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Abstract: The objective of this work was to investigate the thermal and mechanical interactions between the two components of a 
compound squeeze cast macrocomposite bimetal. First, an Al/Al−4.5wt.%Cu macrocomposite bimetal was fabricated by compound 
squeeze casting process. Then, heat transfer, solidification and distribution of the generated stresses along the interface region of the 
bimetal were analyzed using Thermo-Calc, ProCAST and ANSYS softwares, and structure, copper distribution and microhardness 
changes across the interface of the bimetal were studied. The results showed no noticeable change in the structure of the 
Al−4.5wt.%Cu insert and no obvious micromixing and diffusion of copper across the interface. Simulation results were in good 
agreement with the experimental ones only when an equivalent oxide layer at the interface was defined and its effect on heat transfer 
was considered. This layer caused up to 50% decrease in local liquid fraction formed on the surface of the insert. Simulation of the 
generated stresses showed a uniformly distributed stress along the interface which was significantly lower than the compressive 
strength of the oxide layer, resulting in its good stability during the fabrication process. It was postulated that this continuous oxide 
layer not only acted as a thermal barrier but prevented the direct metal−metal contact along the interface as well. 
Key words: Al/Al−Cu macrocomposite; bimetal; compound squeeze casting; simulation; interface; stress 
                                                                                                             
 
 
1 Introduction 
 
    Aluminum and its alloys enjoy unique properties 
such as high thermal and electrical conductivity, 
excellent resistance to corrosion and oxidation, high 
specific strength and good castability [1]. Aluminum is 
used in producing a wide variety of lightweight 
constructions due to its low density and plays a 
significant role in weight saving of industrial parts as 
well as decreasing fuel consumption and environmental 
contamination [1−3]. There are many engineering and 
industrial demands; however, which cannot be satisfied 
using monolithic materials. In recent decades, the idea of 
producing multi-material structures, i.e. bimetallic 
materials, has been seriously pursued to compensate 
these limitations [2,4]. Bimetals are macrocomposite 
materials intended to provide an optimized combination 
of physical, mechanical and chemical properties which 
are not achievable by any of the individual components 
separately [2,4−6]. 
    Bimetals are extensively used for different 

industrial applications such as corrosion resistant and 
wear resistant applications, tools, antifriction parts, deep 
extrusion and thermostats [7]. Most common metals and 
alloys such as steel, cast iron, copper, aluminum     
and magnesium alloys can be utilized to produce 
bimetals [2,8]. Considerable attention has been paid to 
fabricate aluminum−aluminum bimetals in recent years. 
The main routes to fabricate aluminum−aluminum 
bimetallic parts can be divided into three different 
categories including solid−solid, solid−liquid and liquid− 
liquid bonding methods [6,8,9]. Compound casting is a 
promising solid−liquid manufacturing process used for 
fabrication of relatively complex bimetallic joints 
without any dimensional limitations. In this process, 
interactions between a liquid metal and a solid part 
(insert), of usually different composition, fixed in a die 
can lead to formation of bimetallic components [2,8,10]. 
    Studies on compound casting of aluminum alloys 
are still limited [2]. It seems that the presence of a stable 
oxide layer, i.e. Al2O3, on the surface of aluminum 
inserts is the main reason that only a few investigations 
have been reported so far on successful compound 
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casting of aluminum [8,11,12]. This high melting point 
(about 2000 °C) layer is thermodynamically stable. In 
addition, it has low wetting tendency in contact with 
most molten aluminum alloys. Therefore, it hinders the 
diffusion through the interface of the bimetals after 
compound casting [8,13]. One solution suggested in most 
recent studies is to remove this detrimental layer and 
replace it by a reactive metallic coating, usually zinc 
layer. This metallic layer must be thick enough to inhibit 
re-oxidation of aluminum surface. It also must have low 
melting point, high solubility in aluminum at elevated 
temperatures and adequate wettability in contact with 
molten aluminum alloys. The coating must be readily 
melted and dissolved during the casting process in order 
to form proper metallurgical bonding and a continuous 
transition zone between the two components [8,11−18]. 
    This paper focuses on simulation of thermal and 
mechanical interactions between the two components of 
an Al/Al−Cu macrocomposite bimetal (commercially 
pure aluminum/Al−4.5wt.%Cu) prepared by compound 
squeeze casting process and its experimental verification. 
To the best of the authors’ knowledge, no reports have 
been published so far on simulation of heat transfer, 
solidification and generated stresses along the interface 
of an aluminum−aluminum bimetal during the 
fabrication process and the effects of interfacial oxide 
layer on the results. 
 
2 Experimental 
 
2.1 Materials 
    Al−4.5wt.%Cu alloy (as solid insert) and 
commercially pure (CP) aluminum were used for 
preparation of an Al/Al−Cu macrocomposite bimetal. 
Chemical compositions of the alloys, determined by 
optical emission spectroscopy (OES), are shown in  
Table 1. 
 
