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Development of thermal boundary condition
model at metal/die interface of high pressure
die casting process

Z.-P. Guo', S.-M. Xiong*', B. C. Liu®, M. Li* and ). Allison?

A thermal boundary condition model at the metal/die interface of a high pressure die casting
process was developed based on two important correlations. The first is the relationship between
the maximum interfacial heat transfer coefficient (IHTC) and the initial die surface temperature,
and the other is between the IHTC and the casting solid fraction. The IHTC at the metal/die
interface during solidification of high pressure die casting process can be divided into four
stages, namely, the initial increasing stage, higher value maintaining stage, fast decreasing stage
and lower value stage. By applying the regression method, it was found that the maximum heat
transfer coefficient during the initial increasing stage changes as a function of the initial die
surface temperature, and during the fast decreasing stage, the heat transfer coefficient changes

as a function of the casting solid fraction.

Keywords: High pressure die casting, Interfacial heat transfer coefficient, Boundary condition, Solidification

This paper is part of a special issue of papers selected from MCSPS, the 8th Pacific Rim Conference on Modeling of

Casting and Solidification Processes

Introduction

High pressure die casting (HPDC) is a net shape process
for producing thin wall components for the manufactur-
ing industry. During the process, the solidification of
castings is highly dependent on the heat transfer
behaviour at the metal/die interface, and it is believed
that such heat transfer behaviour could directly influence
the formation of the microstructure and defects and the
final mechanical properties of the castings. Interfacial
heat transfer coefficient is a key parameter charactering
the heat transfer behaviour at the metal/die interface, and
the determination and application of this coefficient is
becoming a key issue to the researchers nowadays.
Studies concerning the metal/die interfacial heat
transfer during the HPDC process have been performed
since the 1970s,"? but it is not until recently that these
investigations have attracted much attention. The influ-
ence of the applied pressure on the heat transfer
coefficient is one of the most hotly investigated topics
within this area. It is well established that the application
of a high pressure could greatly enhance the heat transfer
at the metal/die interface.® However, with a further
increase in the applied pressure, as concluded by Papai
and Mobley,* the thermal field and the heat flux to the die
could be hardly changed. Similar results were observed by
El-Mahallawy et al.,> Dour et al.® and Hamasaiid ef al.’
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However, Sekhar et al.® found that by casting the Al-Si
alloy against an H-13 steel die using a pressurised
apparatus, the influence of the pressure on the heat
transfer could still be prominent even under a very high
pressure situation. Guo et al’ conducted an HPDC
experiment using a ‘step shape’ casting. They found that
the influence of the pressure could only be prominent if
the casting step is sufficiently thick; for the thinner steps,
however, such influence can be neglected.

The fast shot velocity and the initial die temperature
were also found to have great influences on the heat
transfer during the HPDC process. According to Dour
et al..® a higher velocity always leads to a higher heat
transfer coefficient and heat flux. This trend was also
observed by Guo et al.'” and Hamasaiid er al.'' They
believed that this effect is mainly caused by the in
cavity pressure arising from the impact of the melt to
the die surface. Furthermore, Papai and Mobley* and
Dour et al.® found that the peak value of heat flux or
heat transfer coefficient decreases as the initial die
temperature increases. However, according to Guo
et al.,'® this trend is only prominent at thicker parts of
the casting.

Whereas many processing parameters during HPDC
were found to have an influence on the heat transfer
coefficient, the relative contribution of each factor is not
quantitatively known. In addition, the dependence of the
solidification status on the heat transfer has not been
thoroughly investigated and thus is not well understood.
This greatly restricts the application of the transient heat
transfer coefficient in practice, i.e. evaluation of the
three-dimensional thermal field during HPDC.

As such, the primary objectives of the present study are:
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(i) to quantitatively evaluate the influence of the
processing parameters on the heat transfer
coefficient

(il) to investigate the relationship among casting
solid fraction, casting solidifying rate and heat
transfer coefficient

(iii) to develop a model capable of accurately simulat-
ing the thermal boundary conditions during the
HPDC process.

Experimental

The heat transfer coefficient was determined using the
following experimental procedure. This has been described
in detail in Ref. 10 but is also briefly given here.

Table 1 Thermal property of related materials

Thermal properties AM50 ADC12 H-13

Thermal conductivity/ 62 92 31-2-0-013T*
Wm2K™!

Specific heat/d kg™' K™' 1050 963 478-0-219T
Density/kg m—2 1780 2700 7730—0-24T
Solidus temperature/°C 546 531 1404
Liquidus temperature/°C 628 587 1471

Latent heat/J kg™’ 373 000 389 000 209 350

*T is temperature (°C).

