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Abstract

Aviscoplastic deformation model considering material damage
is used to predict hot tear evolution in AZ91D magnesium alloy
castings. The simulation model calculates the solid deformation
and ductile damage. The viscoplastic constitutive theory
accounts for temperature dependent properties and includes
creep and isotropic hardening. The mechanical properties are
estimated from data found in the literature. Ductile damage
theory is used to find mechanically induced voiding, and hot
tears are expected in regions of extensive damage. Simulations
are performed for a test casting consisting of a 260 mm (10.2
in) long horizontal bar connected to a vertical sprue on one
side and an anchoring flange on the other. The contraction of
the horizontal bar is restrained during solidification and hot
tears nucleate at the junction between the horizontal bar and

the vertical sprue. The hot tearing severity is manipulated by
adjusting the initial mold temperature from 140°C (284°F)
to 380°C (716°F). For the simulation, a trial-and-error
method is used to determine the mold-metal interfacial heat
transfer coefficient from experimental thermocouple results.
The simulation results suggest that the predicted damage is
in agreement with the hot tears observed in the experimental
castings, both in terms of location and severity. The simulation
results also confirm the observed decrease in hot tear
susceptibility with increasing mold temperature. These results
suggest that the proposed viscoplastic model with damage
shows promise for predicting hot tearing.

Keywords: hot tear, magnesium AZ9ID, viscoplastic,
liquidus

Introduction

The automotive industry is showing greater interest in
magnesium alloys as they have a high strength to weight
ratio when compared to steel or aluminum alloys. Because
of their low density, incorporating magnesium alloys into the
design of new vehicles decreases weight and increases fuel
efficiency. This is especially important in helping to reduce
carbon emissions that contribute to global climate change.
However, some magnesium alloys show a high susceptibility
to hot tearing, especially if cast in a permanent mold.

Hot tears are irreversible cracks that form in the semi-
solid stage, called the mushy zone, during casting'. The
cracks may be present on the surface or in the interior of
the casting. Typical surface hot tears are several millimeters
long and can contribute to component failure. Hot tears
develop as a result of thermal and mechanical strains due
to the contraction of the casting and geometric constraints
of the mold. In the mushy zone, porosity can form during
late stages of solidification due to shrinkage. With sufficient
deformation, this porosity may act as a nucleation site for hot
tears. Hot tears can also form in the absence of porosity, but
the lack of feeding flow is a necessary condition for a tear
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to remain open. As reviewed by Monroe and Beckermann?,
numerous attempts have been made in the past to understand
the effect of various casting variables on hot tear formation
and to develop criteria for predicting hot tears in castings.
However, a truly predictive and reliable hot tear model is
not yet available.

In the present study, a newly developed viscoplastic model
that calculates deformation and damage is used to predict
hot tears in AZ91D magnesium alloy castings. The model is
implemented in a general purpose casting simulation code.
Mechanical properties are estimated using published data.
The model predictions are compared with the experimental
results of Bichler et al'.

Description of Experiments

Before presenting the simulation model, it is useful to
briefly review the experiments of Bichler er al'. These
experiments explored the hot tearing susceptibility of
an AZ91D magnesium alloy test casting in a permanent
steel mold. The composition of the AZ91D magnesium
alloy used in the experiments was 8.61% aluminum, 0.6%
zinc, 0.23% manganese, 0.017% silicon, 0.003% copper,
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0.0038% iron, 0.0014% nickel, 0.0012% beryllium, and
balance magnesium'. The casting consisted of a 260 mm
(10.2 in) long horizontal bar connected to a vertical sprue
and a flange, as shown in Figure 1. The figure also indicates
thermocouple locations (TC1 to TC3), which recorded
temperatures during casting at a rate of 7 readings/second.
Temperatures of five separate castings poured at 720°C
(1,328°F) were recorded using these thermocouples.

