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Abstract

Conventional cast-on methods are incapable of metallur-
gically bonding a steel plate to an external surface of a
small aluminum casting in a metal mold. We, for the first
time, demonstrated that such kind of bonding could be
achieved using an ultrasound-assisted cast-on method
termed ultrasonic cast bonding. Castings were made using
ultrasonic cast bonding under various processing param-
eters including pouring temperature of the molten alloy,
type of the steel plate, power of ultrasonic vibrations, and
coupling method of ultrasonic vibration to the steel plate.

The force required to separate the steel plate from the
casting was measured to evaluate factors affecting the
bonding quality of the bimetal. Microstructural analysis
was performed to reveal the nature of the bonding. Basic
conditions required for obtaining metallurgical bonding
between steel and aluminum were discussed.

Keywords: aluminum alloy, steel insert, cast-on method,
metallurgical bond, high-intensity ultrasonic vibration

Introduction

A bare (uncoated) steel insert can be difficult to form a

metallurgical bond with an aluminum casting using a cast-

on or cast-over method.1 Two processes have been devel-

oped to help forming the metallurgical bond between the

insert and the casting: Al-Fin process2–5 and Cummins

process.6–9 Both processes involve a thorough cleaning

procedure for cleaning the insert prior to coating the bare

steel insert with thin layers of metals or alloys wherein the

insert and the coated materials are metallurgically bon-

ded.10 The coating is then served as a sacrificial coating

that is partially dissolved or melted into the cast alloy

during the cast-on process. Still, it is difficult to produce

bimetal castings having a defect-free metallurgical bond as

small gaps often exist at the interface between the coated

insert and the casting. Sometimes the gap covers the entire

surface of the insert so that the insert simply drops out of

the casting.1,6,7 To lock the insert in place in a casting,

grooves are usually cut into the insert or the surface of the

insert has to be roughened before the insert is used for

making a bimetal casting.1,11–13

Recently, Han and co-workers14–17 worked on ultrasound-

assisted cast-on methods and demonstrated that an intro-

duction of high-intensity ultrasonic vibrations through the

inserts in a ceramic mold to a solidifying aluminum A354

alloy casting resulted in a defect-free metallurgical bond

between the bare steel insert and the aluminum casting.

The use of ultrasound helped the defect-free bond to form

by shaking off any impurities, bubbles or inclusions that

were carried in the metal, migrated and finally adhered to

the surface of the insert, and by cleaning up any oxide film

that covered the surface of the insert.15,16 As a result, as-

received inserts without subject to thorough cleaning could

directly be used for making bimetal castings. Experimental

results indicated the failure mode of these joints was

tearing of the aluminum not failure in the interface if the

bond was made defect-free.15 The shear strength of the

metallurgical bond was in the neighborhood of 80MPa,

which is the shear strength of the A354 alloy under as-cast

conditions, confirming that the failure occurred at the A354

alloy side of the bonding interface.16
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However, the work by Han and co-workers was focused on

steel insert that extended deeply into the middle of the

aluminum casting in ceramic molds where the cooling rates

were slow, and the solidification times were long. Fur-

thermore, shrinking of the solidified aluminum on the steel

insert would enhance the bonding strength between the

steel insert and the aluminum casting. The formation of a

metallurgical bond between the steel insert and the alu-

minum casting requires that the molten aluminum reacts

with the steel insert for times greater than a critical time

and at temperatures higher than a critical temperature.14–17

As a result, long solidification times or slow cooling rates

associated with the use of ceramic molds favor the for-

mation of a metallurgical bond in the steel/aluminum

bimetal system.

