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Abstract: Numerical simulation and experiments were introduced to develop AA4045/AA3003 cladding billets with different
clad-ratios. The temperature fields, microstructures and mechanical properties near interface were investigated in detail. The results
show that cladding billets with different clad-ratios were fabricated successfully. Si and Mn elements diffused across the bonding
interface and formed diffusion layer. With the increase of clad-layer thickness, the interfacial region transforms from semisolid—solid
state to liquid—solid state and the diffusion layer increased from 10 to 25 um. The hardness at interface is higher than that of AA3003
side but lower than that of the other side. The bonding strength increased with the clad-layer thickness, attributing to solution
strengthening due to elements diffusion. The cladding billets were extruded into clad pipe by indirect extrusion process after
homogenization. The clad pipe remained the interfacial characteristics of as-cast cladding billet and the heredity of clad-ratio during

deformation was testified.
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1 Introduction

Cladding materials, which combine two or more
alloys, have attracted increasing attention due to their
unique corrosion resistance, specific strength, surface
property, and so on [1]. Lots of fabricating processes for
it, such as rolling [2], drawing and extrusion [3], solid
state diffusion [4], have been studied successfully. In
recent years, casting, as a novel process to prepare
cladding materials, has garnered significant attention
because it is more efficient and economical than other
processes. BENEDYK [5] developed Novelis Fusion
Process'™ that broke breakthrough in the simultaneous
DC casting of multiple aluminum alloy layers for rolling
ingot. ETIENNE et al [6] and MASSIMO et al [7]
conducted the study of AA3003/AA4045 clad ingots
using a laboratory-scale Fusion™ Technology co-casting
apparatus, obtained the relationship between the quality
of the metallurgical bonding and the predicted thermal
history at the interface and investigated the interface
formation process in Fusion™ casting. FU et al [8]

investigated Al-1Mn and AI-10Si alloy circular clad
ingot prepared by semi-continuous casting. However,
there are few reports of the effect of clad ratio on
interfacial temperature, microstructure and mechanical
property, which is necessary to be taken into
consideration for the construction of cladding materials.

The clad ratio, which means the percentage of
thickness of clad layer from the total, plays a significant
role in the subsequent brazing process [9]. During
brazing process, when the clad ratio is too low, the
brazing filler metal would be in short supply, resulting in
the rosin joint or tack weld which is against the heat
conductivity and ruggedness of the heat exchanger.
However, an oversize clad ratio means that the core layer
has a relatively small thickness. It is likely to collapse in
the brazing process.

In this work, based on our preliminary work [10],
AA4045/AA3003 cladding billets in sizes of d122 mm/
d110 mm (clad ratio, 9.8%), d130 mm/d110 mm (clad
ratio, 15.4%), d140 mm/d110 mm (clad ratio, 21.4%)
were prepared by direct-chill casting process. The
interfacial temperature field, microstructure, mechanical
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property and indirect extrusion were comprehensively
investigated. This work was focused on the interface
formation process with different clad ratios and
determination of the relationship between the interfacial
characteristics and the clad ratio.

2 Experimental

As commonly used commercial alloys, AA4045 has
high strength and good weldability, and AA3003 is a
wrought Al-Mn alloy which has excellent corrosion
resistance and moderate strength. The combination of
them could combine their advantages and be applied to
condenser pipe, radiators and heat exchangers [11]. The
chemical compositions are list in Table 1.

Table 1 Alloy compositions used in present work (mass
fraction, %)
Alloy Si Fe Cu Mn

Mg Zn Ti Al

0.05- 1.0-
AA3003 0.6 0.7 020 15 0.10 - Bal
9.0-
AA4045 0.8 030 0.05 0.05 0.10 0.20 Bal.