Table 1 Chemical compositions of alloys used (wt.%) 

Alloy Cu Mg Mn Fe Si Zn Impurities Al
Al−4.5%Cu 4.5 0.05 0.02 0.08 0.05 0.1 0.09 Bal.

CP 
aluminum 0.06 0.06 0.06 0.4 0.2 0.08 0.04 Bal.

 
2.2 Fabrication of macrocomposite bimetal 
    Al/Al−Cu macrocomposite bimetal was prepared by 
compound squeeze casting process. External pressure 
was applied by means of a 100 t vertical hydraulic press. 
A heat treated hot work tool steel (H13) die with inner 
diameter of about 100 mm and height of about 90 mm 
was used in the process as schematically shown in    
Fig. 1(a). The die was coated with a dilute graphite 
suspension before each test. 

 

 
Fig. 1 Schematic illustration of compound squeeze casting 
process: (a) Preheated squeeze casting set-up (unit: mm);    
(b) With solid Al−4.5wt.%Cu insert in place; (c) After pouring 
CP aluminum and pressure application 
 
    First, based on previous experiences [19−22], an 
Al−4.5wt.%Cu solid insert (100 mm diameter and  
(25±1) mm height) was prepared by squeeze casting in 
the same die at pouring temperature of 750 °C, die 
temperature of 250 °C and 70 MPa external pressure. 
The insert was then degreased by rinsing with ethanol 
and distilled water and its top surface was ground with 
P180 sandpaper to an average surface roughness (Ra) of  
0.615 μm. This was to remove the existing oxide layer on 
the insert surface and facilitate diffusion bonding of the 
two components. Nevertheless, due to the rapidity of 
formation of the undesired oxide layer, this conventional 
treatment is hardly successful to get rid of surface oxide 
layer completely. Figure 2 shows a squeeze cast 
Al−4.5wt.%Cu insert and its surface condition before 
being placed in the compound casting die. 
    The solid insert was placed at the bottom of the die 
(Fig. 1(b)) and both were preheated to 350 °C using an 
 

 
Fig. 2 Squeeze cast Al−4.5wt.%Cu insert and its surface 
condition before compound casting 
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electrical heater. Subsequently, 600 g of CP aluminum 
ingot melted in an electric furnace was poured on top of 
the solid insert. The pouring temperature and time were 
800 °C and 4 s, respectively. The punch was then 
lowered and came in contact with the free surface of the 
liquid aluminum within about 6 s applying a 70 MPa 
pressure during solidification of the upper part of the 
bimetal. The pressure was held for 5 min to result in 
diffusion bonding of the two aluminum components  
(Fig. 1(c)). At last, the punch was retracted and the 
solidified Al/Al−Cu macrocomposite bimetal (100 mm in 
diameter and (45±2) mm in height) was ejected, trimmed 
and cut into two halves for microstructural and 
microhardness analyses. Figure 3 demonstrates the two 
halves of a fabricated and sectioned Al/Al−Cu bimetal 
part and schematically illustrates the interface region as 
well as the positions where the metallographic specimen 
and microhardness measurements were taken. Distances 
of the closest and furthest microhardness measurement 
points from the interface are shown in the figure for each 
half. The horizontal distance between the microhardness 
measurement points, i.e. 50 mm, is also shown. 
 

 
Fig. 3 Fabricated compound casting cut into two halves for 
microstructural and microhardness analyses 
 
2.3 Characterization of microstructure and 

microhardness 
    Microstructural characterizations were carried out 
according to standard metallographic procedures [23]. 
Optical microscopy (OM, Nikon EPIPHOT300), 
scanning electron microscopy (SEM, Seron AIS2300C) 
and energy dispersive spectroscopy (EDS) were used to 
assess microstructures of the insert alloy and the 
interface region of the bimetal. The average grain size of 
the materials was determined using the Jeffries 
planimetric and the linear intercept test procedures 
according to ASTM E112-13 standard [24]. 
    Non-equilibrium temperature−solid fraction 
relationship of Al−4.5wt.%Cu alloy was estimated using 
Thermo-Calc software version 4-0-1-5. Non-equilibrium 
cooling rate during solidification of the insert alloy was 
predicted by Eq. (1) suggested by SALAS et al [25] for 
Al−(3.9−4.5)wt.%Cu alloys, where SDAS and C.R. are 
secondary dendrite arm spacing (µm) and cooling rate 
(ºC/s) of the alloy, respectively.  
SDAS=60C.R.−0.33                             (1)  

    Average value of SDAS of the insert was measured 
by linear intercept method. ImageJ software was used for 
image analysis of the microstructures. Microhardness of 
the fabricated bimetal was also measured across the 
interface region with a Koopa MH3 hardness tester using 
a Vickers indenter at a load of 0.05 kg and a dwell time 
of 10 s. The spacing between the indentation marks was 
about 50 μm and the average of five measurements taken 
at any given distance from the interface was reported as 
the microhardness value at that distance (Fig. 3). 
Variation ranges of the measurements are also given by 
error bars in the subsequent figures. 
 