During solidification, the contraction of the horizontal
bar is restrained by both the sprue and the flange. This
restraint can cause hot tears to form. The hot tears always
occurred at the junction of the sprue and the horizontal
bar. The induced hot tearing was varied by changing
the initial temperature of the steel mold. For a pouring
temperature of 700°C (1,292°F), test castings were made
at seven different initial mold temperatures ranging from
140°C (284°F) to 380°C (716°F). A semi-quantitative
method was adopted to represent the severity of the hot
tears observed in the test castings. This measure was called
the hot tearing susceptibility index (HSI)!. As discussed
in more detail below, the HSI was found to increase with
decreasing initial mold temperature. In this paper, both
the thermocouple results and the HSI measurements are
compared to simulations.

Casting

. i

20 mm thick

J

Figure 1. Casting and mold geometry with thermocouple
locations.
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Model

The filling, solidification and stress simulations were
performed using a modified version of MAGMAsoft®. The
simulations require inputs such as the three-dimensional
geometry, mold temperature, pour temperature, thermo-
physical properties, mechanical properties, mold-metal
interfacial heat transfer coefficient, and others. Using these
conditions and material properties, the temperature variations
in both the casting and mold are predicted. The temperatures
are then used in subsequent deformation calculations.
Material deformation depends on the temperature results,
since deformation is driven by density changes during casting
solidification and further cooling within a rigid mold.

As part of the current study, a newly developed temperature-
dependent viscoplastic deformation model was implemented
in a module called MAGMA tress. The details of this model
are rather complex, and only a brief overview is presented
here. The model considers the solid and liquid phases in the
mushy zone along with damage induced porosity. In the
volume-averaged model for the mushy zone, the three phase
fractions sum to unity, i.e.,

g, +g+g,=1 (1)

In Equation 1, g is the local volume fraction of a phase,
and the subscripts indicate the solid (s), liquid (/), and
porosity (p) phases. The deformation of the mushy zone is
a function of the solid fraction, which is a unique feature
of the present model. Conventional models, such as the von
Mises plasticity model, do not account for plastic volume
change and no damage can be predicted. The model used
in the current research includes the effect of plastic volume
changes due to tensile (or compressive) strains.

Assuming small strain theory, the total solid strain, & can be
decomposed into the elastic (e), thermal (th), and viscoplastic
(vp) components as

E=E,+ €, + & 2)

The elastic strain is governed by Hooke’s law. The thermal
strain is given by the linear thermal expansion coefficient,
which is calculated from the density. In the mushy zone,
thermal strains are assumed to be present only for temperatures
below the eutectic start temperature. The viscoplastic or
creep strains are determined by the flow condition. The flow
condition limits the maximum stress the material can hold
by keeping the equivalent stress below the yield stress. The
equivalent stress is given by

oo, =4(g)a +4,(g)p* O
where G, is the equivalent stress, ¢ is the von Mises stress,

and p is the pressure. The functions A, and A, are from the
Cocks model for equivalent stress and depend on the solid
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fraction®. In the limit where the solid fraction is unity, these
functions return to the von Mises solution, where A is equal
to unity and A, is zero.

The yield stress for the fully solid material and the three-
phase mixture is given by

) 1 e, n 1 éeq m
O-ys =0, +Z +Z (4)

where 0, is the initial yield strength, &, is the shear plastic
strain, &, is the reference shear strain and is given by & =
o,n/E, nis the strain hardening exponent, &, is the shear
strain rate, &, is the reference shear strain rate, m is the strain
rate sensitivity exponent, and E is the elastic modulus. The
above yield stress function includes the strain rate and is
therefore a creep model.