This work focused on extending our previous work on

ultrasonic cast bonding in a ceramic mold for joining a

sheet metal to an external surface of an aluminum casting

solidified in a steel mold where cooling of the aluminum

melt was much faster than that in a ceramic mold. Most

aluminum castings are made in steel molds. Applications of

such a bonding configuration include joining steel flanges

and washes on the external surface of an aluminum casting

fabricated by the die casting process or the permanent mold

metal casting process. However, as far as we know, no

successful attempt has yet been reported in the open liter-

ature on bonding a steel plate to the external surface of a

solidifying aluminum casting. The aim of this work was to

demonstrated that such type of bonding could be achieved

by a proper use of the ultrasonic cast bonding process using

as-received steel plates without subject to a thorough

cleaning procedure involving the use of acids. We, for the

first time, confirmed experimentally that an as-received

steel plate was metallurgically bonded to the external

surface of an A356 aluminum casting solidified in steel

molds.

Experimental Methods

Figure 1 shows a steel plate (green colored) to be bonded

with an aluminum casting, and the components of the steel

mold comprising a ‘‘U’’ shaped piece and two thick steel

plates at either end of the ‘‘U’’ shaped piece. The dimen-

sions of the mold are given in Figure 2. In this study, the

internal surfaces of the mold were coated with a thin layer

of boron nitride. A steel plate was used for contacting the

external surface of the casting. As-received steel plates

directly provided from a steel mill were directly used

without subject to any cleaning procedures. Two types of

commercial steel plate were tested in this study: uncoated

or Zn coated. The thickness of the steel plate (ASTM

A500B) was around 2 mm. Both steel plate and mold were

at room temperatures.

A356 aluminum cast alloy was used for this study. The

composition of the alloy is given in Table 1. The liquidus

and the solidus of the alloy was reported as 615 �C and

547 �C, respectively.18 About 6.8 kg of A356 alloy was

heated in an electrical resistance furnace to 720 �C, held at

that temperature for 30 minutes, cooled to a selected

pouring temperature and then, was poured into the metal

mold while ultrasound was applied on the back of the steel

plate from the beginning of pouring until the casting was

solidified. The molten alloy was not degassed nor protected

under a special atmosphere which are the required pro-

cessing steps using the Al-Fin process or the Cummins

process8 in order to form a high-quality metallurgical bond

between the steel plate and the aluminum casting. A K-type

thermocouple was placed in the center of a casting for

measuring the cooling curve of the casting using a data

acquisition system. The rate of data acquisition was 2 Hz.

The experimental setup, illustrated in Figure 3a, consisted

of the mold and the steel plate, C-clamps to hold the mold

and the steel plate together, an ultrasonic probe that was

bolted to an ultrasonic horn driven by a lead zirconate

titanate (PZT) transducer/converter, and a controller

(Sonics & Materials, Inc.). The probe was about 19 mm in

diameter and was placed in a hole in the mold shown in

Figure 1. A schematic illustration of the steel mold used
in this study. Figure 2. The dimensions of the steel mold.
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Figure 2. The end of the probe was in close contact with the

back side of the steel plate. The controller was capable of

delivering 1500 watts (1.5 kW) of power at a frequency of

20 kHz to the tip of the ultrasonic probe and regulated the

amplitude of the ultrasonic vibrations. For this study,

testing was done at 30%, 50% and 70% of the full power,

or 0.45 kW, 0.75 kW and 1.05 kW, respectively. Castings

made using the experimental setup are illustrated in

Figure 3b.

Coupling of the ultrasonic probe to the steel plate is

important in minimizing ultrasound attenuation. To couple

the ultrasonic vibration from the probe to the sheet metal,

three approaches were tested. The first approach dealt with

the use of bolts and nuts to press the probe tightly against

the sheet metal. The second approach involved the use of a

coupling liquid at the interface between the probe and the

sheet metal. The coupling liquids used included water and

ultrasonic vibration gel. The third approach was associated

with the use of a screw to bolt the steel plate onto the

probe. The first approach failed to produce a bond between

the sheet metal and the cast aluminum. The second and

third approach yielded good results.

To determine the strength of the metallurgical bond

between the steel plate and aluminum casting, a shear test

to separate the bimetal was designed. A photograph of the

shear test setup is shown in Figure 4. The casting was held

firmly while the machine’s crosshead exerted a downward

force at a rate of 0.127 mm per minute on the longer edge

of the steel plate to separate it from the aluminum. The

maximum force required for separation was recorded. All

shear testing was performed using a Tinius Olsen test rig at

the Chrysler Technical Center in Auburn Hills, Michigan.