2.4 Simulation of fabrication process 
    To gain a better understanding of the interfacial 
phenomena during fabrication process and their effects 
on the interface microstructure, heat transfer, 
solidification and distribution of thermal and mechanical 
stresses along the interface region of the bimetal, the 
process was simulated using ProCAST 2016 and ANSYS 
R17.0 softwares. 
    Heat transfer and solidification sequence of the 
bimetal were simulated using ProCAST software in two 
different conditions, i.e. with and without considering an 
interfacial equivalent oxide layer. For this purpose, a fine 
optimized 200 µm planimetric mesh was used for the 
interface region of the bimetal. Mesh sensitivity analysis 
showed that 200 µm was the first value at which 
simulation results started to converge. As shown in Fig. 4, 
the die, bimetal component and the interface region were 
volumetrically meshed. So, the number of two 
dimensional (triangular type) and three dimensional 
(tetrahedral type) meshes used for modeling were 
189682 and 5658284, respectively. 
    CP aluminum melt (800 °C) was poured on the top 
surface of the solid insert (with or without an equivalent 
surface oxide layer) inside the die (both preheated to 
350 °C) at a flow rate (inlet) of 113.5 g/s within 4 s. 
    Table 2 presents the thermophysical properties of 
the bimetal and mold materials used in the simulations. 
Variations of temperature and solid fraction with time at 
4 selected points in the bimetal (Fig. 5) were then 
simulated. Points 1 to 3 were taken from surface to depth 
of the Al−4.5wt.%Cu insert alloy. Point 4 was selected at 
the center of the hot spot of CP aluminum part where the 
solidification time is the longest. 
    Based on the results of NISHIDA and 
MATSUBARA [26] and the structural results which will 
be presented in section 3.2, the interfacial heat transfer 
coefficients were determined for simulation of heat flow 
across the CP aluminum and the die wall, the CP 
aluminum and air/punch as well as the CP aluminum and 
the solid insert alloy. Figure 6 and Table 3 show the 
boundary conditions and the interfacial heat transfer 
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Fig. 4 Finite element mesh of die (a), bimetal component (b) and interface region (c) 
 
Table 2 Thermophysical properties of bimetal and mold materials used for simulation [27] 

T/°C 
Thermal conductivity, K/(W∙m−1∙K−1) Enthalpy, H/(kJ∙kg−1) 

CP aluminum Al−4.5wt.%Cu H-13 steel die CP aluminum Al−4.5wt.%Cu H-13 steel die 

250 166.1 164 26.4 208.1 205.9 26 

350 170.9 168.6 26.7 313 308.6 87.6 

450 174.5 172.1 27.1 422.4 415.6 155.5 

550 177.3 166.1 27.5 537.2 559.9 230.5 

650 179.5 83.8 27.9 656 1028 314.8 

750 90.3 88.4 28 1172.3 1152.5 414.3 

850 94.3 92.1 28.3 1290 1255.4 506.2 

Material Density, ρ/(kg∙m−3) Liquidus temperature, Tl/°C Solidus temperature, Ts/°C 

CP aluminum 2350.2 (800 °C) 660 657 

Al−4.5wt.%Cu 2737.4 (350 °C) 648 547 

H-13 steel die 7594.8 (350 °C) 1473 1355 

 
coefficients used in the simulations. It is necessary to 
mention that interfacial heat transfer coefficients of the 
die/air and the die wall/solid insert alloy are independent 
of external pressure and are taken equal to 10 and   
1000 W/(m2∙K), respectively [27]. Under the applied 
external pressure, the resistance to heat transfer between 
CP aluminum and the solid insert was negligible along 
the interface. Therefore, heat transfer coefficient should 
be considered sufficiently higher than other proposed 
values in Table 3. Due to lack of a precise value in the 
literature, 1.0×106 W/(m2∙K) was used as the heat 

transfer coefficient value at the interfacial zone of the 
bimetal proposed in this study. 
    ANSYS software was used to evaluate the total and 
equivalent stresses (von Mises stresses) generated along 
the interface region of the bimetal component. For this 
purpose, a 2D longitudinal element with dimensions of 
100 mm × 1 mm was selected from the middle of the 
bimetal. This element has two various components 
containing a solid aluminum alloy at preheating 
temperature of 350 °C and a molten pure aluminum at 
800 °C. Then, an optimized 1 mm planimetric mesh was  
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Fig. 5 Four selected points where variations of temperature and 
solid fraction with time were computed without (a) and with (b) 
considering interfacial equivalent surface oxide layer 
 

 

Fig. 6 Interfaces of bimetal fabrication set-up used for 
simulation: A—Molten metal/solid insert interface; B—Inlet;  
C—Molten metal/air & punch interface; D—Molten metal/die 
wall interface; E—Die/air interface (air cooling); F—Die wall/ 
solid insert interface 
 
