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Observation of interface of two kinds of bi-metal composite parts
prepared by thixo-forging
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Abstract: Two kinds of bi-metal composite parts (Sn-15%Pb and Pb-22%Sn bi-metal system, and Al-7%Si and SiC,/6061 MMC
bi-metal system) were prepared by the strain-induced melt activated thixo-forging. The interfaces of the bi-metal composites were
observed by OM and SEM. The observations show that the semisolid metals keep independence during thixo-forging. The solid
phases in the semisolid slurries maintain their original morphologies after thixo-forging. The liquid phases near the interface mix
together and form a thin layer. The interfaces are bonded firmly with the metallurgical bonding. No oxide layers are found at the
interfaces. Strengths of the interfaces were investigated by the micro-hardness test. The experimental results show that the composite
interfaces have high strength. However, the agglomerated enhancing particles cause fine defect on the interface of the Al-7%Si and

SiC,/6061 MMC bi-metal composite.
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1 Introduction

The semisolid metal processing (SSP) has been
developed with the objective of near net forming of
metals and alloys available for the mass production of
light metal parts[1]. It uses semisolid slurries that are
mixtures of globular solid particles uniformly suspended
in a liquid matrix. Semisolid slurries with such a
microstructure exhibit thixotropic and pseudoplastic
behaviors, allowing them to be handled as a solid when
being cast and having fluid-like properties when being
sheared during the forming operation. Semisolid metal
processing offers the ability to cast components of
complex shape, substantially higher in quality than die
castings but lower in cost than forgings. Recently, efforts
were mainly concentrated on how to decrease the cost in
making the semisolid slurries[2-3] and on how to
develop new materials suitable for semisolid metal
processing[4—6]. Besides the traditional applications,
semisolid metal processing was also applied to
manufacture innovative materials, such as metal
foams[7], functionally graded materials[8—9], and
glass/metal joining products[10].

Bi-material composite is a group of useful material.
Properly designed bi-material products exhibit an
optimal combination of desired properties while
minimizing their restrictive properties. However, there is
no flexible and economical method to achieve a good
composite interface as well as to obtain a complex
shape[11-14].

It is noticed in our previous work[15—17] that if two
kinds of semisolid slurries were squeezed into a cavity
simultaneously, the slurries will not mix like liquids do.
They will maintain their independence instead. The fine
solid particles fix the liquid, encumber the mixture
among the liquid phases, and limit the mixture of liquids
hundreds of micrometers beneath the composite interface.
When a composite fluid flows through the narrow ingate,
it is able to maintain a laminar flow. Therefore, the
semisolid metals can hold their original relative positions
after filling operation. These characteristics of the
semisolid metals and composites can be used in a brand
new semisolid metal processing to economically
fabricate bi-metallic composite parts with complex shape
and functional positions of the parts composed of
corresponding materials with corresponding functions.

In this work, the characteristics of the interface of
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the bi-metal composites using two kinds of
representative composite systems were investigated. One
composite system is composed of a hyper-eutectic Pb-Sn
alloy and a hypo-eutectic Pb-Sn alloy (Pb-22%Sn and
Sn-15%Pb); the other system is composed of an
hyper-eutectic aluminum alloy and a metal matrix
composite (Al-7%Si and SiC,/6061 MMC). These two
groups of semisolid metals were die-forged by
strain-induced melt activated (SIMA) thixo-forging,
respectively. And the characteristics of the interfaces of
the bi-metal systems were investigated with OM, SEM
and micro-indenter.

2 Experimental

Pb-22%Sn, Sn-15%Pb, and Al-7%Si (mass fraction)
alloys were melted, and were cast into ingots with a
diameter of 50 mm, respectively. These ingots were
extruded to rods with a diameter of 20 mm. The rods
were cut, and the billets were up-drawn to a diameter of
35 mm. By this way, the alloys were qualified to be
manufactured by SIMA thixo-forging. The SiC,/6061
MMC is a commercial extruded part, which is suitable
for SIMA thixo-forging.

