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A step die made of H13 steel was utilized in this investigation cast aluminum alloy 
AA6061 at a pressure of 95 MPa in sections measuring 3 mm, 6 mm, 9 mm, 12 mm, 
and 15 mm in thickness. Surface temperatures during the squeeze casting process, 
as well as temperatures at distances of 3 mm, 6 mm, and 9 mm from the inner wall 
of the die, were recorded using K-type thermocouples. Utilizing the inverse method 
to solve 1-D heat conduction equations, we successfully determined the interfacial 
heat transferring coefficients (IHTC) and the interfacial heat flux (IHF) of the cast 
and die surface. The calculations revealed that with the commencement of squeeze 
casting, there was a significant rise in the IHTC for each of the five sectional steps. 
These IHTC reached their peak before they began to decline. The peak range of 
IHTC incrementally increased with the section thickness, from the 3 mm of Step 1 
up to the 15 mm of Step 5. Moreover, the rate at which the IHTC reached its peak 
and then stabilized at a low level was slower for steps with greater thicknesses.
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Introduction

Aluminum-silicon alloys such as AA6061 are extensively utilized in both the auto-
motive and aerospace sectors because of their excellent balance of strength and weight, their 
ability to resist corrosion, and their adequate fatigue strength [1]. However, high pressure die 
casting, which is used in the auto parts industry, drastically affects AA6061's yield strength 
and ductility. The rapidity with which the molten metal is injected into the die might cause 
gas to become trapped within the cast material [2]. This is most apparent in pieces with a thick 
cross-section. For reliable casting simulations, heat transmission processes, especially at the 
metal/mold contact, must be well quantified. 

The intricacies of heat transfer within casting cavities render the modelling of these 
processes challenging due to the complex transport mechanisms involved. Measurements of 
interfacial heat transfer coefficients (IHTC) have been recorded for various aluminum alloys  
[3, 4]. In the context of permanent mould casting situations, it was observed that the highest 
IHTC values for AA6061 alloy and A356 alloy were 3050 W/m2K and 4050 W/m2K, respec-
tively. When magnesium alloy AM50 and aluminum alloy ADC12 were cast under high pres-
sure, the IHTC increased first, fluctuated, and finally reduced significantly. During the fluctua-
tion stage, thinner sections that were subjected to greater shot velocities demonstrated elevated 
IHTC values, with AM50 peaking at 12900 W/m2K and ADC12 at 20760 W/m2K. Furthermore, 
it was observed that higher initial temperatures of the die resulted in lower peak IHTC values 
in thicker sections [5].

Squeeze casting is a method of producing castings with superior quality, fine mi-
cro-structures, and enhanced mechanical qualities by minimising the incidence of porosity 
through the introduction of liquid alloy into a mould cavity without turbulent flow [6]. Squeeze 
casting has been studied extensively, and the results have shown that technique can create 
alloys with fine micro-structures and outstanding mechanical properties. Sathiaraj et al. [7], 
for instance, tried their hand at cylindrical squeeze casting with commercially pure aluminum. 
They took die temperatures and extrapolated to the die-metal contact using polynomial curve 
fitting to get an idea of what the die surface might be. 

In experiments without pressure, the IHTC was found to be 2927.92 W/m2K, 
which was in good agreement with the value of 2961.86 W/m2K obtained via a numerical 
inverse technique [8]. At 85.86 MPa, the IHTC increased above the experimental value of  
3354.12 W/m2K to its maximum value of 3397.29 W/m2K. In contrast, the IHTC ini-
tially reached a significantly increased value and then declined to a lower steady-
state after the squeeze casting technique utilizing aluminum alloy A443 [9, 10]. 
When aluminum alloy A443 was compressed to 60 MPa, the peak IHTC ranged from  
5631-9423 W/m2K. This variation occurred across a range of casting thicknesses, which ex-
tended from 3-20 mm. However, there has been scant investigation into the nature of heat trans-
mission during the pressured solidification of hypoeutectic AA6061 alloys of varying section 
thicknesses [11]. 

Squeeze casting with five different step thicknesses and 95 MPa of pressure was used 
for this experiment. The stairwell has gradations of 3 mm, 6 mm, 9 mm, 12 mm, and 15 mm. 
Temperature measurements were used to compute the thickness-dependent IHTC. These read-
ings were obtained at three distinct levels: the casting surface, 6 mm below the die surface, and 
9 mm below the die surface (IHTC). In this investigation, the inverse heat transfer coefficient 
(IHTC) was used to determine the direction and magnitude of heat transfer among the metal/die 
throughpressurised solidification of AA6061. 
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Experimental process

Materials

Tables 1 and 2 list the chemical composition and thermophysical factors of the com-
mercially available casting aluminum alloy AA6061 used in the investigation. 