Microstructure of selected samples was characterized using

optical microscopy and scanning electron microscopy

(SEM) with energy dispersive spectroscopy (EDS).

Experimental Results

A typical cooling curve is illustrated in Figure 5. The

cooling time from the pouring temperature to the solidus

temperature of the alloy was about 18 seconds, which was

much shorter than the critical time required to form a

metallurgical bond between steel and aluminum alloy for

the steel/aluminum system.15 As a result, a steel plate,

coated or uncoated, was impossible to be metallurgically

bonded to an aluminum alloy under conventional cast-on

conditions of this study. Consequently, the steel plate

dropped out of the aluminum casting while the casting was

removed from the mold, indicating that there was no

metallurgical bonding between the steel plate and the

aluminum cast over it.

The application of high-intensity ultrasonic vibration on

the steel plate did help the formation of a metallurgical

Table 1. The Composition of A356 Alloy

Element Si Fe Cu Mn Mg Zn Ti Al

wt.% 7.0 0.10 0.20 0.10 0.4 0.10 0.20 Balance

Figure 3. The experimental setup showing the locations
of the mold, the probe and the clamping mechanism for
closing the mold assembly. (a) experimental setup, and
(b) castings made using the setup.

Figure 4. Photograph of the shear test setup.
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bond between the steel plate and the aluminum alloy. The

steel plate was firmly bonded to the aluminum alloy.

However, the entire surface of the steel plate was not

bonded to the aluminum alloy. Figure 6a shows the bonded

region (white region) on the surface of the steel plate after

the steel plate was separated from the aluminum casting. It

can be clearly seen from Figure 6b that there was a layer of

aluminum stack to the surface of the steel plate at the

bonded region. The equivalent diameter of the bonded

region shown in Figure 6a was about 38 mm, greater than

the diameter of the ultrasonic probe (19 mm). The size of

the bonded region was increased when the coupling of

ultrasonic vibration to the steel plate was improved.

There was a layer of intermetallic phases formed on the

steel plate in the bonded region as shown in Figure 6b. The

thickness of this layer was less than 10 lm. The inter-

metallic layer had a zig-zag growth front that grew into the

aluminum and interlocked with the solidified aluminum,

forming a metallurgical bond between steel and aluminum

alloy. The intermetallic phases were of the AlFeSi type as

shown in the EDS spectrum in Figure 6c. Such result was

in agreement with that reported in the literature.19–21

The shear force required to separate the steel plate from the

aluminum alloy was measured for the castings made under

various conditions. The influence of ultrasound power on

the shear force is shown in Figure 7. The measured sepa-

ration force decreased with increasing power of ultrasonic

vibration in the power range from 0.45 kW to 1.05 kW.

Microstructural characterization of the sample subject to

the influence of ultrasound power at 0.45 kW is shown in

Figures 8 taken at the opposite side of the steel plate near

the ultrasonic probe tip. Optical micrograph shown in

Figure 8a reveals that intermetallic phases, eutectic silicon,

and aluminum dendrites and other minor phases were

formed neighboring the intermetallic layer. Figure 8b, c

indicate that the phases shown in Figure 8a vary in

Figure 5. A typical cooling curve measured in the
casting ingot.

Figure 6. The bonded region on a steel plate and the aluminum bonded to the steel
plate. (a) The size of the bonded region, (b) the intermetallic layer at the steel/
aluminum interface where the bimetal was rotated count-clockwise, and (c) EDS
spectrum of the intermetallic layer.

International Journal of Metalcasting



composition. Figure 8d–f depicts the EDS spectrums of

Mg2Si, a-FeAlSi, and b-FeAlSi phases. No porosity or

oxide defects were found in the center of the bonded region

adjacent to the intermetallic layer. Dendrites, eutectic sil-

icon, and Mg2Si were the typical microstructure of the

A356 alloy. a-FeAlSi, and b-FeAlSi phases were resulted

from the dissolution of iron from the steel plate to the

aluminum alloy.

