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Abstract: A Fe/Al clad tube was prepared by explosive welding. Then the bonding characteristic of the interface was investigated by
compression, flattening and compression-shear test. The test results exhibit that the clad tubes possessing good bonding interface
have higher shear strength than that of pure aluminum and can bear both axial and radial deformation. The original interface between
aluminum layer and ferrite layer was observed by scanning electron microscopy (SEM). The results show that the clad tubes with
good bonding properties possess the interface in wave and straight shape. The Fe/Al clad tube was used to manufacture the T-shape
by hydro-bulging. It is found that the good-bonding interface of the Fe/Al clad tube plays a dominant role in the formation of the

T-shape.
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1 Introduction

The ever-expanded uses of bimetallic transition
joints in varied areas, such as heat transfer, chemical and
atomic plant, ultra-high vacuum and cryogenic systems,
result in an eager demand for improved corrosive
resistance at different temperatures [1—3]. The pipe joints,
as the important members of the conveying system, play
a vital role in improving the flexibility, stability and
safety of the system. They are traditionally manufactured
by deformation from tubes. The preparation of bimetallic
tubes can be achieved by many methods, such as
spin-bonding [4], extrusion [5], diffusion welding [6—7],
and explosive welding [8]. The joining of aluminum to
stainless steel has been reported by these methods. The
brittle intermetallic compounds in Al/stainless steel joint
were produced with size in the range of few nanometers
to a few hundred microns [9] at the interface by these
technologies. The thinner the intermetallic phase, the
better the bonding strength [10]. WANG et al [11] found
that it was necessary to control the parameters of
explosive welding for reducing compound of Al-Fe as far
as possible. It was also detected that there is Al-Fe
compound formed on the end of explosion when using

low-energy explosives [12].

Explosive welding is accomplished by the
exhaustive deformation owing to high pressure and high
temperature created at the collision place. As a cold
forming method, it keeps the bonded metals their
pre-bond properties [13—14]. However, it is hard to find
the investigations on the Fe/Al clad tube manufactured
by explosive welding. In order to increase the corrosion
resistance of the pipes, which need high strength and can
bear high temperature as well as strong corrosion liquid,
the Fe/Al clad tubes were manufactured by interior
explosion process in this work. The mechanical tests,
microscopic observation and the deformation of the clad
tube were performed using the good-bonding and
bad-bonding clad tube respectively. Finally, a T-shape
was prepared successfully from clad tube.

2 Experimental

2.1 Materials

The pure ferrite (DT4) tube with the dimensions of
d18.6 mmx350 mmx2.3 mm was used as the base tube,
while the pure aluminium (1060) tube with the
dimensions of d18 mmx=400 mmx1 mm was employed as
the cladding tube. The chemical composition of the
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base tube in mass fraction (%) was: C 0.006, Si 0.03, Mn
0.21, P 0.013, S 0.006, Cr 0.010, Ni 0.001, Cu 0.010, Al
0.068 and the balance Fe. Besides, the chemical
composition in mass fraction (%) of the cladding tube
was: Fe 0.35, Mn 0.03, Mg 0.03, Si 0.25, Sn 0.05, Ti
0.03, Cu 0.05 and the balance Al. The mixed powder of
emulsion explosive, salt and some other components
were used for the interior explosive process. The interior
explosion process was conducted to joint the two
dissimilar tubes. Pieces of copper sheets were inserted in
the gap to keep it constant [15].

2.2 Interior explosion process

The interior explosion process was conducted to
joint the two dissimilar tubes. Before welding, the
explosive in powder form was placed in the cladding
tube firstly. Then the cladding tube was placed inside the
base tube separating by a distance with a surrounding
metal mould. Finally, the detonator was placed at one
end of the cladding tube.

The detonator was detonated by a small booster
charge. Simultaneously, the expansion of the gaseous
detonation products accelerated the cladding tube and
made it get across the gap between the tubes. The
cladding tube collided with the base tube at relatively
high velocity then. On collision, a jet of both metals was
ejected from the two tubes. This jet made the metals
amenable to bonding by scouring and cleaning the
surfaces of the tubes. The schematic diagram of
arrangement and interior explosive process are shown in
Fig.1 and Fig. 2, respectively.
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Fig. 1 Schematic diagram of arrangement: 1—Mould; 2—
Ferrite tube; 3—Detonator; 4—Explosive; 5S—Aluminium tube

