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A  s one of the most cost effective near-net-shape 
manufacturing processes, high pressure die 

casting (HPDC) accounts for almost 70% of aluminum 
components production [1]. It has been demonstrated 
that the HPDC process involves rapid temperature 
fluctuations on the surface of the die during the fast 
casting cycles. This behavior could result in steep 
thermal gradients on and below the die surface [2-6]. 
According to research articles [7, 8], the solidification rate 
is highly dependent on the interfacial heat transfer behavior 
in both the shot sleeve and the die. Subsequently, 
solidification rate has a significant influence on the 
microstructural defect formation and mechanical 
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properties of the final product. Furthermore, the 
solidification condition could affect the morphology and 
quantity of externally solidified crystals (ESCs) or cold 
flakes in the casting [9, 10]. Therefore, to reduce defects in 
castings and achieve an optimized control condition, a 
thorough understanding of the heat transfer between the 
molten metal and the shoot sleeve is necessary.

Temperature measurement is the most difficult task in 
interfacial heat transfer determination in HPDC. Dour 
et al.[11] pointed out that improper installation of the 
thermocouples could bring uncertainties in temperature 
measurement. To date, there are two main problems 
existing in casting and die temperature measurement: (I) 
accurate and reproducible measurements are not possible 
on the casting side due to the severe filling conditions, 
(II) the fast solidification rate in HPDC means that the 
thermocouples’ response time and their installation in 
the die, including their distances from the die interface, 
introduce significant uncertainties in the interfacial 
heat transfer coefficient (IHTC) estimation. Recently, 
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Fig. 1:  Schematic of experimental setup

IHTC is generally determined by solving an inverse thermal 
problem. In this method, an objective function is determined 
based on the measured and calculated temperatures at various 
internal points. It is minimized or maximized as the case may 
be, by correcting the coefficient values used in the boundary 
conditions. This is carried out iteratively until a stationary value 
of the objective function is obtained. Thus, measurement errors 
can be minimized by this numerical procedure [12-14]. 

Papai and Mobley [15] determined the heat flux during the 
HPDC process using an iterative procedure by the inverse method. 
Helenrtius [16] determined the heat transfer coefficient during the 
filling of molten metal inside the shot sleeve using the inverse 
method. However, the apparatus they used is still in a laboratory 
and quite different from the real case, i.e. HPDC production. In 
addition, there are very few studies concerning the investigation 
of heat transfer behavior in the shot sleeve for HPDC process. 
Recently, to gain a sufficiently rapid response time to follow the 
HPDC process and accurately measure the temperatures inside 
the die, a special temperature sensor unit (TSU) was designed 
by our group. By using this TSU, temperatures at 1, 3 and 6 mm 
from the interface were measured inside the die, corresponding to 
each location [17, 18]. Then, the calculated results were compared to 
the experimental measurements. In this way, the inverse method 
was modified and corrected.

In this work, to study the interfacial heat transfer behavior 
between metal and shot sleeve, a specially designed shot sleeve 
and A380 alloy were used in the HPDC experiment on a 350-
ton cold chamber die-casting machine under non-shot condition. 
Based on the measured temperature, the inverse method was 
used to simulate the interfacial heat transfer behavior in the 
shot sleeve under non-shot condition. Furthermore, the effect of 

sleeve filling ratio and pouring temperature on interfacial heat 
transfer behavior were also studied.

1 Experimental and theoretical 
procedures

1.1 Experimental casting and sensor 
installation

The experiment was performed on a TOYO 350 ton die casting 
machine under non-shot conditions (via the plunger), as shown 
in Fig. 1. The specially designed shot sleeve made of H13 steel 
has an internal diameter of 60 mm, thickness of 22.5 mm and 
length of 405 mm. The shot sleeve was instrumented with three 
blocks of thermocouples in the bottom side along the movement 
direction of the plunger to collect temperature readings at the 
metal-sleeve interface. The thermocouple probes were placed 
in three different positions: (1) the pouring zone where the melt 
hit the sleeve, (2) the middle zone, and (3) the end zone where 
the melt was injected to the runner. Each of these thermocouple 
probes comprised of three pairs of K-type thermocouple with 
0.045 mm in wire diameter. The diameter of probe, sheathed with 
stainless steel, is 0.500 mm. The temperature measuring points 
were inside the sleeve wall and placed 1, 3, and 6 mm from the 
metal-sleeve interface. Real-time temperature data were then 
recorded using a Spartan data logging system (96 isolated analog 
inputs channels) manufactured by the Integrated Measurement 
Corporation with a sampling rate of 500 Hz. The A380 alloy 
was melted and delivered to the shot sleeve through the heated 
feeding pipe. The compositions and thermal properties of A380 
alloy and H13 steel are shown in Tables 1 and 2, respectively.