International Journal of Cast Metals Research 2011 voL 24

Two commercial alloys, namely, AM50 and ADCI12,
were cast against an H-13 steel die on a TOYO 650 t cold
chamber die casting machine. The thermal properties of
these materials are summarised in Table 1.° The ‘step
shape’ casting used during the experiment, as shown in
Fig. 1a, had five different thicknesses from 2 mm (step 1)
to 14 mm (step 5), with an interval of 3 mm. Inside the die
corresponding to each step, temperatures at 1, 3 and
6 mm from the interface were measured using a specially
designed temperature sensor unit. As shown in Fig. 15,
five sensor units (indicated by St1-St5) were installed
inside the die. Each sensor unit was installed until the
front wall of the sensor unit approached the cavity
surface. The configuration of the sensor unit is shown in
Fig. 1c and d. On each sensor unit, six 0-8 mm wide and
1 mm deep grooves were machined for the placement of
the thermocouples. At the end of each groove, the
thermocouple was welded in order to maintain better
contact with the sensor unit. The thermocouples were
sheathed K type thermocouples with a wire diameter of
only 0-1 mm. The temperature sensor unit was made
using the same material as the die, i.e. H-13 steel, to
ensure that the thermal field would not be distorted. The
temperature was measured by a data acquisition system
manufactured by Integrated Measurement and Control
Corporation (IMC) with a sampling rate of 200 Hz.

NO 3/4
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2 Inversely determined heat transfer coefficient and heat flux at step 3 of a AM50 and b ADC12 alloys

Experiments were performed under different opera-
tion conditions. The influences of the casting pressure
(24-67 MPa), fast shot velocity (0-7-4 m s~ "), slow shot
velocity (0-2-0-8 m s~ '), pressure intensification time
(40-100 ms), melt pouring temperature (640-710°C) and
die temperature (90-180°C) were considered. For each
casting condition, die casting cycles were repeated until
the thermal equilibrium inside the die was achieved. A
total of ~300 shots were performed for each alloy.

Results and discussion

The heat transfer coefficient was determined by apply-
ing the temperature measurements into a self-developed
inverse thermal programme based on the sequential
estimation method introduced by Beck er al.'? Details of
the mathematical model can be found in Ref. 10. Dur-
ing the determination, the following assumptions were
made:
(i) the heat transfer at each step is one-dimensional
(i) the step centre is adiabatic
(iii) the initial temperature of the casting is equal to
the melt temperature.

Evolution of heat transfer coefficient

Figure 2 shows the determined heat transfer coefficient
and associated heat flux at step 3 for both AMS50 and
ADCI12 alloys. Experiments were conducted with a casting
pressure of 67 MPa, a fast shot velocity of 4 m s, a slow
shot velocity of 0-2 m s, a pressure intensification time
of 40 ms and a melt temperature of 680°C.

As shown in Fig. 2a, the heat flux (represented by
curve ¢q) for the AMS50 alloy shows a classical two stage
change: increasing abruptly first and declining continu-
ously afterwards. The heat transfer coefficient, indicated
by curve h, also increases rapidly first. After the heat
transfer coefficient reaches E, a plateau follows instead
of a continuous decrease. This is probably due to the
fact that a tangible shell of metal at the interface had not
formed, so that a closer contact between metal and die
could be maintained due to the high pressure applied
during HPDC. After F, the heat transfer coefficient
drops rapidly, indicating that the casting starts to pull
back from the die surface due to the casting shrinkage
during solidification. This fast decrease in the heat
transfer coefficient continues until the casting has totally
solidified, as indicated by G.

The foregoing analysis indicates that the evolution
of the heat transfer coefficient can be divided into four

International Journal of Cast Metals Research

stages, namely, the initial increasing stage, higher value
maintaining stage, fast decreasing stage and lower value
stage, as indicated in Fig. 2 by AE, EF, FG and after G
respectively. For convenience, the Roman numerals I,
II, IIT and IV are used to represent the four different
stages for the heat transfer coefficient in the remaining
text.

Figure 3 shows the heat transfer coefficient at steps
1-5 for both alloys. Similar to the results at step 3,
characteristic points such as E, F and G that mark the
different stages of the heat transfer coefficient at other
steps can be easily observed. It is notable that it takes
more time for the heat transfer coefficient to reach point
F as the thickness of the step increases. This is expected,
as during the solidification, a thicker step means that a
longer close contact status could be maintained between
the casting and the die because of a long solidification
time and pressure transfer from the casting centre, which
results in a longer stage II of the heat transfer coefficient.
Moreover, for a particular step, the magnitude of the heat
transfer coefficient and the duration of stage II are higher
(or longer) for the ADCI2 alloy than for the AMS50 alloy.
The difference in the wetting mechanism during the initial
contact and the difference in the magnitude of the latent
heat for the two alloys are responsible for this.