Figure 9 illustrates the microstructure near the steel plate

opposite to the ultrasonic probe in the sample subject to

ultrasound power of 1.05 kW. In addition to an increased

formation of a-FeAlSi and b-FeAlSi phases among alu-

minum dendrites, blocky particles of primary silicon were

formed adjacent to the intermetallic layer as shown in

Figure 7. Effect of the power of ultrasonic vibration on
the measured separation force in samples with the zinc-
coated steel plate bolted to the ultrasonic probe. The
pouring temperature was 700 �C.

Figure 8. Microstructure adjacent to the Zn coated steel plate bolted to the ultrasonic
probe subject to a ultrasound power of 0.45 kW. The pouring temperature was 700 �C.
(a) Optical micrograph, (b) SEM image of the same region as (a), (c) elemental dot
map showing the location of iron (red), magnesium (green), silicon (blue) and
aluminum (gray) in the same region as (b), (d) to (f) EDS spectrum of locations A to C
shown in (b), respectively, showing (d) Mg2Si in location A, (e) a-FeAlSi in location B,
and (f) b-FeAlSi in location C.
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Figure 9a. Figure 9b depicts a blocky particle of primary

silicon formed on the intermetallic layer and with fingers of

the intermetallic phases extending into the primary silicon

particle. Ahead of this primary silicon particle is the

eutectic structure seemingly extended into the aluminum

alloy. The EDS spectrum shown in Figure 9c is typical of

the primary silicon particles that were observed along the

intermetallic layer shown in Figure 9a, b. It appears that the

weaker steel/aluminum interface associated with samples

subject to higher power of ultrasonic vibration was due to

the formation of an increased among of brittle silicon

phases, particularly the primary silicon particles formed

directly on the brittle intermetallic layer. The formation of

primary silicon particles in A356 alloy subject to high-

intensity ultrasonic vibration was also reported in the

literature.22

Figure 10 shows the relationship between the shear force and

the pouring temperature of the alloy when the high-intensity

ultrasonic vibration was coupled by a ultrasound gel to the

back of the steel plate. The measured shear force was about

30 kN in the temperature range from 670 to 750 �C, but was
much lower when the pouring temperature was about 650

�C. It is evident that the molten metal has to be poured at

certain superheat in order to obtain a good quality bond

between the steel plate and the solidifying aluminum alloy.

Based on experimental data shown in Figures 7 and 9, we

choose to pour the molten A356 alloy at 700 �C on a steel

plate subject to ultrasound power of 0.45 kW over various

conditions. The test results were grouped according to

combinations of conditions, along with two control cast-

ings that were poured without the use of ultrasound. The

results of this grouping were plotted on the same graph, in

order of increased bond strength, as shown in Figure 11.

As shown in Figure 11, the control castings made using

conventional cast-on method had very low bonding

strength. The steel plate, coated or uncoated, usually sep-

arated from the aluminum when the casting was removed

out of the mold.

Figure 9. Microstructure adjacent to the Zn coated steel plate bolted to the ultrasonic
probe subject to a ultrasound power of 1.05 kW. The pouring temperature was 700 �C.
(a) Intermetallic phases and primary silicon phase, (b) a primary silicon phase formed
on the intermetallic layer, and (c) EDS spectrum of the blocky silicon phase.

Figure 10. Effect of pouring temperature on the mea-
sured separation force. The power of ultrasonic vibration
was 0.45 kW and was coupled to the steel plate using
ultrasound gel.
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Silicone was not a good fluid for coupling ultrasonic

vibration from the ultrasonic probe to the steel probe. The

bonding strength achieved using silicone was slightly bet-

ter than that of the conventional cast-on method, but is

much lower than that using ultrasound gel.

Ultrasound gel was a fluid effective in coupling ultrasonic

vibration from the probe to the steel plate. Data obtained

using ultrasound gel suggest that zinc coating was benefi-

cial in promoting bonding formation between steel plate

and aluminum alloy. The average separation force required

to separate zinc-coated steel plate from the aluminum

casting was higher than that of the uncoated steel plate.