2.3 Tests for bonding properties

The compression test, flattening test and
compression-shear test were conducted to evaluate the
bonding properties of the clad tube. The samples were
cut from the middle of the Fe/Al clad tube in circular
ring shape. The heights of the samples for compression,
flattening and compression-shear tests were 27 mm, 18
mm and 1 mm, respectively.
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Fig. 2 Schematic diagram of interior explosive welding: 1—
Gaseous detonation products; 2—Ferrite tube; 3—Aluminium
tube; 4—Explosive

All the tests were performed on the CMT 5105
electronic universal testing machine with compression
test under axial load, flattening test under radial load and
compression-shear test under shear stress. Figure 3
shows the schematic diagram of the compression-shear
test and the mould. The increasing loading was restricted
to the aluminium layer only by the squeeze head in this
test. The test stopped after the stroke of the squeeze head
exceeded 1 mm. Meanwhile, the peak value of the
loading was obtained in the machine. The shear strength
of the joint can be calculated by Eq. (1), where 7 is the
shear strength; F' is peak value of the force loading on the
aluminium layer; 4 is the fracture area in the interface; d
is the section diameter of fracture area in the interface; A
is the height of the sample; and m is the ratio of
circumference.

_F_F

A wdh &

Fig. 3 Schematic diagram of compression-shear test (a) and
details of sample (b): 1 — Squeeze head; 2 — Sample;
3—Location sleeve; 4—Base
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2.4 Microscopic observation

All samples were ground and polished to 1 pm-
finish. The interfaces between the layers of the Fe/Al
clad tube were detected using the scanning electron
microscope (SEM, Quanta 2000).

2.5 Hydroforming process

The schematic diagram of hydroforming process for
tee extrusion is exhibited in Fig. 4. The inner cavity was
composed of a pair of split dies. A couple of hydraulic
cylinders were installed horizontally in both sides of the
work piece. Firstly, the tube blank was placed in the
lower half of a split die. Then the die was closed by the
upper hydraulic press. Simultaneously both end sides of
the tube were sealed by horizontal cylinders and the
hydraulic liquid was injected into the tube blank. When
the pressure was sufficient to initiate the bulging, both
ends of the tube were pushed inwards and then horizontal
displacement acted on the ends of the tube to avoid
excessive thinning. The tube wall was made to flow into
the branch cavity of the upper die, maintaining intimate
contact with the cavity profile because of the internal
hydraulic pressure.

Fig. 4 Schematic diagram of hydroforming process for tee
extrusion: 1—Tube blank; 2— Upper die; 3 — Hydraulic
cylinder; 4—Lower die; 5—Liquid

3 Results and discussion

3.1 Compression tests

The samples were compressed by 35% in
compression test. As shown in Fig. 5(a), the aluminium
layer bulges during the deformation process. This
indicates that the aluminium layer separates from the
ferrite layer due to the weak interface, showing the poor
bonding property. But no bulging is detected in the
sample as shown in Fig. 5(b). In order to observe the
interface better, the sample is cut in half. No crack is
detected according to the view of the corresponded
interface. The clad tube presents good-bonding property,
bearing large and axial deformation.

3.2 Flattening tests

Figure 6 shows the views of samples after flattening
test. The interface of clad tube after flattening test has a
similar deformation behavior to that after compression

Fig. 5 Views of
(a) Bad-bonding sample; (b) Good-bonding sample

samples after compression test:

Fig. 6 Views of samples after flattening test: (a) Bad-bonding
sample; (b) Good-bonding sample

test. Therefore, it is claimed that the good-bonding Fe/Al
clad tube can bear large and radial deformation.

3.3 Compression-shear tests

The views of samples after compression-shear test
are depicted in Fig. 7. The aluminium layer separated
from the ferrite layer in part of the interface because the
shear strength of the bad-bonding interface is lower than
that of the aluminium. However, the fracture was found
in the aluminium layer of good-bonding sample only (see
Fig. 7(b)). This implies that the shear strength of the
good-bonding interface is higher than that of the
aluminium layer. The aluminium and ferrite layers are
bonded together closely.

Table 1 shows the compression-shear test results of
the bad-bonding and good-bonding samples. It is clearly
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that the value of the bad-bonding sample is about one
third of that of the good-bonding sample. The gap
between the values of shear strength contributes to the
fracture place happening at the interface. The test result
of the shear-strength for good-bonding sample is 76.0
MPa. For the fracture happened in aluminium layer only,
it can be deduced that the shear-strength of the
good-bonding interface is higher than 76.0 MPa.