Table 1. Chemical arrangement of AA6061 [wt.%]

Si Mg Si Fe Cu Cr Zn Ti Mn Others Al

8.5 0.8-1.2 0.4-0.8 0.7 0.15-0.4 0.04-0.35 0.25 0.15 0.15 0.15 Bal

Table 2. The AA6061 and die steel H13 thermophysical property

Alloy Liquidus  
temperature, Tl [°C]

Heat capacity, 
Cp [J/kg K]

Solidus  
temperature Ts [C]

Density, ρ  
[kgm–3]

Thermal conduction 
k (W/m K)

AA6061 594 964 540 2715 110
H13 462 7815 30

The second phase, an overflow, collects the contaminants from the first stream of liq-
uid melt used to fill the hole. During the squeeze casting process, air was released from within 
the die through a vent situated atop the overflow. The 100 mm in diameter cylindrical sleeve at 
the chamber’s base was where the molten metal was poured in. 

The casting equipment consisted of a data 
collection system, an electric resistance furnace, 
and a hydraulic press with a capacity of 75 tone 
[12]. A cavity with five levels was formed by the 
combination of a lower die and a pair of top dies. 
Table 2 details the thermophysical properties 
of the both dies, both of which were fabricated 
from H13. A protective nitrogen atmosphere per-
vaded an electric resistance furnace during the 
melting process, where the temperature of the 
furnace was maintained at 820 °C at all times. 
The upper die was engineered to move along 
the centerline to facilitate the creation of the 
five distinct stages of the casting, as depicted in  
fig. 1. The dimensions of the lower die were 100 
mm in diameter and 200 mm in height. Cartridge 
heaters preheated the top die to 230 °C and the 
bottom die to 370 °C. The metal was cast into 
the bottom mold at a temperature of 720 °C and 
subsequently squeeze cast in the top die under a 
pressure of 85 MPa for a duration of 30 seconds.

Temperature measurements

Thermocouples could be placed at precisely the right spots in each stage because to 
the TSU capacity for holding four of them at once. Since the TSU must undergo the same heat 
transfer procedure as the die, it was built out of the same H13 material [13, 14].

Figure 1. The process of graphically  
installing temperature sensor units (TSU)  
and the upper and lower dies in conjunction 
with a data collecting system
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The K-type thermocouples, each with a 1.5 mm diameter, were utilized within the 
TSU to monitor the temperatures at which the molten metal solidifies and to gauge the tem-
peratures at different locations of the H13 steel die five TSU pins were positioned on the right 
side of the die, each representing a distinct step with a wall thickness of 3 mm, 6 mm, 9 mm, 
12 mm, and 15 mm. For temperature monitoring purposes, four thermocouples were assigned 
to each of the five steps, resulting in a total of twenty thermocouples that captured tempera-
ture data across the stages. Three thermocouples were placed 3 mm, 6 mm, and 9 mm from 
the inner die surface at each step to get an accurate reading of the temperature inside the die. 
A second thermocouple, designated D, was threaded through the TSU pin to take readings 
from the casting’s outside surface. The thermocouple D had its head angled at 90° so that 
it would be firmly attached to the die. The installation method was designed to disrupt the 
step casting chamber’s temperature field as little as possible [15, 16]. Using a data collect-
ing system written in LabVIEW, internal chamber temperatures were continuously acquired at  
500 ms intervals throughout the course of the measurement. 

Inverse algorithm

Heat transfer within each step inside the die cavity was anticipated to occur by 1-D 
transient conduction because the thickness of the steps was much less in comparison their width 
or length. Because of this simplification, we could approach the issue as if it were a heat trans-
port problem in a single dimension. We used Fourier’s heat conduction equation determine the 
metal-to-die heat transfer coefficient [17, 18]:

( ) ( ) ( ) ( ), ,T x t T x t
c T k T

t x x
ρ

 ∂ ∂∂
=  

∂ ∂ ∂  
(1)

where d is the sensor node’s (x) distance from the die surface, ρ – the die density, c(T) – the 
specific heat capacity, T – the temperature, t – the time, and k(T) – the thermal conductivity of 
the die change with temperature. 
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Equation (1) can be re-written as eq. (2) 
for die internal sensor nodes (3):
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∆ ∆

= =
∆ ∆

(4)

where p is the time step, F0 – the Fourier fre-
quency, α – the thermal diffusivity, c – the capa- 
city of the heat at die, and n – the number off-
grid points. 

The procedure followed to calculate the 
IHF, q0, at the metal and the die contact for ev-
ery duration stages is shown in fig. 2 and con-
sists of the following operations. To begin, an 
initial heat flux value, q0, was presumed for the Figure 2. The IHTC estimation flowchart  

based on the inverse approach applied  
to the metal/die interface
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first-time step. This value was kept constant over a set number of following time steps (where 
u ranges from 2-5).