Table 3 Interfacial heat transfer coefficients before and after 
applying pressure [26,27] 

Interface 
in Fig. 6 

Heat transfer coefficient/(W∙m−2∙K−1) 

Before applying 
pressure 

After applying 
pressure 

A 0.42×104 1.0×106 
C 10 4.2×104 
D 0.42×104 4.2×104 
E 10 10 

F 1000 1000 

 
applied to both of them (Fig. 7). The number of two 
dimensional (triangular type) meshes was 42482. A 
steady-state compressive load of 7000 N corresponding 
to the external pressure used for fabrication of the 
bimetal was applied on the top surface of the element. A 
high magnification view of the element as well as the 
location of the 7000 N compressive load are shown in 
Fig. 8. 

 

 
Fig. 7 Finite element mesh of element selected from middle of 
bimetal component 
 

 

Fig. 8 Location of 7000 N steady-state compressive load 
applied on upper surface of longitudinal element 
 
3 Results and discussion 
 
3.1 Simulation of solidification and heat transfer 
    During the compound squeeze casting process, 
molten CP aluminum was poured on a preheated 
Al−4.5wt.%Cu insert followed by applying 70 MPa 
external pressure. The insert surface was ground just 
before the process to remove the existing oxide layer on 
its surface and facilitate bonding of the two components. 
    It is known, however, that oxidation of aluminum is 
very fast and as soon as a fresh aluminum surface is 
subjected to air, an amorphous aluminum oxide layer, 
γ-Al2O3, with a final average thickness of 2−4 nm starts 
to form on its surface. This leads to the distinguished 
oxidation resistance of aluminum and its alloys [28]. 
    Besides, being thermodynamically stable, the oxide 
layer formed is highly adherent to the aluminum 
substrate. Pilling and Bedworth ratio (PBR) of Al2O3/Al 
system is reported to be about 1.28 [29]. PBR is the  
molar volume ratio of a metal oxide to its corresponding 
metallic substrate and is used to predict the 
protectiveness of a surface oxide layer from its base 
metal during corrosion and oxidation processes [29,30]. 
An oxide layer would be unprotective if the metal has a 
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PBR of much less than unity or much over 2. In the 
former, the oxide layer becomes porous, and in the latter, 
it would crack during formation. On the other hand, 
metals with PBR ratios of about unity tend to form an 
effective surface barrier layer against further oxidation of 
the base metal [31]. 
    PBR ratio of 1.28 for Al2O3/Al system is known to 
provide satisfactory adherence of a continuous oxide 
layer to the base metal which is relatively free from 
compressive stresses stemming from molar volume 
difference between the metal and its surface oxide  
layer [28]. 
    Therefore, despite the effort to remove the existing 
oxide layer on the insert surface by grinding, reformation 
of a thin oxide layer on the insert surface seems 
inevitable during manufacturing process of aluminum− 
aluminum macrocomposite bimetals in this work. 

    Nevertheless, in the preliminary simulation attempts 
in this research, the effects of this oxide layer were 
neglected due to the following reasons. Thickness of the 
natural surface oxide layer has been reported to be only 
about 4 nm [28,32]. Furthermore, during the compound 
squeeze casting process, this layer experiences large 
thermal and mechanical stresses caused by the thermal 
shock of pouring and the applied pressure. As a result, it 
may be assumed that these effects would result in 
breaking and discontinuity of the thin oxide layer formed 
on the surface diminishing its effect on heat transfer 
along the interface. 

Assuming no oxide layer at the interface, mold 
filling and the change of solid fraction in the CP 
aluminum and the insert were simulated. Ten different 
progressive steps of the simulation are shown in Fig. 9. 
As it is evident from Figs. 9(a−c), during the filling 

 

 
Fig. 9 ProCAST simulation results of ten different time steps after start of pouring molten CP aluminum in die for fabrication of 
bimetal without interfacial oxide layer  
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period (first 4 seconds) while molten CP aluminum is 
continuously poured into the die, no solidification takes 
place. It seems that super heat of the molten metal is 
large enough to keep the melt temperature above 660 °C 
during this period of time preventing any solidification. 
Consequently, only heat transfer through the die and the 
insert has occurred. 

Using Thermo-Calc software, the temperature−solid 
fraction curve of Al−4.5wt.%Cu alloy in non-equilibrium 
condition was approximated as shown in Fig. 10 and the 
non-equilibrium solidus and liquidus temperatures of the 
alloy were found to be about 547 and 648 °C, 
respectively. During the first 4 seconds of fabrication 
process, no change in the solid fraction of the lower part, 
i.e. the Al−4.5wt.%Cu insert, is observed. In other  
words, during this period although the insert is being 
heated up by the heat transfer from the poured molten CP 
aluminum, its interface temperature has not reached the 
solidus temperature of Al−4.5wt.%Cu alloy (547 °C). 
 