11.0

The apparatus of direct-chill casting for fabricating
cladding billets was designed and shown in Fig. 1. When
the temperatures of AA3003 and AA4045 reached 720
and 740 °C, respectively, the former was poured into the
inner-crystallizer firstly and held for several seconds to
form supporting layer under the cooling of the
inner-mold. Then, the later was poured into the
outer-crystallizer rapidly and flowed into the
outer-crystallizer. At the same time, the starting head
began to work. Subsequently, the two alloys contacted
and bonded. Finally, the cladding billets were prepared
successfully.

Fig. 1 Schematic diagram of cladding casting equipment:
1—Clad tundish; 2—Launder; 3—Outer-graphite; 4—Cooling
water; 5—Outer-mold; 6—Core tundish; 7—Inner-graphite;
8 —Inner-mold; 9—Cooling water; 10—Bonding interface;
11—Cladding billet; 12—Starting head

In order to investigate interfacial characteristics of
the cladding billets, the cross section, after lathed, was
corroded to observe macrostructure by a ambient
solution of 10% (mass fraction) NaOH in 10 min, and
sample for metalloscope and scanning electron
microscope (SEM, Zeiss Ultra Plus 60) was etched by a
solution of 5% (volume fraction) HF in 15 s. The Vickers
hardness was measured with a test load of 3 N and a
dwell time of 15 s. Using a MTS—810 universal testing
machine, shear tests were performed qualitatively by a
home-made set-up, as shown in Fig. 2. The cladding
billet was indirectly extruded into clad pipe.
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Fig. 2 Schematic diagram of home-made die for testing shear
strength of cladding bar: 1—Punch; 2—Sample; 3—Gland;
4—TFastening bolt; 5—Upper die; 6—Lower die; 7—Pedestal

numerical

3 Simulation model and

procedure

3.1 Assumptions and simplified mathematic model

1) In this model, the calculation of the solute field is
not included.

2) The molten aluminum alloys behave as an
incompressible fluid, so the density of the melt is the
constant. But the thermal buoyancy must be included in
this model, therefore the Boussinesq approximation is
used to calculate the thermal buoyancy and is expressed
as

Ehem‘la] :pgﬂ(T_TO) (1)

where p and £ are the density and the volume expansion
coefficient of the molten aluminum, respectively. 7, is
the reference temperature and is frequently given as the
temperature when the dendrite coherence occurs.

3) In the process of AA4045/AA3003 cladding
billet, the solidified part moves along the axial with
casting speed.

3.2 Governing equations

In this work, based on governing equations applied
to all regions (liquid, mushy and solid zone) of
solidification system, a single domain volume-average



1000 Hai-tao ZHANG, et al/Trans. Nonferrous Met. Soc. China 28(2018) 998—1006

model is used. All these regions are implicitly defined
within the system by distributions of energy determined
from the solutions model equations, which are expressed
as follows:

Conservation equation of mass:

V-U=0 ()
Conservation equation of momentum:

V-(pUU) =V (1 VU) = VP +S,, 3)

where u. and Sy, are effective viscosity and momentum

source, respectively. The effective viscosity g is given

by pes—utu, where g is laminar viscosity in the liquid

and g, is turbulent viscosity. The momentum source S,

includes thermal buoyancy and Darcy source term.
Conservation equation of energy:

V~(pUT):V-££VT]+Sth 4)
c
p
where Sy is thermal source, i.e., latent heat of

solidification.

In this model, the standard x—& model, which is a
semiempirical model, is used to model transport of
turbulence kinetic energy (k) and its dissipation rate (¢).
The first form of this model was proposed by Harlow
and Nagayama and suggested that

2
ﬂt:pcﬂ? (5)

where C, is a function of the turbulent Reynolds number
which is a constant value; k& and ¢ are the turbulence
kinetic energy and its rate of dissipation, respectively,
and obtained from the following transport equations:

Hy H
V(pUk)=V +— |+G, —ps— k 6
(p ) [ﬂl ij Kk~ P K tx (6)
_ Hi
V~(pU€)—VHM+—JV£}+
O-S
£ e
C -G -Cp—-— g 7
1y Tk 2P r Ka+x (7

where k and x are permeability and very small positive
number to avoid diverging of conversation equations.
Permeability & is given as a function of solid fraction f;,
ie, k=ky(1-f )3 If*. Gyrepresents the generation of
turbulence kinetic energy due to the mean velocity
gradients, calculated as follows: G, = —m(@u /0x;)
C, and C, are constants. ¢; and o, are the turbulent
Prandtl number for x and ¢, respectively. All constants,
which are used in the model, are listed in Table 2.