By utilizing eq. (2) and the initial assumption of q0 and the starting temperature of the 
die (p = 0), each node’s predicted temperature for the next time step (3). 

Next, the estimated heat flux was fine-tuned by incrementing it with a small quantity 
(ɛq0).

The recalculated temperature distribution was obtained for the new, slightly altered 
heat flux (q0 + ɛq0).

The process culminated with the computation of the sensitivity coefficient, ⌀, through 
eq. (5), which is based on the partial derivative detailed in eq. (6). This procedure fundamental-
ly utilizes the Taylor series expansion as the basis for the calculation [19]:

( ) ( )1 11 1
1 11

1
1

1p j p jp j p j
n np j
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n

T q T qT
q q

ε
η

ε

+ − + −+ − + −
+ ++ −

+ −
+

 + −∂
= =
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By using the boundary conditions q and q + ɛ, it is possible to solve this equation. In 
the numerator, temperature, Δt, represents the discrepancy in computed temperatures at the moni-
toring node during the similarduration step. The numerator remains unchanged at 1, however the 
denominator incorporates a correction for the variation in q values denoted as ɛ = 0.0001:
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By reducing the partial derivative of eq. (7) with respect to q to zero, we obtain  
eq. (6) [20]:
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By plugging in the solutions of eqs. (5) and (6) into eq. (8), we get:
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In eq. (10), we can see that the correcting term of the IHF was computed by rearrange-
ment of eq. (9):
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The alterations in temperature distribution and heat flux served as the foundation for 
the subsequent set of computations. The aforementioned procedure was repeated indefinitely 
until the designated condition was fulfilled:

1

1

p
n
p
n

q
q

ε+

+

∆
≤ (12)

After then, the IHF and the temperature of surface of the die were monitored at pre-
determined intervals. The following formula was used to get the heat transfer coefficient, h:

cs ds

qh
T T

=
−

(13)

where q is the average heat transfer over the metal-die contact, h – the IHTC, Tds – the tempera-
tures of the die surface, and Tcs – the casting surface temperature. 

The method for calculating the IHTC at the boundary between the molten alloy and 
the die is shown in fig. 2. 

Results and discussion

Figure 3 shows how the temperature within a TSU shifts during Stage 3 when subject-
ed to an external pressure of 85 MPa. Charts are kept of the temperatures at various depths (3 
mm, 6 mm, and 9 mm below the die surface) and on the casting surface. Step 4 casting surface 
temperature peaked within one second of the molten alloy making contact with thermocouple D, 

as shown in the graph. The cavity was filled with 
the molten alloy via the bottom of the lower die, 
and preliminary solidification commenced due to 
the design of the two-piece upper die and the one-
piece lower die. Even though the surface of the 
casting reached a high of 750 °C , that number is 
well below the liquidus temperature of the alloy, 
which was measured at 620 °C. In addition, from 
the bottom die’s initial preheat temperature of 230 
°C, temperatures at depths of 3 mm, 6 m, and 9 
mm within the die grew progressively. The H13 
die steel has a low thermal conductivity, hence the 
temperature rise at the 9 mm depth was less rapid 
than at the 3 mm depth. 

The TSU readings for H13 steel were taken at depths of 3 mm, 6 mm, and 9 mm in 
order to get an accurate picture of the temperature of the die surface. Based on the temperatures 
measured at the die surface and the casting surface, the IHTC and the IHF were determined 
after the fact, as shown in fig. 4. In the last phase, both the IHTC and heat flux peaked at  
8100 W/m2K and 4.51 ⋅ 1005 W/m2, respectively. 

The calculated IHTC curves for all five phases are shown in fig. 5. There is a consis-
tent trend throughout the curves, with IHTC growing rapidly at the outset. After reaching their 
maximum levels, IHTC began to decline. Peak IHTC values varied between 6950 W/m2K and 
17430 W/m2K across Stages 1 through 5. Changes in IHTC over time showed that as section 
thickness grew, more stable connections were made between the metal and die. As a result, the 
peak IHTC values were strongly affected by section thickness, with greater peak IHTC values 
observed for sections thickness. 

Figure 3. Evaluation of the temperature  
vs. time graphs
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Figure 6 depicts the time needed to at-
tain the peak IHTC values for each of the five 
phases. In order to reach their peaks, the first 
five steps took 10.1 seconds, 12.9 seconds,  
15.9 seconds, 18.7 seconds, and 21.6 seconds. 
Aside from variations in peak IHTC values, 
there was also a temporal disparity between 
thinner and thicker steps. Although the IHTC 
curves for the thicker steps fell off to lower 
levels quickly, reaching their maximum values 
took more time. As can be shown in fig. 6, the 
peak IHTC (5120 W/m2K) and the duration 
required to obtain the peak IHTC (10.1-21.2 
seconds) more than doubled when the section 
thickness was increased from 3-15 mm. 