 

Fig. 10 Thermo-Calc prediction of non-equilibrium 
temperature−solid fraction curve of Al−4.5wt.%Cu alloy at 
14 °C/s cooling rate 
 
    When pouring is stopped, a directional solidification 
front sets out towards the center of the CP aluminum 
component due to the directional heat transfer from the 
die walls and the insert surface. Figure 9(d) shows the 
solidification initiation in 10 s after the start of pouring 
and just when the punch is coming in contact with the 
free surface of the melt. At this time, the solid fraction of 
the Al−4.5wt.%Cu insert has not changed yet. 
    Upon contact of the punch with free surface of the 
molten metal, a new solidification front starts from the 
top surface of the insert (Fig. 9(e)). Furthermore, with 
applying 70 MPa pressure at the 10th second, the 
interfacial heat transfer coefficient at all the interfaces is 
assumed to increase abruptly (Table 3). This results in 
accelerated solidification towards the hot spot of the CP 
aluminum component. Solidification of this part finishes 

in about 7 s, i.e. 17 s from the start of the process   
(Figs. 9(d−i). Figures 9(e−i) also predict that while the 
CP aluminum solidifies, surface of the solid insert starts 
to melt due to release of the latent heat of solidification 
of the CP aluminum part. Simultaneously solid fraction 
of the insert decreases to a minimum value. On the other 
hand, a mushy zone is formed from the interface to a 
certain depth of the solid insert. Finally, solidification of 
melted zone of the Al−4.5wt.%Cu insert is completed 
after 25 s from the start of the process (Fig. 9(j)). 

Figure 11 demonstrates the simulated temperature− 
time and solid fraction−time curves of the four selected 
points shown in Fig. 5(a). This figure predicts that during 
the first 10 s of the process, temperature at point 1 (at the 
interface) is increased from 350 to 405 °C with an 
average heating rate of about 5.5 °C/s. Simulation results 
showed no change in the solid fraction of the insert 
during this time period. By applying the external 
pressure at the 10th second, the interfacial heat transfer 
coefficient increases. At the same time, the latent heat of 
solidification of the CP aluminum melt is released. 
Consequently, as shown in Fig. 11, the heating rate of the 
solid insert increases rapidly due to these two effects. So, 
after a short period of time, temperature and liquid 
fraction at point 1 are increased to a maximum value of 
about 625 °C and 0.3, respectively. The maximum 
temperature and liquid fraction at points 2 and 3 reach 
about 598 °C and 0.17 and 588 °C and 0.15, respectively. 

Temperature−time and solid fraction−time curves of 
the hottest zone of the CP aluminum part, i.e. point 4, 
show that temperature is reduced down to 720 °C at an 
average cooling rate of 8 °C/s prior to the application of 
 

 
Fig. 11 Simulated curves of temperature−time (a) and solid 
fraction−time (b) for four selected points shown in Fig. 5(a) 
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pressure. The solid fraction−time curve at point 4 
indicates solidification time of 3.1 s, i.e. from 14 to  
17.1 s of the process. 
    In summary, ProCAST simulation results showed 
that when no interfacial oxide layer was assumed to exist 
on the top surface of the solid insert, the maximum value 
of liquid fraction on the top surface of the insert (the 
bimetal components interface) reached 0.3. 
 
3.2 Microstructural investigation of insert 
    To check the validity of the simulation results, 
microstructure of the Al−4.5wt.%Cu insert was 
characterized and the probable changes in the 
microstructure during the fabrication process were 
studied. 
    As squeeze cast macrostructure and microstructure 
of the Al−4.5wt.%Cu insert are shown in Fig. 12. It 
consists of relatively fine uniform equiaxed dendritic 
grains of proeutectic α(Al) phase surrounded by the low 
melting point eutectic phases of α(Al) and Al2Cu at the 
grain boundaries. According to the image analyses, the 
average number of grains per square millimeter, grain 
diameter and secondary dendrite arm spacing (SDAS) in 
the microstructure of as squeeze cast Al−4.5wt.%Cu 
insert are about 16, 208 µm and 25 µm, respectively. 
Using the latter and Eq. (1), the average cooling rate 
during squeeze casting of the insert alloy was estimated 
to be about 14 °C/s. It must be noted that the 
temperature−solid fraction curve of Al−4.5wt.%Cu alloy 
presented in Fig. 10 was generated by Thermo-Calc 
software at this cooling rate. 