Of the coupling methods tested in this study, the method of

using a screw to bolt the steel plate to the tip of the

ultrasound probe was the most effective way of transmit-

ting high-intensity ultrasonic vibrations to bond steel plate

to the solidifying aluminum as is indicated in Figure 11 that

the separation force associated with bolted zinc-coated

steel plate is the highest. However, tests on uncoated steel

plate were not successful because of issues related to the

formation of a large number of blocky particles of primary

silicon and oxide particles. The formation mechanisms of

these particles warrant future research.

Discussion

Results shown above suggest that the conventional cast-on

method used in this study is unable to bond a steel plate to

the external surface of a casting, but ultrasonic cast

bonding is capable of doing it with a high-quality metal-

lurgical bond between the steel plate and the aluminum

casting. There are three basic requirements that need to be

satisfied in order to produce a high-quality metallurgical

bond, namely intimate contact, adequate interface tem-

perature, and sufficient time.

Intimate contact is a necessary physical condition for the

formation of a metallurgical bond between steel and alu-

minum. The liquid aluminum has to be in intimate contact

with the surface of the solid steel plate to allow its atoms to

react with the atoms in the steel and to allow mutual dif-

fusion of atoms into both materials. The issue is that an

oxide film exists on the surfaces of both metals.23,24 During

the cast-on process, the initial contact of the steel plate by

the molten aluminum is in fact a contact of the iron oxide

film by aluminum and its oxide. This means that the steel

and aluminum metal are still physically separated by their

oxide films although the molten metal is indeed in contact

with the steel plate. These oxide films are the physical

barriers that prevent the aluminum atoms in the liquid from

contacting the iron atoms in the steel.

The surface of iron and mild steel is covered by a layer of

magnetite, Fe3O4.
23 The thickness of the magnetite layer

increases with increasing temperatures. The surface of the

molten A356 alloy is covered by a layer of MgO�Al2O3

known as spinel.24 Fresh aluminum melt that breaks out

from the spinel film during mold filling would have to react

with the magnetite on the plate surface by the following

chemical reaction:

3Fe3O4 þ 8Al ¼ 4Al2O3 þ 9Fe Eqn: 3

The reaction product, Al2O3 would replace Fe3O4 at the Fe/

Al interface. This oxide, together with fragments of spinel

that adhere to the interface, is also another physical barrier

to the aluminum/iron reaction and has to be removed away

from the interface. Unfortunately, flow arising from mold

filling is usually insufficient to wash these oxide particles

away because the flow velocity at the steel-aluminum

interface is zero. Furthermore, bubbles and oxide particles

that are carried by the molten metal tend to adhere to the

steel-aluminum interface when they contact the interface.

The existence of these various particles on the steel/

aluminum interface is one of the reasons that a steel insert

is always difficult to be metallurgically bonded to an

aluminum casting using conventional cast-on methods

even through the insert is deeply extended into the casting.

It would be much more difficult, or even impossible, to

metallurgically bond a steel plate to the external surface of

a solidifying aluminum casting. This accounts for the fact

that there is no report in the open literature on the bonding

of a sheet steel to the external surface of an aluminum

casting made in steel mold. Our experimental results

support that a steel plate cannot be bonded to a small A356

aluminum ingot solidified in a steel mold.

In the ultrasonic casting bonding process, high-intensity

ultrasonic vibration is transmitted through the steel plate to

the molten metal, causing three effects: vibration, acoustic

streaming, and cavitation.25,26 Interfacial vibration tends to

shake bubbles and oxide particles off the plate/aluminum

interface. Acoustic streaming is a type of flow in the

molten metal originated from the plate/aluminum interface.

