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Abstract

A process chain of compound casting and co-extrusion of AA7075/6060 bilayer billets is introduced to manufacture hybrid
components with strength in the core and good corrosion-resistance in the shell. Using optimized compound casting parameter,
metallurgical bonding between the shell AA6060 and the core AA7075 can be achieved through remelting and recrystallization
of the substrate AA7075. The locally unequal thermal conditions at the interface induces partially weak bonding. The bonding
strength in greater distance from the casting gate is generally lower. Hot extrusion is applied to improve the interfacial bonding.
Comparisons of the microstructure and the shear strength between as-cast billet and extrudate present the homogenization of the

interfacial bonding through the process chain.

Keywords compound casting - co-extrusion - bond strength

Introduction

In recent years, there is an increasing trend towards the devel-
opment of hybrid structural components. The advantage of
such load-adapted components lies in particular in the combi-
nation of advantageous mechanical, physical or chemical
properties of various materials in one component. The poten-
tial application of hybrid structure component are stringer
profiles in the fuselage of airplanes or profiles in chassis of
trains and cars which use high strength, lightweight material
without compromising of corrosion resistance. An example of
hybrid steering tie rod composites of AA7075 core and
AA6060 shell was demonstrated in [1].

One possibility for the production of hybrid components is
the co-extrusion of billets made of different materials. The
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billets used consist of a core and a sleeve material, which are
manufactured independently of each other and are interlocked
for extrusion [2]. Scientific investigations show, that the real-
ization of a sufficiently composite quality represents a partic-
ular challenge for the compound cold extrusion process. In
investigations by [3], although cold-welded bimetals could
be manufactured from the material combinations titanium/
aluminum and titanium/austenitic steel. This was only possi-
ble by the preparation of the joints with special coatings.
Research by [4] showed, that the tensile strengths of the joints
behave in proportion to the surface enlargement. Cold welding
is understood to be the formation of adhesive bonds that occur
when metals come into contact, when the oxide layers are torn
open under high surface pressure and magnification [5]. In [6],
the influence of various factors on the quality of cold welding
is discussed. Therein, the avoidance of fats and the presence of
oxide-layer-free surfaces are mentioned as a prerequisite. An
important aspect is the enlargement of the surfaces in order to
break up the oxide layers. In this case, the required surface
enlargement becomes lower with increasing temperature.
With regard to the temperature, [7] investigated the co-
extrusion of the lightweight materials aluminum and magne-
sium in the indirect hot extrusion process at different temper-
atures (380 ° C — 420 ° C) and die angles. EN AW-6060 in
various wall thicknesses was chosen as sleeve material of the
billets. The core consisted of AZ31 magnesium, which was
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Table 1 Chemical composition of aluminum alloys according to [16]
Castalloy Al Cu Si Fe Mg Zn Cr
in % in% in% in% n% in% in%
AA7T075 90.05 1.63 0.18 027 220 548 0.19
AA6060 98.80 0.02 050 017 048 001 0.02

separated from the sleeve material by a single or double layer
of zinc or titanium foil in some experiments. The tests show,
that under the given conditions it is not possible to achieve
sufficient bond strength without an intermediate film. In addi-
tion, it should be noted that higher temperatures and extrusion
ratios as well as thicker aluminum sleeves increase the bond-
ing strength for the co-extrusion of aluminum and magnesium
materials.

The extrusion billets that prepared by interlock initially
has no bonding. In the work of [8], two different types of
block preparations are investigated. In variant 1, the titani-
um core is cast around with molten aluminum. In variant 2,
the production was carried out by inserting the titanium
core into a drilled aluminum bolt. The tests carried out by
direct extrusion show that, despite the occurrence of core
fractures, it is fundamentally possible to produce
aluminum-titanium composite profiles. Irrespective of the
type of block preparation, these profiles have integral
bonds with intermetallic phases within the boundary layer.
Deeper microstructural analyzes of the boundary layer
were performed by [9]. By mechanical testing of tensile
specimens taken from the profiles, differences regarding
the tensile strength as a function of the block preparation
could be detected. Samples extracted from the cast block
(variant 1) reached a tensile strength of about 40 MPa. The
breakage of the sample took place in the aluminum. The
composite zone remained undamaged. In contrast, sam-
ples, in which the titanium core was inserted, the alumi-
num block (variant 2) had significantly lower strengths.

Fig. 1 Setup for discontinuous (a)
compound casting of aluminum

billets: (a) substrate casting, (b)
compound casting according to

[16]

@ Springer

Production of composite billets by casting technique allows
the formation of a cohesive metallic bond. Different mecha-
nisms are responsible for the formation of bonds at the inter-
face between the participating composite partners. In particu-
lar, melting, crystallization and diffusion processes as well as
dissolution and precipitation processes with the formation of
mixed crystals and/or intermetallic phases are of importance
[10]. Fundamental experimental and numerical investigations
on the boundary layer formation and characterization of com-
pound casting of different aluminum alloys on a laboratory
scale are described in [11].