Damage due to solid deformation is porosity created by
volumetric plastic strain. The volume fraction damage
(porosity) is found by integrating over time the volumetric
part of the viscoplastic strain rate as

g, =] gule,)d G

where ¢ is time, 7., is the time when damage begins to
accumulate, and tr() is the trace operation function for
the volumetric contribution of the inelastic strains. For
simplicity, the critical time is taken as the beginning of the
simulation. It should be noted, that the predicted damage is
only an indicator of where hot tears may form in a casting;
it does not predict the exact shape or size of the final hot
tear. The potential for hot tearing increases with an increase
in magnitude of this damage indicator. Damage provides an
estimate of the volume that the crack occupies.

Thermo-physical and Mechanical Properties

Some of the properties of the AZ91D alloy needed in the
simulations were determined using the thermodynamic
software package JMatPro®. They include the solid fraction,
density, thermal conductivity, specific heat and latent heat, all
as a function of temperature. The composition of the alloy used
to generate these properties is the same as the experimental
composition but with the nickel and beryllium left out,
because the software package does not offer these elements in
the magnesium database. The properties were calculated using
a Scheil analysis with a 1% cutoff. The predicted liquidus,
eutectic start, and 100% solid temperatures are equal to 603°C
(1,117°F), 431°C (808°F), and 403°C (757°F), respectively.
The fact that the 100% solid temperature (with a 1% cutoff)
is 28°C (51°F) below the eutectic start temperature indicates
that the eutectic (Mg Al ,) does not form isothermally. The
thermodynamic software package also predicts the formation
of small amounts of additional phases (Mg,Si and Al ,Mn)
near the end of solidification.
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The mechanical properties, including the elastic and
viscoplastic properties, were estimated from stress-strain
curves found in the literature®?. These stress-strain curves
cover a range of temperatures and strain rates. Data from
AZ91 alloy designations A-E, as well as various heat
treatments and casting processes (die, permanent mold,
and sand cast), were drawn upon. This wide range of data
was used because a complete set of stress-strain curves for
AZ91D, covering the full range of temperatures and strain
rates encountered during casting, is not available. As a result,
the mechanical properties should be considered preliminary
estimates only.

The Young’s elastic modulus curve used in the simulations
is shown in Figure 2(a). The estimated modulus decreases
linearly from 46.0 GPa at room temperature to 20.0 GPa at
100% solid®. Through the solidification temperature interval,
the following solid fraction dependent relation based on the
study of Roberts and Garboczi*' was used

EV"
— g.Y_gS
E-Es[ﬁj (6)

Equation (6) shows that Young’s elastic modulus for the
solid material, E, is multiplied by a factor between zero and
unity, thus reducing the effective modulus, E, for the three-
phase mixture when the solid fraction is below unity. When

the solid fraction is below the critical solid fraction &, , the
modulus is set to a negligibly small value, signifying that
there is not enough solid in the mushy zone to support any
stress. According to a previous study on the stiffness of a
porous metal alloy,? the critical solid fraction was taken as
0.5 and the power coefficient, n”, as 2.5. For the Poisson’s
ratio, no temperature dependent data was found, so a constant
value of 0.35 was used from room temperature to 100%
solid’®. Through the solidification temperature interval, the
following solid fraction dependent relation from Roberts
and Garboczi®' was used

Equation (7) shows that the Poisson’s ratio for the solid
material, vy, is scaled from the fully solid value to a minimum
Poisson’s ratio, vy. This scaling occurs over a solid fraction

range between unity and & . The critical solid fraction for

the Poisson’s ratio, g , is given by 0.52, and the minimum
Poisson’s ratio by 0.14*'. The resulting temperature
dependent Poisson’s ratio curve is shown in Figure 2(b).