The direction of the acoustic streaming is normal to the

plate/aluminum interface and is none-zero. Such type of

melt flow is ideal in carrying bubbles and oxide particles

Figure 11. Effect of test conditions on measured sepa-
ration force.
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away from the plate-aluminum interface. Acoustically

induced cavitation creates tiny bubbles in the melt adjacent

to the plate/aluminum interface. The collapse of these

cavitation bubbles, often on solid/liquid interface, is

claimed to produce transient micro ‘‘hot spots’’ that can

have temperatures above 5000 �C, pressure above 1000

atm., and heating/cooling rates above 1010 K/s.27,28. The

collapse of the cavitation bubbles also produces extensive

shock waves in the molten metal. These strong shock

waves, coupling with localized high temperature and

pressure, can break up the oxide layer on the insert surface

easily. As a result of these ultrasound-induced effects,

ultrasonic cast bonding is an effective method for metal-

lurgically bonding steel plate to the external surface of a

solidified casting as shown in Figures 6, 7, 8, 9, 10 and 11.

Adequate surface temperature of the steel plate is a ther-

modynamic condition that has to be satisfied in order to

form a metallurgical bond between steel and aluminum.

The phase diagram of Al-Fe binary system suggests that a

liquid phase should not be formed when the temperature of

the system is lower than the solidus of the alloy. The for-

mation of a zig-zag front of the intermetallic layer shown

in Figure 8a, b requires that a liquid phase be exist between

fingers of intermetallic phase to form an interlocked

structure after the liquid is solidified. Such morphology of a

metallurgical bond has been observed recently by in situ X-

ray imaging technologies.29,30 The minimum temperature

that the liquid can exist between the intermetallic fingers in

a binary system is the eutectic temperature. Han et al.31

examined interaction of AISI 1030 steel insert with pure

aluminum at various temperatures and confirmed that there

was a critical temperature, TC, above which aluminum

soldered or metallurgically bonded to mild steel. They

suggested that TC should be the eutectic temperature or the

solidus temperature of the Al-Fe eutectic alloy at the alu-

minum rich corner of the Al-Fe phase diagram. Thus, a

criterion function for the formation of a metallurgical bond

should be in the form of:

TI � TC Eqn: 2

where TI is the surface temperature of the steel plate at the

plate/aluminum interface. In the pure aluminum-iron

system, TC is 655 �C. In the mild steel/A356 alloy

system, TC should be the dendrite coherency point,

DCP,32 which is about 605 �C, considering that the

spinel film would be difficult to be broken when the

alloy would behave like a solid at temperatures below

dendrite coherency point, DCP.

Now examine the interfacial temperature, TI, in this study.

When the molten aluminum contacts the steel plate inti-

mately, TI can be calculated by33:

TI ¼
T0

ffiffiffiffiffiffiffiffiffiffiffiffiffi

k1c1q1
p

ffiffiffiffiffiffiffiffiffiffiffiffiffi

k1c1q1
p

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffi

k2c2q2
p Eqn: 3

where subscript 1 refers to the A356 melt and 2 to the steel

plate, T0 is defined as the difference between the pouring

temperature and initial temperature of the steel plate

(assuming at 20 �C). k, c, and q denote the heat

conductivity, specific heat, and density, respectively. This

interfacial temperature is reached instantaneously when the

plate is contacted intimately by the melt and will be

maintained until the external boundary temperatures are

altered due to heat transfer at the steel-aluminum

interface.34

The calculated TI is 409 �C using data given in Table 2 and

assuming T0 = 700 �C. This temperature is much lower

than 605 �C. Thus, the steel plate is unlikely to form a

metallurgical bond with molten aluminum during a short

initial stage of melt cooling even under intimate contact

conditions. As a result, metallurgical bonding was not

obtained in this study using a conventional cast-on method.

During ultrasonic cast bonding, ultrasound-induced phe-

nomena, such as acoustic streaming and cavitation, causes

a strong stirring of the aluminum melt at the steel/alu-

minum interface which is equivalent to enhancing k1 to

infinity. As a result, TI = T0 = 700 �C using Eqn. (2), which

is much higher than 605 �C. As a result, the thermody-

namic condition that is required for achieving a metallur-

gical bond between the steel plate and the solidifying

aluminum alloy was satisfied in the ultrasonic cast bonding

process when the intensity or power of ultrasonic vibrations

was high enough.