The forging dies are made of steel and have an
axle-systematical cavity. The maximal inner diameter
and the depth of the cavity are 60 mm and 27 mm,
respectively. The cavity contains a hub-like region and a
rim-like region. Detailed information about the forging
dies and the cavity is illustrated in Fig.1.
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Fig.1 Draft of cut-open view of forging dies (unit: mm)

When a bi-metal part was manufactured, the billet
with lower melting point was heated to the semisolid
state together with the counter die in a stove; the billet
with higher melting point was heated to semisolid state
in another stove; the drop die was kept at room
temperature. Both heating processes were finished
simultaneously. When the billets were sufficiently soft,
the semisolid slugs were piled up on the counter die.
Finally, the drop die was hammered down by a forging
machine with a forging force of 1 kN and at a speed of
1 m/s. The average pressure on the parts was estimated to
be 350 kPa. No protecting gas was used in this

experiment. The detailed forging process could be
referred to the Refs.[11—-12].

Some products were sectioned along the central line.
Samples were polished by diamond milling powders.
The macro-structures of two types of the bi-metal
composite parts were recorded by an Olympus p830
digital camera. The textures of the composites were
checked with an optical microscope equipped with a
CCD cameral and a Siron200 scan electron microscope
(SEM) using back scatter electron (BSE) image. The
composite interface is also checked with a micro-indenter.

3 Results and discussion

3.1 Macro-observation of interface

Fig.2(a) shows the macro-structure of the
Sn-15%Pb and Pb-22%Sn bi-metal composite part on the
cross section. The bright area on the section face is
composed of Sn-15%Pb, and the dark area is composed
of Pb-Sn22%. It can be seen that the interface divides the
two alloys evenly. There is no macro-defect on the
section and along the interface.

The interface wave forms in the rim-like region of
the sample. It can be seen in Fig.1(a) that the space near

Fig.2 Photographs of section of two types of bi-metal parts
manufactured by thixo-forging: (a) Sn-15%Pb and Pb-22%Sn
bi-metal part; (b) Al-7%Si and SiC,,/6061 bi-metal part



YANG Zhao, et al/Trans. Nonferrous Met. Soc. China 20(2010) 15791584 1581

the drop die is much smaller than the space at the bottom
of the cavity in counter die. It is thought that when the
compressed Sn-15%Pb and Pb-22%Sn semisolid slurries
flow into the rim-like region, the space near the drop die
is filled first. As the drop die is further pressed
downward and seals the cavity, there is no space for the
Pb-22%Sn semisolid fluid to flow. The Pb-22%Sn
semisolid fluid is forced to push the interface to the
Sn-15%Pb side and the interface wave is formed.

Fig.2(b) shows the macro-structure of the Al-7%Si
and SiC,/6061 bi-metal composite part on the cross
section. The bright area on the section face is composed
of Al-7%Si alloy, and the dark area is composed of
SiCy/6061 MMC. It can be seen that the composite
structure is very similar to that in the former case
illustrated in Fig.2(a). This means that the flow
characteristics of both cases are similar.

The macro-observation shows that the thixo-forging
can be used to manufacture bi-metal composite parts.
The composited materials are well located.

3.2 Micro-observations of interface

Detailed information of the composites was
observed by SEM through BSE image. Figs.3(a) and 3(b)
show the microstructures of the Sn-15%Pb alloy and
Pb-22%Sn alloy in the thixo-forged bi-metal composite
parts, respectively. The white area is composed of
Pb-enriched constituent and the dark one is composed of
Sn-enriched constituent. It can be seen that the primary
grains of both alloys are fine and equi-axed. The grains
of Pb-22%Sn alloy are larger than those of Sn-15%Pb
alloy. These microstructures are proved suitable for
thixo-forging in this work.