The viscoplastic properties estimated from the available
stress-strain curves are shown in Figures 2(c) and 2(d).
The initial yield stress, Gy, and the strain hardening
exponent, n, decrease with increasing temperature. The
strain rate sensitivity exponent, m, increases with increasing
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temperature, indicating rate independent behavior at low
temperatures and rate dependent or creep behavior at high
temperatures. The reference strain rate was set to a constant
equal to 107 1/s; this value is only approximate due to a lack
of experimental data. Using all of the regressed parameters,
the stress can be calculated at a given temperature, strain,
and strain rate. Figure 3(a) shows a comparison of predicted
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Figure 2. Mechanical properties used in the hot tear simulation: (a) Young’s elastic modulus; (b) Poisson’s ratio; (c)
initial yield strength; (d) strain hardening and strain rate sensitivity coefficients.
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Figure 3. Comparison of predicted stresses and measured stresses: (a) plot of total predicted stress and experimentally
measured stress,*? with a solid line indicating a perfect fit [temperature range of 20°C (68°F) to 370°C (698°F) and strain
rate range of 5.7X107 to 8.3X10? 1/s]; (b) example stress-strain plot for one experiment'® and the predicted stress [at

204°C (399°F) and a strain rate of 1.8X10* 1/s].

Results
Temperature Predictions

The temperature measurements were used to determine
the mold-metal interfacial heat transfer coefficient and to
confirm the accuracy of the solidification and heat transfer
simulations. The heat transfer coefficient was obtained
using a trial-and-error procedure in which the predicted
temperatures were matched with the experimental
thermocouple data. The resulting heat transfer coefficient
variation with temperature is shown in Figure 4(a). Above
the liquidus temperature, a heat transfer coefficient of
6000 W/m?’K was found to result in good agreement
between measured and predicted temperatures. Through
the solidification range, the heat transfer coefficient was
varied with the solid fraction to a final value of 1000 W/
m?K at 100% solid. From 100% solid to room temperature,
the heat transfer coefficient was decreased cubically to
100 W/m?K. The decrease in the heat transfer coefficient
with temperature reflects the formation of an air gap
between the casting and the mold during cooling.

Figure 4(b) shows an example of a measured and predicted
temperature comparison. Temperature versus time curves are
shown for a thermocouple indicated as TC1 in Figure 1. The
measured and predicted temperatures can be seen to be in
generally good agreement. Similar agreement was obtained
for all experiments in which temperatures were measured.
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More insight can be obtained by examining the measured
and predicted cooling rate curves that are also shown in Fig.
4(b). The cooling rate curves were obtained using a five point
moving average of the time derivative of the temperature
data. The first major peak in the measured cooling rate curve
indicates nucleation of the primary Mg-rich solid. The peak
corresponds to a temperature of 598°C (1,108°F) (average
value from all temperature measurements). This nucleation
temperature is 5°C (9°F) below the liquidus temperature of
603°C (1,117°F) predicted by the thermodynamic software.
The difference may be attributed to the presence of some
nucleation undercooling; in fact, a temperature recalescence
can be observed in the measurements. Nucleation is not
modeled by the thermodynamic software package. A
second major peak in the cooling rate curve indicates the
start of eutectic solidification. The measured eutectic start
temperature is equal to 421°C (790°F) (average value from
all temperature measurements). This value is 10°C (18°F)
lower than the eutectic start temperature start temperature.
The difference may be attributed to inaccuracies in the
thermodynamic software, in particular the Scheil analysis
used to model solidification and the neglect of eutectic
undercooling. The final 100% solid temperature cannot
be inferred from the measured and predicted cooling
rate curves due to the absence of any discernible peak.
Despite the inaccuracies in the data obtained from the
thermodynamic software package, the agreement between
the measured and predicted temperatures was still deemed
satisfactory for the present purposes.
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Figure 4. Interfacial heat transfer coefficient and thermocouple results: (a) final interfacial heat transfer coefficient as
a function of temperature; (b) measured and simulated thermocouple results for TC1 and an initial mold temperature
of 202°C (396°F).
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Figure 5. Calculated temperature fields for both the mold and the casting for an initial
mold temperature of 140°C (284°F): (a) temperature field at the end of filling; (b)

temperature field at 100% solid.
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Figure 5 shows predicted temperature fields for both the mold
and the casting immediately after filling and at 100% solid.
These results show that the heat from the casting propagates into
the mold as expected. A relatively large temperature gradient
can be observed in the casting near the junction between the
sprue and the horizontal bar. The sprue and the horizontal bar

are both fairly isothermal, but the sprue temperature remains
about 80°C higher than the bar temperature. The combination
of the hot sprue and the early solidification of the bar leads
to large thermal strains and, depending on the initial mold
temperature, to the formation of a hot tear at the junction
between the sprue and the horizontal bar.