Correlation between processing parameters and
heat transfer coefficient

As shown in Fig. 2, the first stage of the heat transfer
coefficient, i.e. stage I, can be characterised by the
maximum value of the heat transfer coefficient /.
Since the time span for stage I is relatively small (typically
0-1 s) compared with those of other stages, and also due
to the fact that a closer contact at the interface could be
maintained if the temperature of the casting is higher than
the liquidus, it is reasonable to assume that before
solidification takes place, the heat transfer coefficient is
equal to the maximum heat transfer coefficient.
According to the previous work of the current
authors,”! in addition to the influence of the alloy com-
position and step thickness, the maximum heat transfer
coefficient is mainly affected by the processing parameters.
Moreover, it was found that an increase in the fast shot
velocity could greatly enhance the maximum heat transfer
coefficient at steps 1 and 2. As the step thickness increases,
the influence of the initial die surface temperature Tpp
becomes more prominent, particularly at steps 3-5.
In order to get a clear understanding of this influence, let

2011 voL 24 NO 3/4
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hmax
M= ()
T3
Figure 4 shows the change of #;,, versus Ty at steps 1-5
under all the operation conditions. By applying the
regression method, it was found that #;, changes as a
function of Tp; in the manner of

Inn, =By In Tpr+py 2

where 9, and f, are fitted parameters. Combining
equations (1) and (2) yields

Nmax = T]Z);rﬁh exp(xh) (3)

For the ADCI12 alloy, as shown in Fig. 4b, an evident
increase in the curve slope ff;, occurs when Tp; exceeds
~260°C. After the transition, 7}, drops at a much faster
rate. For convenience, S1 and S2 are used to represent the
change before and after the transition. According to
equation (3), the same positive value of 2+ f3;, for S1
(0-18) for the two alloys illustrates that the fitted lines are
parallel. Moreover, during this period, /., increases as
Tpr increases, which agrees with the findings of other
researchers.'>™> After the transition from S1 to S2, the

variable 2+ f, changes into a negative value of —3-32,
suggesting that /g, drops if Tp; further increases.
However, this transition could not be clearly observed
in the results of the AMS50 alloy, as shown in Fig. 4a.

The influence of the processing parameters on the
maximum heat flux gn.x is also of great interest to
researchers*®!! as a similar relationship between gmax
and Ty could be found as that of /.

qmax
Ng= (4a)
¢ Th
Inn, =B, In Tpp+74 (4b)
240
Gmax = TDIHq 28 (XQ> (40)

However, for the ADCI12 alloy, careful examination of
the value 24 fi; could enable us to find that even after the
transition from S1 to S2, gy still drops instead of further
increasing, which is different from the heat transfer
coefficient. This difference can be clearly observed in
Fig. 5a. The transition temperature Tp; for ¢uax is
~250°C, which is almost the same as that for /i,
(260°C). The continuous decrease in ¢n,x as a function of

0 — 10
o~ O o~ O
b~ b~
5 I |
£ ey
n u
= 5
= 0.1
R | I L B N
50 100 200 400 50 100 200 400
{a) 7, (°c) 7, (°c) (b)

4 Graphical illustration of maximum heat transfer coefficient changing with initial die surface temperature and fitted
curves according to equation (2) for a AM50 and b ADC12 alloys
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5 Graphical illustration of a maximum heat flux and b maximum heat transfer coefficient changing as function of initial
die surface temperature according to equations (4c) and (3) for ADC12 alloy

Tr agrees with the results reported in other works.*®16

The decrease in /i, as a function of Tp; during the
second part of the change, i.e. S2, is also consistent with
the results of Dour et al.® One of the possible reasons for
the absence of the transition for the AMS50 alloy, as
shown in Fig. 4a, is that during the experiment of the
AMS0 alloy, the initial die temperature was not high
enough to cause the transition. It is therefore believed
that if the initial die temperature could be further raised,
then the transition could ultimately happen.

Compared with the influences of the fast shot velocity
(only prominent at steps 1 and 2) and the casting pressure
(only prominent at step 5 for the AM50 alloy),' the fact
that all the maximum heat transfer coefficients at steps 1—
5 change in accordance to equation (2) indicates that the
influence of the initial die surface temperature on the heat
transfer coefficient is dominant.

Correlation between casting solid fraction and
heat transfer coefficient

During stage III, it was found that the heat transfer
coefficient can be best fitted using the following equation

h=ho+ Ay exp (knt) Q)

where /iy is a constant value, and A4y, and k;, are the

coefficients for the fitted function based on the results
shown in Fig. 6.

