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Abstract

In this work, a different wall-thickness 5-step (with thicknesses as
3, 5, 8, 12, 20 mm) casting mold was designed, and squeeze
casting of magnesium alloy AM60 was performed in a hydraulic
press. The casting-die interfacial heat transfer coefficients (IHTC)
in 5-step casting were determined based on experimental thermal
histories data throughout the die and inside the casting which were
recorded by fine type-K thermocouples. With measured
temperatures, heat flux and IHTC were evaluated using the
polynomial curve fitting method. The results show that the wall
thickness affects IHTC peak values significantly. The IHTC value
for the thick step is higher than that for the thin steps.

Introduction

The squeeze casting process with high applied pressures is a
promising solution for magnesium castings. Compared to other
conventional casting processes, the most attractive features of
squeeze casting (SC) are slow filling velocities and the
pressurized solidification. Before the solid fraction of the casting
is high enough, the applied pressure squeezes liquid metal feed
into the air or shrinkage porosities effectively. Therefore, squeeze
casting can make castings virtually free of porosity and usually
have excellent as-cast quality, and are heat treatable, which is
difficult to achieve with other conventional casting processes [1].
Although many research activities on squeeze casting process,
some fundamental questions still need to be answered and the
process must be optimized so as to expand its application,
especially for emerging magnesium alloys.

Numerical simulation improved the productivity and optimized
casting process greatly in the last decade. Beside the correct
thermophysical property data, the estimating of the interfacial heat
transfer coefficients (IHTCs) at the metal-mold interface is also
necessary to simulate the solidification process accurately. IHTCs
are usually very roughly set in the available FEM/FDM
commercial codes. An accurate prediction of the boundary
conditions is required to determine temperature distribution,
solidification ~ path, formation of shrinkage porosity,
microstructure development, and residual stress. The pressure-
transfer path is affected by applied hydraulic pressures, pouring
and die initial temperatures, alloy and die materials, and casting
orientation. Thermal barriers include coating applied on the die
surface and air gap caused by shrinkage. The process parameters,
such as the applied hydraulic and local pressures, pouring
temperatures, and die initial temperatures, have an influence on
the formation of pressure-transfer path, which consequently
affects heat transfer at the metal-mold interface and the finial
quality of squeeze castings [2,3]. In various casting process, the
contact between the liquid metal and mold die is imperfect
because of the coating applied on the die surface and air gap
caused by shrinkage [4]. These thermal barriers may decrease the
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heat transfer between metal and die and cooling rate of the casting
surface, which affect microstructure and quality of the casting
significantly. Hence, precise determination of heat transfer
coefficients at the metal-mold interface is a critical consideration
to simulate the solidification process and model the microstructure
of die castings accurately [5-10]. Especially, for thin-wall
castings, the evaluation of IHTC becomes vital due to very limited
solidification time.

However, many studies only focused on the simple shape die
casting [11-14]. Little attention has been paid to variation of
casting thicknesses and hydraulic pressures. Actually, in the die
casting practice, various section thicknesses at different locations
of castings result in significant variation of the local heat transfer
coefficients. Therefore, it would be essential to investigate the
influence of casting thickness, pressure value, and process
parameters on the IHTC. In this study, a special 5-step squeeze
casting was designed for understanding casting thickness-
dependant IHTC, and the temperature measuring units and the
pressure transducers were employed to accurately measure the
temperatures and the local pressures during squeeze casting of
magnesium alloy AM60.

Experimental Setup

5-Step Casting

A 5-step shape casting was designed special for this study. Figure
1 shows the 3-D model of 5-step casting, which consists of 5 steps
(from top to bottom designated as steps 1 to 5) with dimensions of
100x30x3 mm, 100x30x5 mm, 100x30x8 mm, 100x30x12 mm,
100x30x20 mm accordingly. The molten metal fills the cavity
from the bottom cylindrical shape sleeve with diameter 100 mm.

Figure 1. 3-D model of 5-step casting with the round-shape gating
system. (A) XZ view; (B) YZ view; (C) isometric view.



Die Assembly

The integrated system included a laboratory hydraulic press,
upper-lower die, an electric resistance furnace and a data
acquisition system. As Figure 2(a) shows, the mold assembly was
composed of three parts. The two upper die of casting cavity split
along the center. The bottom sleeve has a diameter of 0.1016 m
and a height of 0.127 m. The chill vent was located on the top of
the step casting, which can discharge the gas inside the upper die
cavity. Both the upper die and the bottom sleeve were heated by
cartridge heaters, in which the temperatures were separately
controlled by Shinko Temperature Controllers.

Data acquisition system

TR
(a)

(b)

Figure 2. Schematic diagram of (a) squeeze casting machine and
(b) upper-die configuration.