(a)
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(b)

(c)
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L.

Figure 6. Calculated distortion of the casting magnified 20 times: (a) initial mold temperature of
140°C (284°F); (b) initial mold temperature of 260°C (500°F); (c) initial mold temperature of 380°C

(716°F).
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Deformation and Hot Tear Predictions

Model predictions are compared to experimental results for
three mold temperatures, 140°C (284°F), 260°C (500°F)
and 380°C (716°F), and a pouring temperature of 700°C
(1,292°F). Figure 6 shows the calculated final damage field
and distortion of the casting magnified by 20 times for the
three different initial mold temperatures. The simulations
were terminated at 350 sec. after pouring; at this time the
casting was fully solid and at a temperature close to the
initial mold temperature. In Figure 6, the solid black line
represents the original non-deformed casting. It can be seen
that the sprue undergoes free contraction along its height. The
magnitude of the contraction decreases with increasing initial
mold temperature, since the thermal strain is less for a smaller
temperature interval between the end of solidification and the
final casting temperature (which is approximately given by
the initial mold temperature). Several contact points can be
observed along the mold-metal interface, which provide the
necessary restraint for deformation and hot tears to occur. The
most important contact points are seen at the junction of the
sprue and the bar and at the flange end. Although the entire bar
experiences contraction and restraint, the deformation causes
the most significant damage on the sprue side of the bar. As
expected, more damage (and distortion) is predicted to occur
as the initial mold temperature is decreased.

Figure 7 shows the calculated von Mises stress and plastic
effective strain at the end of the simulation for an initial mold
temperature of 260°C (500°F). The von Mises stress is largest
in the bar and almost zero in the sprue, as can be seen in Figure
7(a). In Figure 7(b), the plastic effective strain can be seen to
be large in the bar with the largest values near the corners at
the flange end. Hence, a hot tear criterion based on a von Mises
model and effective strain alone would predict hot tear formation
at the flange end where the stress and effective plastic strain are
highest. However, in the experiments the hot tears did not form
at the flange end, but at the junction with the sprue. Therefore,
a prediction based on the von Mises stress and effective plastic
strains would be inadequate for this casting.

Figure 8 shows a comparison between the predicted damage
fields and photographs of the hot tears formed in the
experiments for the three mold temperatures'. In Figure 8, the
graphs with the simulation results were rotated by 180° so that
the sprue is now to the right of the horizontal bar. This rotation
is done in order to match the view in the photographs. It can be
seen that the predicted damage is at the same location where
the hot tears occurred in the experiments. The strong increase
in the calculated damage with decreasing mold temperature
corresponds well with the increasing severity of the hot tears
seen in the experimental results.

In order to compare the hot tear predictions with the HSI
introduced by Bichler et al.,' the calculated damage is summed
over the volume of the casting to give a value for the total
damage. The total volume of damage is then divided by the total
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casting volume to give a percent of the casting with damage. The
percentage of damage and the HSI are not directly comparable,
but they are both a measure of the hot tear severity. Figure 9
shows plots of the HSI values from the experiments! and the total
percentage of damage obtained from the present simulations, both
as a function of the initial mold temperature. The curve generated
from the simulation results [Figure 9(b)] shows a similar trend as
the 700°C (1,292°F) line on the HSI plot [Figure 9(a)]. Hence,
these simulation results confirm the observed decrease in hot tear
susceptibility with increasing mold temperature.