According to Fig. 10, the microstructure of the alloy 
solidified at such cooling rate would consist of 89% 
dendritic grains of proeutectic α(Al) phase and 11% 
eutectic phases of α(Al) and Al2Cu at the grain 
boundaries. On the other hand, the ProCAST simulation 
results predicted formation of 30% liquid on the top 
surface of the insert during the compound squeeze 
casting process. Consequently, one would expect 
complete melting of the intergranular eutectic phases and 

partial melting of the primary proeutectic phases at the 
bimetal interface. In other words, about 37% (11/30) of 
the formed liquid on the top surface of the insert is 
predicted to be due to melting of all the eutectic 
intergranular phases and about 63% (19/30) of it due to 
melting parts of the proeutectic α(Al) dendrites. About 
21% (19/89) of the proeutectic α(Al) dendrites is melted 
in this process. Due to higher concentration of the 
alloying elements at the roots of the secondary dendrite 
arms resulting in lower melting point of the solid in these 
areas, one would expect separation of some of the 
secondary dendrite arms from their parent primary arms 
and formation of new grains upon cooling of the 
interface. Under such circumstances, some macro and 
microstructural changes on the insert top surface after 
compound squeeze casting seem inevitable. 

Macrostructure of the fabricated bimetal and 
microstructures of the two marked zones are presented in 
Figs. 13(a) and 13(b), respectively. Figure 13(a) shows a 
typical solidification macrostructure for the CP 
aluminum part consisting of fine equiaxed chill zone 
grains and long columnar grains. Growth of two 
solidification fronts arising from the interface and the 
punch is evident in this figure. Fine equiaxed dendritic 
microstructure of the Al−4.5wt.%Cu insert is shown in 
Fig. 13(b). No significant microstructural changes are 
evident from comparison of this figure with Fig. 12(b). 
Furthermore, according to the image analyses results, the 
average number of grains per square millimeter of zones 
1 and 2 of the insert is about 18 and 15, respectively. The 
average grain diameters of zones 1 and 2 of the insert are 
about 192 and 204 µm, respectively. Comparing these 
values with those of the squeeze cast insert before 
compound squeeze casting also confirms that no 
significant change has taken place in the microstructure 
of the top surface of the insert. The small differences in 
the measurements are within the normal microstructural 
variations. This is in disagreement with the simulation 
predictions of ProCAST software as explained in 
previous section. 

 

 
Fig. 12 Macrostructure (a) and microstructure (b) of squeeze cast Al−4.5wt.%Cu alloy 
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Fig. 13 Macrostructure of fabricated bimetal and locations of 
two selected zones of insert (a) and microstructures of two 
specified zones (b, c) 
 
3.3 Microscopic and microhardness analyses of 

interface 
Figure 14 shows optical micrographs of the 

interface region of the fabricated bimetal. A continuous 
boundary at the interface between the two parts of the 
bimetal is evident in these microstructures. It seems that 
application of 70 MPa pressure has resulted in an

intimate contact between the two components and 
hindered the formation of local defects and 
discontinuities along the interface. The transition zone, 
where the dendritic structure of the squeeze cast 
Al−4.5wt.%Cu insert is changed to the microstructure of 
CP aluminum, is very narrow, if any, for the bimetal. 
    SEM micrograph and EDS analysis of copper 
content along the line crossing the interface of the 
bimetal are shown in Figs. 15(a) and (b), respectively. A 
sharp increase in copper content at the interface of the 
two components is clearly seen in Fig. 15(b). A very low 
copper content in the CP aluminum and a high copper 
content in the Al−4.5wt.%Cu insert alloy are 
characteristics of this concentration profile. 

Variations of microhardness along the interface are 
presented in Fig. 15(c). Microhardness measurement 
positions are shown in Fig. 3. While the microhardness 
profile is reasonably flat in both the CP aluminum and 
the insert parts, a steep increase in the microhardness at 
the interface is evident. Microhardness values in the CP 
aluminum part and the squeeze cast Al−4.5wt.%Cu insert 
are in the ranges of HV 24−29 and HV 50−65, 
respectively. These changes match those of the copper 
content across the interface. 

EDS and microhardness analyses, suggest no or 
limited diffusion or micromixing of copper in the 
interfacial region of the bimetal. From the 
microstructural analyses, it seems that no (or very 
limited) melting and resolidification of the insert top 
surface have happened during the fabrication process 
either. These are in disagreement with the simulation 
results that predicted formation of about 30% liquid on 
the top surface of the Al−4.5wt.%Cu insert. It seems that 
there is a missing parameter in the simulation conditions 
resulting in disagreement of the simulation and 
experimental results. The missing parameter must affect 
the heat transfer across the bimetal interface and hamper 
the diffusion of the released specific and solidification 
latent heat from the CP aluminum part to the insert top 
surface. 

 

 

Fig. 14 Optical micrographs of interface region of fabricated bimetal 
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Fig. 15 Microstructural and microhardness analyses across 
interface of bimetal: (a) SEM micrograph; (b) EDS analysis 
along line shown in (a); (c) Microhardness profile 
 
    It may be postulated that despite the initial 
mechanical abrasion of the insert top surface, a 
continuous and stable high melting point oxide layer still 
persists on the insert surface. This oxide layer could 
impede the heat transfer across the interface. It also 
obstructs the direct contact between the insert and the 
molten CP aluminum and, as a result, would allow for no 
mixing or alloying across the interface. This problem  
has been dealt with by other researchers who have 
resorted to extensive chemical treatments on the top 
surface of the solid inserts before the compound casting 
process [8,11−18]. In this work, no chemical treatment 

was used and therefore persistence of an oxide layer on 
the insert surface is very likely. The effect of such layer 
on solidification and heat transfer of the bimetal is 
considered in the next section. 
 