3.3 Physical properties
The thermophysical properties and other material

properties of the alloys used during the calculation
procedure are listed in Table 3. The thermal properties of
the alloys were calculated by JMat-Pro, and the results of
specific heat, thermal conductivity and fraction solid are
shown in Fig. 3, Fig. 4 and Fig. 5, respectively.

Table 2 Constant used in k—& model

G G O O Cy

1.44 1.92 1.0 1.3 0.09

Table 3 Physical properties and constant used in numerical

simulation
Physical property AA3003 AA4045
Density, p/(kg'm ) 2520 2420
Liquidus temperature, 7}/K 931 868
Solidus temperature, 7y/K 918 850
Latent heat of fusion, L/(Jkg ") 3.9x10° 4.7x10°
Volume expansion coefficient, /K" 6.7x107° 5.2x107
Distribution coefficient of solute, & 0.16 0.70
Initial permeability, Ko 2x107" 2x107"
Solid fraction of dendrite contact, /" 0.3 0.25
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Fig. 3 Specific heat of aluminum alloys: (a) AA3003;
(b) AA4045
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Fig. 4 Thermal conductivity of aluminum alloys: (a) AA3003; (b) AA4045
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Fig. 5 Solid fraction of aluminum alloys: (a) AA3003; (b) AA4045

3.4 Boundary conditions

Based on Ref. [12], boundary conditions applied on
the computational domain (as shown in Fig. 6) are
described as follows:

1) Inlets and outlets: All the boundary conditions in
the region are constant values and listed in Table 4 and
R, is the hydraulic radius of inlet.

2) Free surface: The thermal boundary conditions
are treated as Cauchy-type boundary condition and
expressed in Eq. (8), and the heat transfer coefficient / is
constant, 50 W/(m*K).

oT
lan—h(T T..) @®)
where T, is environment temperature, 300 K.

3) Primary cooling: The velocity and turbulence
boundary conditions are set to the static wall; the thermal
boundary condition is treated as Cauchy-type boundary
condition, which is formulate according to Eq. (8), and
the heat transfer coefficient between the mold and the
melt is assumed to vary with the solid fraction and is
written according to

h= hcontact (1 - f; ) + hair X fs (9)
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Fig. 6 Mesh model and boundary conditions: 1—Free surface;
2 — Inlet—AA3003; 3 — Inner mold; 4 — Inlet—AA4045;
5—Outer mold; 6—Second cooling; 7—Interface; 8—Outlet;
9—Symmetry axis

where /e reflects good thermal contact between the
mold and the melt and is given as 3000 W/(mz-K); /T
equal to 100 W/(m*K) to reflect poor thermal contact
associated with the gap formed when the melt is
solidified [12].

4) Secondary cooling: The velocity and turbulence
boundary condition are treated as the moving wall and its
moving velocity is the casting speed. In terms of the
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thermal boundary condition, the secondary cooling
boundary is divided into two zones, that is the
impingement zone and the streaming zone. They are also
Cauchy-type boundary condition and their heat transfer
coefficients are shown in Fig. 7. In addition, the
environment temperature is given as 300 K.

5) Composite interface: The interface of the two
alloys is treated as stationary wall relatively, and the heat
transfer of them is coupled.