The duration of the steel plate at temperatures higher than

TC is a necessary kinetic condition required for obtaining a

high-quality metallurgical bond between steel and alu-

minum. The surface temperature of the steel plate has to be

higher than TC for a sufficient time when the steel plate is

in intimate contact with a fresh molten alloy in order for

the intermetallic layer to grow to a certain thickness.

Assuming tR is the time required for the removal of oxide

films and particles, tG is the time required for the nucle-

ation and growth of the intermetallic phases on the steel

plate, one can write the total time, tT, required for the

formation of a high-quality metallurgical bond as:

tT � tR þ tG Eqn: 4

Table 2. Mechanical and Physical Properties of Alloys
Used in this Study.34,35

q (kg/
m3)

k (W/
m K)

c (kJ/kg
�C)

kcq

AISI1030
steel

7850 43.6 0.486 1.679105

A356 alloy 2710 126 0.963 3.299105
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where tG is proportional to the square of the thickness of

the intermetallic layer.19,29 tR is little researched but is

affected by factors including the thickness of the magnetite

film, bubbles and oxide particles that adhere on the surface

of the steel plate, and the flow conditions in the melt. Han

et al31 submerged a clean steel bar into a pure aluminum

melt at temperature range above the melting temperature of

the metal and found that it took over 60 seconds before the

intermetallic phase started to occur on the surface of the

steel bar. The cooling time of the casting in this study was

only less than 20 seconds as shown in the cooling curve in

Figure 5. Thus, it was impossible that the steel plate could

be bonded to the aluminum casting metallurgically in this

study using a conventional cast-on method.

When high-intensity ultrasonic vibrations are applied to the

steel/aluminum interface, tR can be reduced within one

second. Sui and Han15 used an energized steel sonotrode

and tipped it into an aluminum melt. They found that the

surface of the energized sonotrode was covered by a uni-

form layer of intermetallic phases within only 0.5 seconds.

During ultrasonic cast bonding, the ultrasound-energized

steel plate was at temperatures higher than the liquidus of

the alloy for more than a few seconds as estimated from the

cooling curve shown in Figure 5. As a result, a layer of

intermetallic phases was indeed formed on the steel plate

subject to high-intensity ultrasonic vibrations, especially in

the regions near the sonotrode. The intensity of ultrasonic

faded away as the distance from the sonotrode was

increased. It appeared from Figure 6a that there was a

critical intensity of ultrasonic vibrations below which the

intermetallic layer was not formed. Consequently, a sono-

trode could cover only an area not much greater than the

cross-sectional area of the sonotrode. However, an effec-

tive coupling of ultrasound to the steel plate could increase

the bonding area for a given sized sonotrode. Increasing the

intensity of ultrasonic vibration should also be able to

increase the bonding area as well.

Conclusions

A steel plate is difficult, if not impossible, to be metallur-

gically bonded to external surfaces of a small aluminum

casting solidified in a metal mold using a conventional

cast-on method. This is because the steel/aluminum inter-

face cannot reach conditions of having its temperatures

higher than a critical temperature for a sufficient time while

keeping the interface free of oxide particles and gas

bubbles.

Ultrasonic cast bonding, an ultrasound-assisted cast-on

technique, is capable of bonding an as-received steel plate

to the external surface of a solidifying A356 alloy casting

in a metal mold. The application of high-intensity ultra-

sonic vibrations through the steel plate to the solidifying

alloy improves physical contact of bimetal at their interface

by shaking off oxide particles and bubbles that adhere to

the interface, enhances the interface temperature instantly

during the metal pouring process to the melt/alloy tem-

perature, and accelerates the chemical reactions between

steel and the molten aluminum, promoting the formation of

a metallurgical bond between steel plate and the casting.

During ultrasonic cast bonding, the bonding strength

between the steel plate and aluminum casting can be

affected by factors including the intensity of ultrasonic

vibration or ultrasound power and the coupling method

between the ultrasonic probe and the steel plate. The use of

an efficient coupling method would enhance the bonding

strength.
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