Conclusions

A new viscoplastic deformation model was used to predict
hot tears in an AZ91D magnesium alloy permanent mold
casting. The model calculates deformation and material
damage. Preliminary estimates of temperature and strain
rate dependent mechanical properties were obtained from
stress-strain data found in the literature. Simulations were
performed of experimental test castings of Bichler et al.!
The predicted damage from the simulations was found to
be in good agreement with the hot tears observed in the
experiments, both in terms of location and severity. The
simulation results corroborate that the hot tears form most
likely at the junction between the horizontal bar and the
vertical sprue. The simulation results also confirm that hot tear
susceptibility decreases with increasing mold temperature.
These results indicate that the damage calculated using the
new viscoplastic deformation model is a reasonable predictor
of hot tearing. Future work will include the measurement
of more accurate mechanical properties and the coupling of
the deformation model with shrinkage porosity simulation.
In addition, it will be desirable to compare the predicted
stresses and strains with direct experimental measurements.
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Figure 7. Stress and strain results at the end of the simulation, 350s, for an initial mold temperature
of 260°C (500°F): (a) calculated von Mises stress; (b) calculated plastic effective strain.
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Reviewer: The solidus temperature (403°C) as predicted by
JMatPro seems to be much lower than expected for AZ91D.
Could the authors comment on this calculated value, and the
possible effect on the results of a higher value for the solidus
temperature?

Authors:The value of 403 C is not the (equilibrium) solidus
temperature (note: JMatPro gives an equilibrium solidus
temperature of 442 C for this alloy), but the result of a
non-equilibrium Scheil calculation with a 1% cutoff. As
noted later under Temperature Predictions, the measured
eutectic start temperature is 421 C. This value is not
only below the equilibrium solidus temperature (442 C),
as expected, but also 10 C below the predicted eutectic
start temperature from JMatPro (431 C). The 100% solid
temperature from the Scheil analysis (403 C) is below
the eutectic start temperature, because the eutectic does
not form isothermally. In fact, solidification is predicted
to conclude not only with the formation of the eutectic
(Mg, Al,,), but also with small amounts of Mg ,Si and Al Mn
phases. Hence, the predicted 100% solid temperature is in
fact not “much lower than expected”. In no case should
one expect a 100% solid temperature above the measured
eutectic start temperature of 421 C. Sentences have been
added to the manuscript to explain that the eutectic does
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not form isothermally. Other items above were already
mentioned in the manuscript.

Reviewer: “The strain rate exponent, m, increases.....
high temperatures” does seem to be a bit contradictory in
that “m” is shown in Fig. 20(d) to be a linear function of
temperature throughout, at both low and high values. Any
comment from the authors?

Authors: The reviewer may have misread this sentence. The
strain rate sensitivity exponent indeed increases linearly with
temperature. A low value at low temperature implies rate
independent behavior, and a high value at high temperature
means that rate-dependent or creep behavior is important.

Reviewer: The authors are to be congratulated for deriving
the metal-mold HTC for their solidification model rather
than using standard MAGMA data. Boron nitride coating is
not very insulating, so we would expect a high initial value
for the HTC at contact with the molten metal. However, a
value of 6000 W/m2K seems quite high.

Authors: The value of 6,000 W/nm’K is not too high. About 15
years ago we measured HTCs for a liquid metal in contact
with a coated metal mold that were as high as 8,000 to 10,000
Wim?K [Reddy, A.V., and Beckermann, C., “Measurements
of Metal-Mold Interfacial Heat Transfer Coefficients during
Solidification of Sn and Sn-Pb Alloys,” Experimental Heat
Transfer,Vol. 6, 1993, pp. 111-129.] The entire topic of how
we determined the HTCs in the present study deserves more
discussion. However, due to space limitations and because
this is not central to the present topic of hot tears, we would
prefer not to discuss this in any greater detail than already
done in the manuscript.
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