Fig.3 Microstructures of Pb-22%Sn based alloy (a) and
Sn-15%Pb based alloy (b) in thixo-forged Pb-22%Sn and
Sn-15%Pb bimetal composite

Fig.4 shows the microstructures of the interface of
the Sn-15%Pb and Pb-22%Sn bi-metal composite. The
gray area is composed of Sn-15%Pb, and the bright area
is composed of Pb-22%Sn. In Fig.4(a), it can be seen that
both kinds of primary grains maintain their original
morphologies and their independence. However, the
eutectic structures mix at the interface and extend to both
sides along the interstices among the primary grains. In
Fig.4(b), it can be seen that there is a eutectic layer
between the Sn-15%Pb alloy and Pb-22%Sn alloy. The
thickness of the eutectic layer varies from 25 pm to 10
pm.

Fig.5 illustrates the result of an EDS analysis along
a line perpendicular to the interface. Four kinds of
impurities are detected. They are O, C, Al and Fe. The
maximal contents of the impurities are 6%0, 9%C,
9%A1 and 4%Fe (mass fraction). The impurity of O

(a)

Fig.4 Microstructures of interface of Sn-15%Pb and Pb-22%Sn
bi-metal composite: (b) In low magnification; (b) In high
magnification

Fig.5 EDS analysis result of impurity distribution at interface
of Sn-15%Pb and Pb-22%Sn bi-metal composite
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should come from oxide. The others should come from
the contaminations on the forging dies and polishing
machine. It is reasonable to say that there is no abnormal
O-enriched layer near the interface since the maximal O
content is less than 9%. This means that the oxide skin of
the semisolid feedstock does not cover the interface
during the filling process.

Figs.6(a) and 6(b) show the microstructures of
Al-7%S:i alloy and SiC,/6061 MMC in the thixo-forged
bi-metal composite parts, respectively. The white areas
are composed of eutectic Si, the gray areas are composed
of aluminum constituent, and the black areas are
composed of SiC particles. It can be seen that the
primary grains in Al-7%Si and the aluminum grains in
SiC,/6061 MMC are fine and equi-axed, and eutectic Si
particles or SiC particles distribute around the aluminum
grains.

Fig.6 Microstructures of Al-7%Si based alloy (a) and
SiC,/6061 MMC (b) in thixo-forged Al-7%Si and SiC,/6061
MMC bi-metal composite

Fig.7 shows the microstructures of the interface of
Al-7%Si and SiC,/6061 MMC bi-metal composite. The
Al-7%Si alloy and SiCy/6061 MMC keep the
independence. However, it can be seen in Fig.7(b) that
the eutectic Si and the SiC particles mix up. No distinct
interface can be found in this observation. The thickness
of the interface area is about 80 um. The primary Al
phase in Al-7%Si and the based aluminum constituent
join together. But the bonding is not perfect. At some
points, small gaps as pointed in Fig.7(b) exist along the
interface.

A semisolid metal is composed of high melting
point solid particles and low melting point liquid phase.
Globular solid particles uniformly suspend in a liquid

Fig.7 Microstructures of interface of Al-7%Si and SiC,/6061
MMC bi-metal composite: (a) In low magnification; (b) In high
magnification

matrix. When two kinds of semisolid metals are
compressed, the semisolid slurries are flexible and can
form a composite interface without micro gap. The solid
particles fix the liquid phases by solid/liquid interface
free energy, decrease the volume fraction of liquid, and
block the diffusion path. Because the die-filling process
is short, only can the liquid phase distributed on the
surface mix. Consequently, the semisolid slurries can
maintain their independence. The mixed liquid phases
fill the interstices at the interface and mix together. It is
also found that the eutectic layer distributes along the
interface and no oxide layer covers the interface of the
Sn-15%Pb and Pb-22%Sn bi-metal composite. This
suggests that the oxide skin on the semisolid feedstock is
completely torn during the die-filling period. The mixed
liquid phase and the torn oxide come to a thin but firmly
combined interface.