Table 1: Chemical compositions of A380 alloy and H13 steel (wt.%).

A380
Si Cu Fe Zn Mn Mg Ni Ti Al

9.87 2.93 0.66 0.47 0.22 0.18 0.06 0.03 Bal.

H13
C Mn Si S P Cr Mo V Fe

0.396 0.36 0.94 <0.005 <0.025 5.05 1.25 0.82 Bal.

Cooling

Mold

Molten alloy

335  310                        217  192  167 142          95    70    45    20   0

345

70Φ
60

Plunger tip

Spartan data 
logging system

Pouring gate

Shot sleeve

z (mm)



 271

Vol.13 No. 4 July 2016
Research & Development CHINA  FOUNDRY

Table 2: Thermal properties of A380 alloy and H13 steel

Thermal 
properties

Thermal 
conductance
λ  (W•m-1•K-1)

Specific heat
Cp (J•kg-1•K-1)

Density
ρ (kg•m-3)

Solidus 
temperature

TS (°C)

Liquidus 
temperature

TL (°C)
Latent heat
Ls (J•kg-1)

A380 96.2 963 2,710 540 595 389,000

H13 31.2 – 0.013 T 478 – 0.219 T 7,730 – 0.24 T 1,471 1,404 209,350

1.2  Numerical approaches (inverse method)
The inverse method utilizes the known temperatures at 
measurement points on the outer wall to estimate the heat 
convection coefficient (qM), fluid temperature and wall 
temperature on the inner wall. The inverse problem can be 
mathematically transformed into an optimization problem as 
follows [12]: 

                 

where i and j are the position and time of temperature 
measurement, T and Y are the calculated and experimental 
temperatures, respectively. R is the measurement point number 
of the outer wall, and J is the time step number. 

1.3 Liquid metal temperature resolves in 
sleeve

To evaluate the exact mathematical solutions to two-
dimensional (2D), the following equation is adopted [19]:

where Cp is the specific heat capacity, ρ is the density, and λ is 
the thermal conductivity, ρL∂fs/∂t is the heat latent release in 
metal solidification.

To el iminate the nonl inear of λ and Cp, Kirchhoff 
transformation and equivalent specific heat were adopted with 
the following equations:

 (1)

 (2)

 (3)

 (4)

the liquid metal temperature in the sleeve can be calculated 
through catching Method Iterative.

Combined with the aforementioned assumptions of casting 
sleeve, boundary conditions between the liquid metal and the 
sleeve interface are as follows:

Because the upper liquid metal contacts with the air in the  
casting sleeve, its heat transfer boundary condition is regarded 
as radiation convection, as follows:

 (7)

 (8)

 (9)
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where λ0 is the thermal conductivity at the reference 
temperature, T0; then, equation (2) is transformed into a linear 
equation concerning temperature replacement, U. Given by

 (5)

 (6)

 (10)

where qr, qc, qR are the heat density, radiation and convection 
coefficient of upper liquid metal, respectively. Tmu is the 
temperature of upper of liquid metal, Tair is the environmental 
temperature above the upper liquid metal, σ =5.67×10-8 W•m-2•K-4 
is Stephen-Boltzman coefficient, ε is the total value of radiation 
and convection coefficients, which is 0.12 for Al alloy.

1.4 Pressure chamber wall temperature 
At the interface between the melt and shot sleeve, there is no 
latent heat release. According to Fig. 2, one-dimensional heat 
equation can be written as:

                           

With the substitution of equation (4):

                               

where α = λ/ρCp. Then, implicit finite difference is used to 
calculate discretization for equation (12), so that the sleeve and 
melt interface temperature can be calculated through Catching 
Method Iterative:

Through alternating the implicit difference, the time step 
from tk to tk+1 are divided into two sections. At tk+0.5 and tk+1 
time, the equation is applied alternately along r and z implicit 
direction under different format in the node (i, j), and then 

 (11)

 (12)
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Fig. 2:  Configuration and boundary conditions of shot sleeve: (a) cross section, (b) longitude 
section and (c) heat transfer model, which is the enlarged area marked as F in (b)

              

  
                         