35

30+ A ;
—a— Impingement zone

251 —s— Streaming zone
20
151

10+ —~ "

0_

Heat transfer coefficient/(kW-m™2-K™")

300 400 500 600 700 800 900 1000
Surface temperature/K
Fig. 7 Variation of heat transfer coefficient with wall surface
temperature at secondary cooling zone

6) Symmetry axis: This boundary is set to
axisymmetric boundary condition.

4 Results and discussion

4.1 Temperature field in interfacial region

In order to make the two alloys bond metallurgically,
the temperature distribution and variation in the
interfacial region play significant roles. The interfacial
region is in liquid-solid state when AA4045 contacts
with the supporting layer of AA3003, then transforms
into semisolid-solid state, and turns into solid-solid state
finally. Elements diffusion mainly occurs in the first
state, i.e., effective diffusion, but can be ignored in the
last state relatively. In addition, the temperature when
AA4045 contacts with the supporting layer of AA3003 is
defined as contact temperature.

The calculated results of temperature field of
cladding with different clad ratios are shown in Fig. 8. It
can be seen that clad ratio has a great influence on the
interfacial temperature field, while little impact on the
solidification of AA3003.

Particularly, the temperature field of interfacial
region is magnified and tagged with two-phase regions
of two alloys, as shown in Fig. 9. Under the cooling of

Temperature/K

931
918
869
850

Fig. 9 2D surface plots of two-phase regions with different clad-layer thicknesses: (a) 6 mm; (b) 10 mm; (c) 15 mm
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inner-mold, AA3003 melt starts to solidify and forms
solid supporting layer, and the supporting layer is
observably reheated by AA4045 melt. With the increase
of clad-layer thickness, the interfacial region transforms
from semisolid—solid state to liquid—solid state,
promoting predictably elements diffusion. In addition,
the change of temperature gradient in the interfacial
region cannot be neglected. Temperature gradient affects
solidification direction and rate, thus affecting
microstructure and diffusion layer.

4.2 Microstructures and mechanical properties of as-
cast cladding billets

The macrostructures and microstructures are
displayed in Fig. 10. The two alloy layers are revealed by
two different contrasts. The interfaces separate the two
layers clearly, as shown in Figs. 10(a), (b) and (c). In
AA4045 side, the microstructure is characterized by the
dendritic a(Al) and acicular eutectic silicon crystals and
some phases containing manganese are embedded in the
o(Al) matrix in AA3003 part. There are no
discontinuities, cracks or porosities in the interface
region, indicating a well bonding of the two alloys.

Distinct difference of interfacial microstructure
exists among the cladding billets with different clad
ratios. As shown in Fig. 9(a) and Fig. 10(d), when the
contact temperature was lower than 869 K, AA4045 melt
had started to solidify and eutectic Si was precipitated
at the interface. Because of reheat phenomenon,
some low-temperature phase in the supporting layer
was remelted and separated out along the interface
due to inverse segregation caused by solidifying

(2)

contraction [13], as marked in Fig. 10(a). With the
increase of the clad-layer thickness, the contact
temperature gradually exceeded 869 K and the
liquid—solid state in the interfacial region would be kept
for some time, as shown in Figs. 9(b) and (c). Under the
influence of outer-mold and second cooling water,
primary a(Al) formed based on the supporting layer, then
eutectic Si was precipitated and Mn element diffused
sufficiently across the interface and solved into the
aluminum substrate, as shown in Figs. 10(e) and (f).

Therefore, it is the original interface temperature
and the temperature gradient of the interfacial region that
lead to the microstructure difference.

In order to investigate the effect of clad ratio on
element diffusion in the interfacial region, the energy
dispersive spectrometer (EDS) analysis was introduced,
as displayed in Fig. 11. The Si element in AA4045 side
and the Mn element in AA3003 side diffused into the
other side, and formed a diffusion layer. The thickness of
the diffusion layer increased with the clad layer, i.e.,
10 pum diffusion layer (6 mm clad layer), 20 pm diffusion
layer (10 mm clad layer), and 25 um diffusion layer
(15 mm clad layer).