However, the interface of the AI-7%Si and
SiC,/6061 MMC bi-metal composite is not as good as
that of the Pb-Sn case. It is thought that the SiC particles,
especially those agglomerated SiC particles play a
negative role. When the SiC,/6061 MMC is reheated, the
liquid 6061 alloy cannot wet the agglomerated SiC
particles and cannot fill the interstices in the SiC particle
clusters. During the die-filling, if the SiC particle clusters
are distributed at the interface, the interstices in the SiC
particle clusters cannot be wet and cannot be filled by the
eutectic Al-Si liquid. This is a source of small cracks. At
high temperature, the liquid 6061 alloy will be oxidized.
Usually, the oxide skin can be torn during high speed
shearing. However, the oxide hidden in the SiC particle
clusters will not be torn during the die-filling. This is the
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other source of small crack. These two factors deteriorate
the quality of the bonding of the interface.

3.3 Micro-indenter investigation
The mechanical properties of the interfaces of the

bi-metal composites were investigated by micro-indenter.

Fig.8(a) shows the dents on the Sn-15%Pb and
Pb-22%Sn bi-metal composite. The dents on the
Pb-22%Sn alloy are larger than those on the Sn-15%Pb
alloy. This agrees with the fact that Sn-15%Pb is harder
than Pb-22%Sn. The size of the dent at the interface is
middle. Fig.8(b) illustrates the variation of the HV value
along the lines perpendicular to the interface. The
average HV value of Sn-15%Pb alloy is 14 MPa. The
average HV of Pb-22%Sn alloy is 10 MPa. It can be seen
that the hardness in each based alloy has little difference.
It can be attributed to the fact that the alloys do not affect
each other during die-filling. The hardness of the
interface is between the value of Sn-15%Pb and the
value of Pb-22%Sn. Because the center of the dent is
slightly deviated from the interface, the hardness of the
interface varies and cannot be exactly evaluated.

Fig.9(a) shows the dents on the Al-7%Si and
SiC,/6061 bi-metal composite. The dents on the Al-7%Si
alloy are larger than those on the SiC,/6061 MMC. The
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Fig.9 Indent test result of Al-7%Si and SiC,/6061 MMC

bimetal composite: (a) Microstructure of dents; (b) Variation of

HV along lines across composite interface

size of the dent at the interface is middle. Fig.9(b)
illustrates the variation of the HV hardness along the
lines perpendicular to the interface. The average HV
value of Al-7%Si alloy is 63 MPa. The average HV
value of SiC,/6061 MMC is 104 MPa. There are two
things to be mentioned: 1) The hardness of Al-7%Si
increases near the interface. This can be attributed to the
fact that some SiC particles distribute in the Al-7%Si
side; 2) The hardness values of the interface of the
Al-7%Si and SiC,/6061 bi-metal composite is lower than
the average value. And the hardness of the interface at
some points is even lower than that of the soft base of
Al-7%Si. It is explained that the interface of the Al-7%Si
and SiC,/6061 bi-metal composite is not as good as that
of the Sn-15%Pb and Pb-22%Sn bi-metal composite. At
some points, the accumulated SiC particles deteriorate
the bonding of the interface.

4 Conclusions

1) Two kinds of bi-metal composite parts with
complex shape are successfully prepared by
thixo-forging. One is Sn-15%Pb and Pb-22%Sn bi-metal
composite, and the other is Al-7%Si and SiC,/6061
bi-metal composite.
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2) Sn-15%Pb and Pb-22%Sn bi-metal composite
parts have a good composite interface with a
metallurgical bonding. The micro-indenter test shows
that the micro-hardness of the interface is between the
value of the hard based material and that of the soft
based material.

3) Al-7%Si and SiC,/6061 bi-metal composite has a
composite interface with a metallurgical bonding.
However, the composite interface is not as good as that
in Sn-15%Pb and Pb-22%Sn bi-metal composite. The
SEM observation shows that small cracks occur. And
micro-indenter test shows that the micro-hardness of the
interface is less than the average value of the hard based
material and the soft based material.
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