2 Results and discussion 
2.1 Comparison between measurements and 

calculated results using inverse method
Figure 3 shows the temperature and heat transfer coefficient 
calculated using the inverse method at the middle zone (S5 in Fig. 
1) in the third casting cycle at pouring temperature 680 °C. It can 
be seen that the measured and calculated temperature curves at 3 

mm below the interface of the shot sleeve are almost overlapped. 
The maximum difference between the measured and calculated 
temperature profiles never exceeds 3 °C, which indicates that the 
inverse estimation results are quite accurate. During the casting 
procedure, the poured liquid metal temperature (Tmi) decreased 
very quickly from the pouring gate (680 °C) to the middle zone 
(below 595 °C) in 0.67 s due to the heat absorption by the sleeve 
interface. Herein, the cooling rate can be extracted, which is about 
125.7 °C•s-1. Then, with the entrance of more liquid metal, the 
Tmi increased again to above the liquidus (595 °C). At the same 
time, the interfacial heat flux density IHFD (q) and interfacial heat 
transfer coefficient IHTC (h)  rose immediately to the peak value, 
about 2.51 MW•m-2 and 13.7 MW•m-2K-1, respectively.

 (13)

 (14)

Fig. 3:  Typical calculated and measured results of shot sleeve at S5 position during 3th cycle under non-shot 
condition (Tmu, Tmi - temperatures at casting metal upper surface and interface between melt and sleeve; 
Tsi - shot sleeve surface temperature; T1, T3, T6 - measured temperatures at 1, 3 and 6 mm from interface 
in shot sleeve; h - interfacial heat transfer coefficient; q - interfacial heat flux density; T3c - calculated 
temperature at 3 mm from interface in shot sleeve)
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2.2 Effect of filling ratio in shot sleeve on 
IHTC

In order to analyze the effect of sleeve filling ratios on 
interfacial heat transfer coefficient (IHTC, h), five group 
experiments with different filling ratios (21.8%, 27.5%, 33.2%, 
38.9% and 44.7%) were chosen to perform the non-shot casting 
under pouring temperature of 680 °C, with a residence time of 
15 s in the shot sleeve. Three successive casting cycles were 
carried out for each group, and the third cycle in each group 
was chosen for comparing the variation of h under different 
sleeve filling ratios. 

Figure 4 shows the variation of calculated shot sleeve 
surface temperature at three positions (S2, S5 and S10) along 
the longitudinal direction in the third casting cycle. As can be 
seen, the sleeve surface temperature curves almost have the 
same trend from the pouring gate zone to the end zone with 
different sleeve chamber filling ratios.  However, the chamber 
surface temperature with the higher sleeve filling ratios (38.9% 
and 44.7%) is higher than those of lower filling ratios (21.8% 
and 27.5%), especially, at S2 and S5 zones. Furthermore, the 
variation of sleeve surface temperature is not significant at the 
lower sleeve filling ratios, between 21.8%-33.2% in this study.

this movement of the liquid metal in the sleeve could result in 
different morphology at S2, S5 and S10 zone of the metal log. 
Figure 5 shows the front and back surfaces of solidified metal 
log in the 3rd cycle cast with a filling ratio 27.5%. Apparently, 
the back surface that contacted with the sleeve interior surface 
can be divided into three parts: smooth pouring zone, un-smooth 
middle zone and smooth end zone. 

Fig. 4:  Calculated sleeve surface temperature at third casting 
cycle at three positions (S2, S5 and S10) along 
longitudinal direction with different sleeve filling ratios

Fig. 5:  Solidified metal log in 3rd casting cycle under non-
shooting condition with a filling ratio of 27.5%

Figure 6 shows the variation of calculated IHTDs (q) and 
IHTCs (h) with time at three positions (S2, S5 and S10 zones) 
along the longitudinal direction under different sleeve filling 
ratios in the third casting cycle. At the pouring gate zone (S2), 
the q and h reached the peaks when the liquid metal contacts 
with the sleeve surface, followed by a serious decrease and 
a smooth platform. It should be pointed out that the q and h 
with sleeve filling ratio of 44.7% are much higher than the 
other cases. At the middle zone, compared to the pouring 
gate zone and end zone of the shot sleeve, the highest q and 
h peaks indicate a strong heat transfer. Furthermore, larger 
fluctuations of q and h occurred at S5 in comparison with S2 
and S10. In Fig. 5, the un-smooth middle surface suggests a 
non-constant contact between liquid metal and sleeve shot 
surface. This can be attributed to the previous solidified 
metal, which resulted in the fluctuations of q and h. At the end 
zone, two peaks in q or h curves appeared, especially for q. 
This phenomenon can be explained by the liquid metal flow 
movement. At the beginning, the liquid metal reached this area 
and solidified to form one solid layer, which decreased the 
heat transfer efficiency. When more liquid metal reached this 
area, the previously solidified layer was melted again; the heat 
transfer efficiency was increased again, and therefore, the q 
and h values increased again. Furthermore, it should be noted 
that the first peak in q or h becomes less remarkable with the 
increasing sleeve filling ratio. This can be ascribed to the less 
formed solidified layer with the higher quantity of pouring 
liquid metal.