To measure the temperatures and pressures at the casting-die
interface accurately and effectively in the 5-step squeeze casting,
a special thermocouple holder was designed and developed to
enable the proper placement of the thermocouples in the upper
die. The thermocouple holder was manufactured using the same
material as the die to ensure that the heat transfer process would
not be distorted.  Figure 2 illustrates schematically the
configuration of the upper die (left and right parts) mounted on
the top ceiling of the press machine. It also included the
installation of pressure transducers, thermocouple holders and
thermocouples. Local pressures within the die cavity were
measured using Kistler pressure transducers 6175A2 with
operating temperature 850°C and pressures up to 200MPa.

As Figure 2 shows, the pressure transducers and temperature
thermocouples were located opposite each other so that
measurements from each sensor could be directly correlated. Five
pressure transducers and temperature measuring unit were
designated as PT1 through PTS, TS1 through TS5, respectively.
Each sensor unit was adjusted into the die until the front wall of
the sensor approached the cavity surface. The geometry shape of
the temperature measuring unit was purposely designed to be the
same as the pressure transducer, so that they could be
exchangeable at different positions.

Casting Process

The 75- ton heavy duty hydraulic press made by Technical
Machine Products (TMP, Cleveland, Ohio, USA) used in the
experimental study. The die material was P20 steel. Commercial
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magnesium alloy AM60 was used in the experiment. The
chemical composition of AM60 is shown in Table 1. Table II
gives the thermal properties of the related materials in this study.

Table I. Chemical composition of magnesium alloy AM60.
Mg Al(%) Mn(%) Si(%) Cu(%) Zn(%)
balance  5.5-6.5 0.13 0.5 0.35 0.22

Table H. Thermophysical properties of magnesium alloy AM60.

. Mg Alloy AM60

Properties
Solid Liquid

Thermal Conductivity (W/m K) 62 90
Specific Heat (J/kg K) 1020 1180
Density (kg/m*) 1790 1730
Latent Heat (KJ/kg) 373
Liquidus Temperature at 0 MPa ( °C) 615
Solidus Temperature at 0 MPa do 540

Before the pouring, the dies were pre-heated to 275°C using four
heating cartridges installed inside the dies. The experimental
procedure included pouring molten magnesium alloy AM60 into
the bottom sleeve with a pouring temperature 720°C, closing the
dies, cavity filling, squeezing solidification with applied pressure,
lowering the sleeve die, splitting the two parts of the upper die,
and finally the 5-step casting was shaken out from the cavity. The
temperatures inside the die and casting were measured by Omega
KTSS-116U thermocouples with response time below 10 ms,
which could be applied in the squeeze casting process properly.
Real-time in-cavity local pressures and temperature data were
recorded by a LabVIEW- based data acquisition system. Figure 3
shows a typical S-step casting poured under above mentioned
process condition with applied hydraulic pressure of 30 MPa.

Figure 3. A 5-step casting solidifying under applied pressure 30
MPa.



Determination of IHTC

Based on the principle of heat transfer, the interfacial heat transfer
coefficients (IHTC) between metal and die surface can be
determined by Equation 1:

s Td:
where 4 is IHTC; q is heat flux at the metal-die interface; 7, and
T; are the casting surface temperature and die surface
temperature, respectively; and ¢ is the solidification time. With
the known boundary conditions in the form of temperatures or the
heat fluxes, the temperature field inside the die or casting can be
obtained by the direct heat conduction method.

1

But, it is almost impossible to measure T, and T, because the
insertion of thermocouples of finite mass at the interface may
distort the temperature field at the interface. Further, the heat flow
at the interface may not be unidirectional due to the complex
geometry. Therefore, determination of IHTC using measurements
of T,, Ty, and g(t) directly is difficult. As a result, a polynomial
curve fitting method needs to be employed to determine the IHTC
based on the temperatures measured inside the die or casting
[10,12,15]. The direct heat transfer modeling also was involved to
calculate heat flux at the casting-die interface, which requires
numerical or analytical methods to be solved.

From the measured interior temperature histories, the transient
metal-die interface heat flux and temperature distribution were
estimated by the polynomial extrapolation method, coupled with
the finite difference method (FDM).

Because solidification of magnesium alloy AM60 during squeeze
casting involves phase change and its thermal properties are
temperature-dependent, the inverse heat conduction is a non-linear
problem. To evaluate the IHTC effectively as a function of
solidification time in the squeeze casting process, the finite
difference method (FDM) was employed as follows based on the
heat transfer equations [16].

Thermocouples

ARG

Figure 4. One-dimensional heat transfer at the interface between
the casting and die, where temperature measurements were
performed.

