of filling simulation (rather than the thermal calcula-
tion) is the main cause of the mismatch between mis-
run simulation results and experimental ones.

CONCLUSIONS

By comparing the experimental data on pouring
the spiral tests and results of simulation, the interface
heat-transfer coefficient between the ML5 (AZ91)
alloy casting and a no-bake mold is determined. It is
hL = 1500 W/(m2 K) above the liquidus temperature
and hS = 600 W/(m2 K) below the solidus temperature
for pouring temperatures of 670 and 740°C. For the
pouring temperature of 810°C, hL = 1800 W/(m2 K)
above the liquidus temperature. The critical solid frac-
tion (at which the melt f low in the mold is stopped) for
the ML5 (AZ91) alloy during pouring into a furan
binded sand mold is in a range of 0.1–0.15.

Based on experimentally found values of the inter-
face heat-transfer coefficient, it is established that the
results of simulation in the ProCast program and the
native experiment data for the Protection Cup casting
are well-matched at  = 0.1 and hL = 1500 W/(m2 K).
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