Figure 6 shows the % profiles and related fitted curves
at step 3 for both alloys. It was also found that during
stage III, the solid fraction of each step, namely, f;, can
also be fitted using a similar equation

Js=fo+ Ags exp (kgst) (6)

where fyo is a constant value, Ar and kg are coefficients
for the fitted function based on the results shown in
Fig. 7.

Let O,=h—hy and 0Oy =f;—fs. According to equa-
tions (5) and (6), it can be found that

doy
;= b (N
d0gs
5 =krsrs ®)

Equation (7) shows that during stage III, the decreasing
rate of the heat transfer coefficient is proportional to its
relative magnitude, which means that during this stage, the
higher the heat transfer coefficient, the faster it drops.
Furthermore, in equation (5), the term /g represents the
value of the heat transfer coefficient after the metal has
totally solidified.
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6 Graphical illustration showing inversely determined heat transfer coefficient and fitted curves according to equa-

tions (5) and (6) for a AM50 and b ADC12 alloys
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Substitution of equation (7) into equation (8) yields
dOy  dOgs

O Or ©)
where e=ky/kg. According to equation (9)

On =k —rs(— Ors)* (10)
which can also be written as

h=ho~+kn s X (fo —fs)° (11

where according to equations (5) and (6) kn—g can be
determined by

khffs:AhX(*Afs)_g (12)

Equation (11) provides an explicit and quantitative form
interpreting how the heat transfer coefficient changes as
the solidification proceeds. Let both sides of equa-
tion (11) be divided by /.«

— hO

hmax

B fen—gs

+ X (fs0 —/5)" | hmax (13)

hmax
By applying these parameters determined by the regression
method, Fig. 7 shows a related graphical representation of
equation (13) for steps 1-5. Equation (13) provides an
excellent fit for the heat transfer coefficient and the casting
solid fraction. As expected, the magnitude of &y, decreases
as the step thickness increases, indicating that the dropping
rate of the heat transfer coefficient at stage I11 decreases as
the step becomes thicker. It is also found that the heat
transfer coefficient /i after the step totally solidified drops
to ~10% of the magnitude of /., and in most cases, the
value of f is nearly 1-0, which is expected since this value
indicates the end of the solidification.

According to Fig. 7, the decrease in the heat transfer
coefficient when f,<f.r (solid fraction when stage III
starts) is much slower compared to that when f;>fr. It
is therefore reasonable to assume a linear change of the
heat transfer coefficient during stage II
hmax - hF

ot B

where /A is the heat transfer coefficient when f;=/fg, and
fsc 18 the solid fraction when the heat transfer coeffi-
cient reaches its maximum, which could be reasonably
assumed to be /.

h:hmax+ (14)
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Conclusions

The heat transfer coefficient at the metal/die interface
during the HPDC process was determined. The influence
of various processing parameters, particularly the ini-
tial die surface temperature, on the heat transfer was
investigated. Additionally, by investigating the variation
in the heat transfer coefficient at different steps, the
dependence of the heat transfer coefficient on the casting
solid fraction was evaluated and quantified. Moreover, a
relationship between the casting solidifying rate and the
heat transfer coefficient was determined. From the results
of this study, the following conclusions can be drawn.

1. During the solidification process of the HPDC,
the heat transfer coefficient can be divided into four
stages, namely, the initial increasing stage, the higher
value maintaining stage, the fast decreasing stage and
the lower value stage.

2. Of all the processing parameters, the initial die
surface temperature 7p; has the most dominant
influence on the heat transfer coefficient, and this
influence is mainly focused on the maximum value /..
By applying the regression method, it was found that
hmax changes as a function of Tpy as

Nmax = Té;r b exp(xn)

According to this equation and due to the same positive
exponent for the two alloys, the maximum heat transfer
coefficient increases as the initial die surface temperature
increases. For the ADCI12 alloy, however, /i,,x would
drop if the initial die surface temperature further
increased.

3. During the fast decreasing stage, the dependence of
the heat transfer coefficient / on the casting solid fraction f;
can be excellently correlated by the equation

h=ho+kn_gs(fso—fs)°

where kg and ¢ are the parameters related to the step
thickness, and /4, indicates the magnitude of the heat
transfer coefficient after the casting is totally solidified.
4. The four stages of the heat transfer coefficient can
be characterised by the following equations
(1) h=hpnax, before and during the initial increasing
stage

NO 3/4
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(i1)  h=hmax + (fs/fse)(hmax—hE), higher value main-
taining stage
(iii) h=hy+kn—r(fs0—fs)°, fast decreasing stage
(iv) h=ho, lower value stage.
These four equations can therefore be used to simulate
the thermal boundary conditions for solidification during
the HPDC process.
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