Since the thickness of each step is much smaller than the width or
length of the step, it can be assumed that the heat transfer at each
step is one-dimensional. The heat transfer across the nodal points
of the step casting and die is shown in Figure 4. The temperatures
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were measured at 2, 4, 6, 8 mm beneath die surface and the heat
flux transferred to the die mould can be evaluated by heat transfer
equations.

Heat Transfer Model

The heat transfer inside the die at each step is transient conduction
through one-dimensional body which can be described by

Equation 2:
aT (x,t)
h——""7

. dT(x,1) 0
at ox

where p is density of conducting die, T is the temperature, ¢ is the

time and x is the distance from the die surface to the node point;

¢, k are specific heat capacity and thermal conductivity of the die.

@

The initial and boundary conditions are described by the
following equations 3 to 5:

T(x,0) =T,(x)

3 €))

T

q(0,1) =—k(T)¥ . 4)
T(L,t)=Y(L,t) (5)

Where 7 is the initial temperature of the die; q is the heat flux at
the casting-die interface; L is the distance from the last
temperature measurement point to the die surface; Y is the
measured temperature at distance L from die surface.

The heat flux for both the casting and die interface can be
calculated from the temperature gradient at the surface and sub-
surface nodes by Equation 6:

dT

T, -T,
t _____k m m-1
q(t) I =

Ax

where k is thermal conductivity of the casting or die materials.
The superscript ¢ is solidification time. The subscript m means the
number of the discrete nodal points. With the heat flux value, the
segregated IHTC value can be evaluated from Equation 1.

-k 6)

For the surface node of the die, Equation 2 can be rearranged as
Equation 7a:

Ax
(1+2F )T} = 2F T, = 2F07q0 +T7 (Ta)
For any interior node of the die, equation 3 can be solved as
Equation 7b:

T p+1

m+1

(1+2F, )Tm‘”l - F, (Tm"’_"l1 + )=T7, (7b)
where the superscript p is used to denote the time dependence of
T. F,is a finite different form of the Fourier number:

_ QA1 kA1

(Ax)*  cp (Ax)’
The heat flux at the casting-die interface (g) at each time step was
obtained by applying Equation 7a and 7b. Thus, with Ty

estimated by the polynomial curve fitting method, the IHTC
values were evaluated by Equation 1.

0 (7¢)



Polynomial Curve Fitting Method

For example, beneath the step 4 die surface, as Figure 4 showed,
thermocouples were positioned at X1 = 2mm, X2 = 4mm, X3 =
6mm, and X4 = 8mm away from the die surface. From the
temperature versus time curves obtained at each position inside
the die, the temperature at the die surface (X0 = Omm) can be
extrapolated by using a polynomial curve fitting.
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Figure 5. Polynomial curve with various measured temperatures at
a time of 4.1 seconds after pressurized solidification.

By selecting a particular time of solidification process, for
example ¢t = 4.1 seconds, the values of temperatures were read
from the temperature-time data at position X1, X2, X3, and X4.
Figure 5 shows the temperature values against distance X which
were fitted by the polynomial trendline. The temperature at the die
surface (70=308.43 °C) was determined by substituting the value
of x=0 in the polynomial curve fitting Equation 6 obtained from
the temperature values at various distances inside the die at a
chosen time of 4.1 seconds after pressurized solidification.

y = 0.0635 x> +0.1759 x? —16.495 x + 308 .43 (6)
This procedure was repeated for a number of time increments to
get series of such temperatures with corresponding times. As
Figure 6 shows, for the step 4 under pressure 30 MPa, the
temperature curve versus time at the die surface(X0 = Omm) was
extrapolated as “Die-surf-TO-Omm-polynomial” based on the
experimental data T1(X1=2mm), T2(X2=4mm), T3(X3=6mm),
and T4(X4=8mm) beneath the die surface. By extrapolation, the
evaluated peak temperature value of the die surface is 333.39°C at
the solidification time r=6.7 seconds.
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Figure 6. Extrapolated temperature curve at the die surface (T0)
by the polynomial curve fitting method with applied pressure 30

MPa.
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Results and Discussion

Experimental Cooling Curve

Figure 6 and 7 show typical temperatures versus time curves at
the metal-die interface of Step 4 for solidifying magnesium alloy
AMG60 and the steel die respectively with an applied hydraulic
pressure of 30 MPa. The measured locations are described in
Figure 4, which include casting surface temperature (Metal-
surface-Experimental), T1, T2, T3, and T4 inside the die. Since
molten metal filled the cavity from the bottom, pre-solidification
occurred upon the completion of cavity filling. No die surface
temperatures exceeded 350°C, and metal surface temperature
(532.97°C) was also lower than the liquidus temperature of the
melt. From Figure 7, it can be observed that the temperature
curve at casting surface increases abruptly and drops faster than
the temperature measurements obtained at different depths under
the die surface. The curves indicated the dynamic temperature
change at the metal-die interface.
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Figure 7. Typical temperature versus time curves (Step 4, 30
MPa) at metal surface, die surface, and various positions inside
the die.