3.4 Simulation of solidification and heat transfer in 

the presence of equivalent oxide layer 
    In the ProCAST environment, the oxide layer 
between the two parts of the bimetal can be defined as a 
thermal barrier at the interface and the corresponding 
portion of thermal resistance (Rth) induced by the oxide 
layer can be calculated by Eq. (2), where Radherence is 
adherence resistance between the oxide layer and its 
substrate, K is the conductivity and L is the thickness of 
the layer [27].  
Rth=Radherence+L/K                             (2)  
    Assuming a complete contact between the oxide 
layer and the insert surface under the applied pressure, 
Radherence can be assumed negligible. Actual values of 
conductivity (K) and thickness (L) of the aluminum 
oxide layer are about 30 W/(m∙K) [33] and 4 nm [32], 
respectively. Consequently, from Eq. (2), the thermal 
resistance between the two bimetal components is about 
1.33×10−10 m2∙K/W. 
    On the other hand, the minimum thickness which 
could be defined in ProCAST software for the thermal 
barrier layer is 1 µm. Inevitably, L was taken as 1 µm in 
this simulation, which is two hundred and fifty times  
that of the reported L value. In order to induce a  
realistic thermal resistance in the simulation (Rth= 
1.33×10−10 m2∙K/W, conductivity of the equivalent oxide 
layer (K) was taken as 75×102 W/(m∙K) which is also 
two hundred and fifty times that of the practical value. 

Figure 16 shows ten different progressive 
simulation steps of the bimetal fabrication process 
assuming an oxide layer between the two parts of the 
bimetal. It shows that sequence of solidification and heat 
transfer are almost identical to that when no interfacial 
oxide layer was considered (Fig. 9). Figure 17 shows 
temperature−time and solid fraction−time relationship of 
the four selected points shown in Fig. 5(b) in the 
presence of the equivalent oxide layer. It is evident that 
the maximum temperature and liquid fraction reached at 
point 1 (located just below the oxide layer) are about 
593 °C and 0.15, respectively. Clearly, despite the 
relatively low amount of the interfacial thermal 
resistance between the two parts of the bimetal 
(1.33×10−10 m2∙K/W), the maximum liquid fraction on 
the surface decreased by 50% (from 0.3 to 0.15), 
compared to the condition where the effect of the oxide 
layer was ignored. 

As shown in Fig. 17, temperature, solid fraction and 
solidification time of the hottest zone of the CP 
aluminum part, i.e. point 4, are almost the same as those 
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Fig. 16 ProCAST simulation results of ten different time steps after start of pouring molten CP aluminum in die for fabrication of 
bimetal in the presence of interfacial equivalent oxide layer 
 

 
Fig. 17 Simulated curves of temperature−time (a) and solid fraction−time (b) for four selected points in the presence of equivalent 
oxide layer on top surface of insert 
 
when no interfacial oxide layer was assumed between the 
two components. Only the position of point 4 was 
lowered by 0.2 mm when the effects of the oxide layer 
was considered (Fig. 5(b)) due to decrease in heat flow 

across the interface region. 
    These simulation results are in reasonable 
agreement with the microstructural observations reported 
in Section 3.2. According to Thermo-Calc predictions, 
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there must be about 11% low melting point eutectic 
constituents available at the grain boundaries of the 
squeeze cast insert (Fig. 10). Therefore, only 4% of the 
mentioned 15% liquid needs to be provided by melting 
of the proeutectic solid phase. This constitutes only 4.5% 
(4/89) of the proeutectic α(Al) dendrites. As a result, no 
significant change in the microstructure would be 
expected as confirmed by microstructural examinations. 

Agreement of the simulation and experimental 
results when the effects of the oxide layer on heat 
transfer are considered, raises the question of how such 
thin oxide layer would resist the imposed thermal and 
mechanical stress during the fabrication process. 
Stability of such oxide layer depends on magnitude and 
distribution of the applied interfacial stresses. Therefore, 
thermal and mechanical interfacial stresses induced in 
the oxide layer were simulated using ANSYS software 
and are presented in the next section. 