Failure in
Al layer only

Fig. 7 Views of samples after compression-shear test: (a) Bad-
bonding sample; (b) Good-bonding sample

Table 1 Results of compression-shear test

Sample F/kN D/mm H/mm /MPa
Bad-bonding 1.99 13.50 0.94 50.0
Good-bonding  3.03 13.50 0.94 76.0

3.4 Micrographs of interface

The micrographs of the interface shown in Fig. 8
correspond to tube with good-bonding properties.
Position 4 is in the initiation, while positions B and C are
in the middle and the end of the tube respectively. The
differences could be witnessed easily from the interfaces
of the parts following the detonation direction. In the
initiation part, the Fe/Al clad tube bonds together

Detonation direction

Fig. 8 Secondary electron images of interface with good-
bonding properties: (a) Sampling positions; (b) Interface at
position 4; (c) Interface at position B; (d) Interface at position
C

directly, having little transition layer. In the middle of
tube, it shows the wave shape at the interface which
reveals the good-bonding properties depicted above. And
in the end, it exhibits more transition layers in the
interface, showing that the Fe and Al layers joint together
in melting layer. These differences are related to the



SUN Xian-jun, et al/Trans. Nonferrous Met. Soc. China 21(2011) 2175-2180

increasing detonation energy from the initiation to the
end that will be not enough for the binding when it is too
low and lead to severe fusion at the interface which is
bad to the deformation of clad tube when it is over high.
It is also concluded by the analysis of differences in the
clad tube that the explosive welding window of Fe/Al
clad tube is limited. The Fe and Al element distribution
of interface in the middle of tube is shown in Fig. 9. It is
detected that the thickness of the layer is less than 3 pm.
And from the distribution of Al and Fe which varies
gradually, it could be speculated that there is no
intermetallic compound generated at the interface after
explosive welding.
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Fig. 9 Element distribution of interface in the middle of tube

The micrographs of the interface given in Fig. 10
correspond to poor-bonding properties. The two
interfaces displayed in the axial cross section of the clad
tube are not symmetrical. One exhibits a clear separation,
the other bonds well but has a thicker transition layer. It
is speculated that the asymmetrical gap between the base
and cladding tubes is probably a major cause of the
asymmetric interfaces. It is important to make sure the
gap constant and suitable before performing explosive
welding.

3.5 Fe/Al clad tube T-shape

Figure 11 provides the failure view of the clad tube
T-shape after hydroforming process. The fracture occurs
on the top of the T-shape with serious separation between
the aluminium and the ferrite layer. The aluminium layer
at the marked zone (see zone 4 shown in Fig. 11)
fractures firstly due to the excessive
Subsequently, the crack probably generates and
propagates at the weak interface at zone 4, and then the
separation happens between the Al and Fe layers. With
the excessive thinning of the wall, the fracture in Al layer
will occur firstly because of the lower strength of Al than
Fe, which makes the hydraulic liquid contact with the
interface directly. As a result, much more separations

thinning.
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will be generated between the two layers because the
hydraulic pressure is too high for the shear strength of
the interface. Finally, the single ferrite layer cracks when
the thinning process is going on. This confirms that the
weakness at the interface is harmful to the plastic
deformation of the clad tube.

The Al and Fe layers deform concordantly from
the observation of the excellent clad tube T-shape given
in Fig.12, with no separation detected at the interface.
Therefore, the Fe/Al clad tube is strong enough to be
used to fabricate the clad tube T-shape.

Fig. 10 Micrographs of interface with poor-bonding properties:
(a) One interface; (b) The other interface

Fig. 12 Sectional view of excellent Fe/Al clad tube T-shape
4 Conclusions

1) The good-bonding Fe/Al clad tube was prepared
successfully by interior explosive process. The clad tube
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possesses the good-bonding interface in wave shape with
a shear strength of more than 76.0 MPa, thus could bear
axial and radial deformation. The detonation energy
increases gradually from the initiation to the end of the
clad tube. The process window of explosive welding is
so narrow that we should choose the process parameters
carefully.

2) The Fe/Al clad tube possessing the asymmetric
interfaces exhibits poor-bonding properties. It is found
that the asymmetrical gap between the base and cladding
tubes leads to the asymmetry of the interface.

3) The tube T-shape is manufactured successfully by
hydroforming process using the Fe/Al clad tube with
good bonding property, while the manufactured process
is probably to fail using the tube possessing weak
interface.
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