The significant impact of section thickness on IHTC values at various times is seen in 
fig. 5 by the time-varying IHTC curves for all five steps. Using IHTC readings recorded at 15 
seconds, 30 seconds, and 45 seconds after molten alloy was poured into the die cavity, a linear 
relationship was established between the thickness of the casting section and IHTC. These times 
were chosen because they correspond to phases when IHTC levels are often at their highest. 

Linear, logarithmic, exponential, polynomial, and power equations are just some of 
the mathematical functions used in the analysis, the results of which are presented in tab. 3. The 
polynomial function outperformed all other mathematical functions examined, producing the 
greatest correlation coefficients for the 15th, 30th, and 45th seconds, correspondingly. Figure 7 
shows the results of fitting the IHTC values vs section thickness data from fig. 5 to a polynomi-
al function over the chosen time intervals. 

The regression analysis yielded empirical equations that establish a relationship be-
tween IHTC values and section thickness for the specified three-time intervals. 
 In the 15th second, h = −15.979x2 + 831.88x + 2906.70 (14)
 In the 30th second, h = −23.447x2 + 1051.4x + 1190.10 (15)
 In the 45th second, h = −22.815x2 + 935.34x + 703.53 (16)
where x is the section thickness of the step and h represents the IHTC. 

Figure 4. Utilizing the inverse approach,  
the IHTC, q, and IHF curves are computed 
(Step 4, 95 MPa) 

Figure 5. Time vs. IHTC curves for each  
of the five steps when 95 MPa of pressure  
is applied

Figure 6. Peak range and lapse of time to  
reach IHTC peaks vary as the five-step  
casting’s cross-section thicknesses vary
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Conclusions

The effective execution of squeeze cast-
ing of aluminum alloy AA6061 was achieved 
by adhering to a five-step technique. All of the 
sections that resulted had the following dimen-
sions: 3 mm, 6 mm, 9 mm, 12 mm, and 15 mm. 
The 85 MPa pressure used to create them. The 
IHF and IHTC at interfaces were determined 
using the inverse approach. 

Conclusions were derived from the ex-
perimental measures and computed outcomes, 
are as follows. 

 y The IHTC demonstrated a consistent pat-
tern of change over time across distinct stag-
es of varied thicknesses. They grew abruptly 
at first, peaked, and then declined steadily to 
their present levels. Notably, the IHTC values 
of thicker steps increased with increasing time. 

 y Squeeze casting with section thicknesses of 3 mm, 6 mm, 9 mm, 12 mm, and 15 mm yield-
ed peak IHTC values of 5120 W/m2K, 6180 W/m2K, 8100 W/m2K, 11700 W/m2K, and  
14700 W/m2K when exposed to 95 MPa. Solid contact is formed between the metal and die 
as evidenced by an increase in peak IHTC values with increasing section thickness. 

 y The IHTC are significantly affected by the thickness of the casting portions. When the sec-
tion thickness was extended from 3-15 mm, the maximum IHTC values increased by over 

Table 3. Squeeze casting of aluminum alloy AA6061 at 95 MPa: a regression analysis
Time 

[second] Maths functions Correlation  
coefficient, R2 Empirical equations

Logarithmic 0.9283 h = 3871.6ln(x) + 1146.1
Linear 0.9495 h = 493.59x + 4134

15 Logarithmic 0.9440 h = 4346.4ln(x) – 409.22
Polynomial 0.9752 h = −14.979x2 + 831.87x + 2906.6

Linear 0.9325 h = 543.35x + 3029.5
Exponential 0.8918 h = 4761.6e0.0573x

Power 0.9717 h = 3207.8x0.4755

30 Polynomial 0.9792 h = −22.447x2 + 1051⋅3x + 1189.9
Linear 0.9158 h = 441.67x + 2490.2

Exponential 0.8493 h = 3724.6e0.0714x

Power 0.9789 h = 2205x0.6096

Logarithmic 0.9568 h = 3588.5ln(x) – 410.50
45 Power 0.9791 h = 1712.2x0.6328

Exponential 0.8183 h = 2986.6e0.0728x

Polynomial 0.9813 h = −21.815x2 + 934.33x + 702.52

Figure 7. The regression and experimental 
curves depict the relationship between 
section thickness and interfacial heat transfer 
coefficients at three time points: 15 seconds, 30 
seconds, 45 seconds subsequent to the filling of 
the die cavity with the molten alloy
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triple times, from 5120-14700 W/m2K. In addition, from 10.1-20 seconds was added to the 
time needed to reach the peak IHTC. The thicker the step, the higher the IHTC peak value 
will be because of the substantial temperature fluctuations and the rigid interaction between 
the die and casting. 

 y A regression analysis of IHTC values at various times vs section thicknesses verified the 
viability of establishing a link between the two in step squeeze casting. 
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