 
3.5 Simulation of stress at interface 
    During the compound squeeze casting process, 
thermal and mechanical stresses are generated at the 
interface of the two parts of the fabricated bimetal. The 
stresses may be induced by: (1) pouring the hot (800 °C) 
molten CP aluminum on the cooler (350 °C) surface of 
the solid insert; (2) applying an external pressure     
(70 MPa) on the molten component, and (3) high 
temperature transformations in the oxide layer during the 
fabrication process. 
    Pouring the molten metal on the insert increases its 
temperature and, accordingly, the thickness of the 
amorphous oxide layer. Previous researches have shown 
that growth of the amorphous oxide layer can be 
accompanied by its crystallization to phases such as 
γ-Al2O3, δ-Al2O3, θ-Al2O3 and α-Al2O3, which have 

specific volumes lower than that of the initial amorphous 
oxide layer [34]. These transformations may cause some 
interfacial stresses on the oxide layer. However, each 
transformation needs an incubation time at high 
temperature which does not seem to be provided in the 
manufacturing process of the bimetal. Therefore, the 
effects of crystallization of the oxide layer during the 
fabrication process was ignored in this simulation. 
    The results of ANSYS simulation of the magnitude 
and distribution of the equivalent von Mises stresses at 
the interface of the bimetal are shown in Fig. 18. Value 
of the total equivalent induced stress between the 
components is shown in the magnified images in the 
right hand side and bottom of the figure. It should be 
noted that Y and X axes represent directions of normal 
and shear stresses applied on the interfacial oxide layer. 
Figure 18 shows a uniformly distributed total equivalent 
von Mises normal stress of 406 MPa along the interface 
of the bimetal. Compressive strength of high purity 
Al2O3 is 2660 MPa [33], which is significantly higher 
than the generated stress at the interface. There is no 
stress gradient in the oxide layer either. So based on the 
results of this simulation, the surface oxide layer is 
unlikely to be damaged by these thermal and mechanical 
stresses during the fabrication process. In other words, 
the oxide layer is mechanically stable and remains 
adhered to the substrate surface during the process. 
Therefore, it may act as a stable high melting point 
thermal barrier and decrease the thermal effects of CP 
aluminum component on heat and mass transfer across 
the bimetal interface, as well as the microstructure of the 
insert. This justifies the assumption made in Section 3.4 
for ProCAST simulation of solidification and heat 
transfer and is in good agreement with the experimental 
results. 

 

 

Fig. 18 ANSYS simulation of magnitude and distribution of stresses generated at interface of bimetal during compound squeeze 
casting 
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    It may be envisaged that the presence of such 
continuous oxide layer between the two parts of the 
bimetal would obstruct good bonding between the parts 
and result in inferior mechanical properties. Review of 
the previous works indicates that even extensive 
chemical treatment of the surfaces before the process 
does not always result in a good bonding between the 
two parts [8,11−18]. This is due to very high propensity 
of aluminum for oxide formation. The authors are 
examining an alternative mechanical treatment of the 
insert to overcome this problem. The results of this study 
will be published soon. 
 
4 Conclusions 
 
    (1) Despite the initial simulation results, no 
noticeable melting or change in the structure of the top 
surface of the solid Al−4.5wt.%Cu insert occurred. Also 
no obvious transition zone was formed between the two 
parts of the fabricated bimetal nor any micromixing and 
diffusion of copper atoms across the interface of the 
bimetal were detected. 
    (2) A good agreement between the simulation 
results and the microscopic observations was achieved 
when an equivalent oxide layer at the interface was 
defined and its effect on heat transfer between the two 
parts of the bimetal was taken into account. 
    (3) The predicted maximum liquid fraction formed 
on the insert top surface at this condition was 0.15. This 
would result in negligible melting of the proeutectic  
α(Al) dendrites and, therefore, no significant change in 
the structure of the insert. 
    (4) Simulation of the generated stresses at the 
interface of the bimetal showed a uniformly distributed 
stress along the interface which was significantly lower 
than the compressive strength of the oxide layer. This 
would result in good stability and adherence of the oxide 
layer to the insert surface during the compound squeeze 
casting process. 
    (5) Before any good bonding between the two parts 
of the bimetal can be realized, the effects of this 
continuous stable oxide layer must be overcome. 
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摘  要：研究复合挤压铸造的双金属宏观复合材料中两组分之间的热、力学相互作用。首先，采用复合挤压铸造

工艺制备 Al/Al−4.5wt.%Cu 双金属宏观复合材料。然后，利用 Thermo-Calc、ProCAST 和 ANSYS 等软件对双金

属中的热传递、凝固和沿界面区产生的应力分布进行分析，且研究双金属界面区的结构、铜分布和显微硬度变化。

结果表明，Al−4.5wt.%Cu 的结构没有明显变化，铜在界面处无明显的微混合和扩散。当定义界面上的等效氧化层，

并考虑其对传热的影响时，模拟结果与实验结果吻合较好。这种氧化层使在嵌入物表面形成的局部液体分数下降

50%。对产生的应力进行模拟，结果表明，界面应力分布均匀，界面的抗压强度明显低于氧化层的抗压强度，在

制备过程中具有良好的稳定性。因此，可以认为，这种连续的氧化层不仅起到热障的作用，还阻止界面上金属间

的直接接触。 
关键词：Al/Al−Cu 宏观复合材料；双金属；复合挤压铸造；模拟；界面；应力 
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