Typical Heat flux(q) & IHTC(h) Curves

Substituting the estimated die surface temperature (70) and the
measured temperature at T1=2 mm to Equation 2, the interfacial
heat flux (g) was calculated. Figure 8 shows the interfacial heat
flux (g) and the heat transfer coefficient (IHTC) versus
solidification time of step 4 with applied pressure 30 MPa. The
curves were estimated by extrapolated fitting method based on the
data in Figure 7. For step 4, the peak heat flux value was 3.4E+05
W/mz, and the peak value of IHTC was 6,450 W/ m’K. From
Figure 8, it can be observed that the heat flux (q) curve reached its
peak value abruptly within 2.3 seconds and decreased rapidly to a
lower level (5.0E+04 W/m?) after 20 seconds. While the heat
transfer coefficient (h) curve reached its peak value gradually at
12.3 seconds and vibrated around that peak value for about 6.5
seconds, then decreased slowly to the level 3,000 W/ m’K after 28
seconds. Notably, the uncertainty and error of the polynomial
extrapolated method should be responsible for the significant
variation presented in the heat flux & IHTC curve in Figure 8.
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Figure 8. Interfacial heat flux (q) and the heat transfer coefficient
(IHTC) curves for step 4 with applied pressure 30 MPa.

Figure 9 shows the heat flux (q) versus solidification time of step
3, step 4, and step 5 with an applied pressure of 30 MPa. The
curves were estimated by extrapolation of the experimental data.
For steps 3, 4, and 5, the peak heat flux values were 1.8E+05
W/m?, 3.4E+05 W/m’, 5.25E+05 W/m?, respectively. From step 3
to step 5, the heat flux (q) curves reached to their peak value
abruptly between 2.4, to 3.8 second and decreased rapidly to the
lower level (5.0E+04 W/m? at 16, 28, and 42 seconds,

respectively.
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Figure 9. Heat flux (q) curves for step 3,4,5 estimated by the
extrapolated fitting method.
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Figure 10 shows that the heat transfer coefficient (IHTC) curves
of steps 3,4,5 estimated by the extrapolated fitting. For step 3,
IHTC began increasing, and reached its peak value of 3,200 W/
m?K at 12.5 seconds, maintained that value for about 6 seconds,
then decreased slowly to the level 1,600 W/ m’K at 48 seconds.
For step 4, IHTC value increased and reached its peak value
(6,450 W/ mZK) at about 12.3 seconds, remained at that value for
about 6.5 seconds, then decreased slowly to the level 3,000 W/
m’K at 48 seconds. For step 5, IHTC curve increased sharply to
the peak value of 7,850 W/ m?K at 8.2 seconds and then decreased
to the lower level 5,500 W/ m°K at 20.5 seconds. Finally IHTC
increased again to high value. The up swinging tail of the IHTC
curve for step 5 may be attributed to the stability of data
collection, which needs to be further verified.

From steps 3 to 5, the peak IHTC value varied from 3,200 W/m’K
to 7,850 W/m?K. Therefore, the wall thickness affects IHTC peak
values significantly. The peak IHTC value decreased from the
bottom to the top of the step casting as the step thickness reduced.
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Figure 10. Heat transfer coefficient (IHTC) curves for step 3,4,5
estimated by the extrapolated fitting method.

Conclusions

1. The heat flux and IHTC at metal-die interface in squeeze
casting were determined based on an extrapolation method.

2. For all steps, IHTC increased first, and reached its peak value,
then dropped gradually until it arrived at a low value.

3. For steps 3, 4, and 5, the peak heat flux values were 1.8E+05
W/m?, 3.4E+05 W/m?, 5.25E+05 W/m?, respectively.

4. For step 3, with a section thickness of 8mm, IHTC began with
a increasing stage, and reached its peak value of 3,200 W/ m’K
at 12.5 seconds, maintained that value for about 6 seconds,
then decreased slowly to the level 1,600 W/m’K at 48 seconds.
For step 4 of the thickness 12mm, IHTC value increased and
reached its peak value (6,450 W/mZK) at about 12.3 seconds,
remained at that value for about 6.5 seconds, then decreased
slowly to the level 3,000 W/m’K at 48 seconds. From step 3 to
S5, the peak IHTC value varied from 3,200 W/m’K to 7,850
W/m’K.

5. The wall thickness of squeeze cast magnesium alloy AM60
affected IHTC peak values significantly. The peak IHTC value
decreased in a direction from the bottom to top as the step
thickness reduced.
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