To clarify the effect of sleeve filling ratios on the initial 
temperature (T IDS) and maximum shot sleeve surface 
temperature (Tsimax), the statistic results are given in Fig. 7. 
The values of TIDS and Tsimax at S2 and S10 are higher than 
that of S5 in each filling ratio. This further confirms that the 
back surface in contact withthe sleeve interior surface can be 
divided into three parts, as given in Fig. 5.

Furthermore, the shot sleeve surface temperature at S2 zone 
and S10 zone is higher than that at S5 zone in each cycle. This 
phenomenon can be explained from the movement of molten 
metal in the shot sleeve. Firstly, hot liquid metal was poured into 
the shot sleeve from the pouring gate, which results in the initial 
peak of the sleeve surface temperature at pouring gate zone (S2). 
Secondly, this relatively fast filling velocity aroused the melt 
splash and turbulence accompanied with the liquid metal flow, 
which results in one non-closed contact between the liquid metal 
and sleeve surface, so the peak of sleeve interfacial temperature 
at the sleeve middle zone (S5) is lower than that of pouring 
gate. However, the liquid metal continues to flow forward and 
becomes stable at the end zone (S10) of shot sleeve, which 
allows the liquid metal and the shot sleeve surface to form one 
close contact. Therefore, the end zone (S10) of the shot sleeve 
has a higher temperature peak than the middle zone. Finally, 

z (mm)
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2.3 Effect of pouring temperature in shot 
sleeve on IHTC

To clarify the effect of pouring temperature on q, three pouring 
temperatures were adopted: 660 °C, 680 °C and 700 °C. The 
calculated maximum interfacial heat transfer coefficient (hmax), 
maximum heat flow density (qmax), the initial temperature (TIDS)  
and maximum shot sleeve surface temperature (Tsimax) with 
the same filling ratio (33.2%) are given in Fig. 8. Figure 8(a) 
and (b) show that the values of qmax and hmax cast at 680 °C are 
smaller than those cast at 660 °C and 700 °C. Furthermore, as 
shown in Fig. 8 (c) and (d), the values of TIDS and Tsimax at S2 
and S10 are higher than those of S5 along S2 to S10 direction 
at 660 °C and 680 °C. However, when the liquid metal pouring 
temperature reached 700 °C, the Tsimax decreased successively 
along S2 to S10 direction.

3 Conclusions
In this study, a numerical approach (inverse method) is carried 
out and confirmed with the measured temperature in high 
pressure casting of A380 alloy. The heat transfer behavior of 
A380 alloy under different pouring temperatures and sleeve 
filling ratios under non-shot casting conditions in HPDC has 
been carefully studied. The following conclusions were drawn:

(1) Compared to the heat transfer coefficient (h) fluctuations 
with time at two end zones (S2 and S10), 2.4-6.5 kW•m-2•K-1 

Fig. 6:  Variation of calculated IHTDs (q) and IHTCs (h) with time at three positions (S2, S5 and S10) along 
longitudinal direction in different sleeve filling ratios in third casting cycle 

Fig. 7:  Statistics of calculated values under different sleeve filling ratios at three positions (S2, S5 
and S10) in third casting cycle: (a) TIDS and (b) Tsimax

and 3.5-12.5kW•m-2•K-1, respectively, more fluctuations were 
found at S5 zone, 2.1-14.7 kW•m-2•K-1. These calculations 
theoretically explain the formation of three zones in the metal 
log in non-shot casting condition, especially, the coarse middle 
zone.

(2)  The maximum interfacial heat flux density (qmax) and 
heat transfer coefficient (hmax) become higher with increasing 
sleeve filling ratio, especially at S2 zone with the filling ratio 
of 44.7%. Furthermore, in all of the sleeve filling ratios, the 
values of initial temperature (TIDS) and maximum shot sleeve 
surface temperature (Tsimax) are higher than those of S5 along 
S2 to S10 direction. 

(3) Concerning the effect of pouring temperature, the values 
of qmax and hmax pouring at 680 °C are smaller than those 
pouring at 660 °C and 700 °C. Furthermore, the values of 
TIDS and Tsimax at S2 and S10 are higher than those of S5 along 
S2 to S10 direction at 660 °C and 680 °C. When the liquid 
metal pouring temperature reaches 700 °C, the Tsimax decreases 
successively along S2 to S10 direction.
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