Figure 12 shows the Vickers hardness in the
interfacial region of the as-cast cladding billet. It can be
seen that the average values of hardness of AA4045
matrix and AA3003 matrix are about HV 65 and HV 45,
respectively. The hardness around the bonding interface
is higher than that of AA3003 side but lower than that
of the other side because of the interdiffusion of the
alloy elements. In addition, the thicker the clad layer is,
the higher the hardness of the interface becomes. From

(a, d) 6 mm; (b, ¢) 10 mm; (¢, f) 15 mm

with different clad-layer thicknesses:
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Fig. 11 Distribution of alloying elements near interface with
different clad-layer thicknesses
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Fig. 12 Vickers hardness profiles across interface with different
clad-layer thicknesses

Ref. [14], the Vickers hardness H and yield strength o, of
the material approximately obey the three times
relationship, i.e. H=30,. Therefore, it can be indicated
that the interface yield strength is also higher than that of
AA3003.

The shear strength is a directly efficient approach to
judge the bonding quality of two alloys and a significant

120
L Cladding ingot
105 1 AA3003
S 90F
S
< I51
£
g 60r
§ 45t
7
30+
15¢
0
6 mm 10 mm 15 mm
Thickness

Fig. 13 Shear strength of interface with different clad-layer
thicknesses

parameter during plastic deformation. The shear strength
is shown in Fig. 13. The shear strength increased with
the clad-layer thickness, attributing to solution
strengthening due to elements diffusion. With the
increase of the clad-layer thickness, the contact
temperature obtained an obvious enhance and the
liquid-solid state in the interfacial region would be kept
for more time, facilitating elements diffusion.

Moreover, all the shear strength was not lower than
that of AA3003, indicating that relative slip of two alloys
would be avoided during deformation process.

4.3 Extrusion

In order to release the residual stress and eliminate
the dendrite segregation of non-equilibrium phases, the
cladding billet was homogenized at 560 °C for 12 h,
followed by air cooling to room temperature. The
temperature of cladding billets rose with heat-up rates of
3 °C/min in the pit-type electric resistance furnace. Then,
clad pipe in sizes of d32 mm % 2.5 mm was obtained by
the indirect extrusion process. The cross sections of
clad pipes were etched by 5% HF for 20 s after polishing,
as shown in Fig. 14. It can be seen that the interface is

Fig. 14 Photographs of cross sections of clad pipes with different clad-layer thicknesses: (a) 6 mm; (b) 10 mm; (c) 15 mm
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characterized by the clear bilaminar feature, which is
similar to the as-cast feature. As shown in Fig. 15, the
thickness of the clad layer of the clad pipes increases
with that of the cladding billets, testifying the heredity
of the thickness of clad layer during plastic
deformation [15].

1.0

0.9

0.8

0.7

Thickness/mm

0.6

0.5

0.4

5 10 15
Thickness of clad layer/mm

Fig. 15 Thickness of clad layer of clad pipes with different
clad-layer thicknesses of cladding billets

5 Conclusions

1) Clad ratio has a great influence on the interfacial
temperature field. With the increase of clad-layer
thickness, the region
semisolid—solid state to liquid—solid state, promoting
predictably elements diffusion.

2) The cladding billets with different clad ratios are
fabricated successfully. Si and Mn elements diffused
across the bonding interface and formed diffusion layer.
The diffusion layer increased from 10 to 25 pm with the

interfacial transforms from

clad layer from 6 to 15 mm.

3) The hardness at the interface is higher than that
of AA3003 side but lower than that of the other side. The
bonding strength increased with the clad-layer thickness,
attributing to solution strengthening due to elements
diffusion.

4) The cladding billets were extruded into clad pipe
by the indirect extrusion process after homogenization.
The clad pipe remained the interfacial characteristics of
as-cast cladding billet and the heredity of the clad during
deformation was testified.
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