Regarding the technological implementation of compound
casting, some discontinuous and continuous processes for the
production of multi-component castings have been developed
in the past. In discontinuous compound casting procedures,
which are described in detail for example in [12—-14], a funda-
mental distinction is made as to whether the composite casting
is formed by casting various melts into a mold or by pouring a
melt onto a solid in the mold cavity. An example of a contin-
uous composite casting process is the technology known as
Novelis Fusion™, which is used industrially for the produc-
tion of composite cast ingots made of different aluminum
alloys [15].

For the assessment of the interfacial bonding in material
composites produced by compound casting as well as co-ex-
trusion, various methods of material testing are used to allow a
qualitative or quantitative characterization of the structure and
the mechanical properties. To determine the mechanical prop-
erties of composites, it is useful to measure the microhardness
to record the effects of diffusion processes and microstructural
transformations at the interface [11]. In addition, there are
several destructive testing methods to determine the bond
strength, which is often considered as a relevant parameter
for assessing the composite quality.

Metallurgical bonding was achieved by means of com-
pound casting of the equal alloy systems AA7075/6060
[16]. The formation of solid solutions at the interface provides

(b)
60 mm
< (@ Core melt supply
xL y () Graphite insert
@ Core (AA7075)
@ Sand mold
(® Withdrawing device
® Sleeve (AABOBO)
Casting \ @ Sleeve melt supply
gate
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a high potential in terms of bonding strength and load-bearing
capacity. Graded material properties are confined to a small
transition zone between the layers [17]. Brittle intermetallic
layers could not be determined. Nevertheless, in static com-
pound casting, the unequal thermal conditions over the height
of the cast product induce the weakening of the bonding in
greater distance from the casting gate.

In this article, a hot extrusion process following the com-
pound casting was conducted to homogenize the interfacial
bonding throughout the as-cast billets. The evolution of inter-
facial bonding during the process chain of compound casting
and co-extrusion of AA7075/6060 bilayer billets are studied.
The boundary layer properties are evaluated by metallogra-
phy, chemical composition analysis as well as mechanical
testing.

Experimental conditions
Materials

7075 aluminum alloy (AA7075) is a high strength material used
for stressed structure parts in transport applications, including
marine, automotive and aviation, e.g. aircraft fittings, gears and
shafts. The 7075 aluminum alloy has lower resistance to corro-
sion than 6060 aluminum alloy (AA6060), while the AA6060
has also good weldability plus sufficient cold formability. In
this work, the 7075 and 6060 aluminum alloys are used as the
core and sleeve material respectively in fabricating a
rotationally symmetric hybrid part, which has high strength

Fig. 3 Dimensions of the Die holder Container
extrusion billet and tools
Shell
D, / D,
__ 7
9
Core
3
Die

As-cast samples for

IRBRAIGERABY c push-out test

Substrate
Casting

Turned rod as
gate

and excellent corrosion resistant properties at the surface and
a ductile alloy in the bulk. The chemical compositions of the
7075 and 6060 aluminum alloy are given in Table 1.

Static compound casting

Hybrid aluminum billets (core/substrate: AA7075; shell:
AA6060) were formed by means of static gravity sand mold
casting (Fig.1). The gravity casting mold system was designed
as a printed furan resin sand mold. The applied cast alloys
were molten in two separate resistance-heated furnaces and
manually carried to the test setup. The 7075 core alloy — the
so-called substrate — was poured into the melt supply. A cy-
lindrical graphite insert, which was placed inside the printed
sand mold and attached to an electrical withdrawing device,
formed the cavity of the substrate cast body. Reaching a spe-
cific substrate temperature, the compound casting process was
initiated by drawing the graphite insert with a constant speed
of 24 mm/s in z-direction and pouring the 6060 shell alloy.
The shell material filled the running system and the
rotationally symmetric shell cavity. The as-cast compound
cylinder had a height of approximately 200 mm and a diam-
eter of 65 mm. The interface diameter was approximately 34.9
mm. A detailed description of the casting procedure and ther-
mal conditions is given in[16].

To investigate the interface character between core and
sleeve materials, cross-sectional samples were extracted from
the as-cast aluminum bimetals. The extraction location from
as-cast disk-shaped samples are 50, 90 and 130 mm above the
casting gate. Those specimens were indicated as cross-

AA7075 AAB060

d, Diameter of core L Length of billet

d, Diameter of shell

@ Springer
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Fig. 4 Cross-sectional samples 0

100 200 300 z (mm) 400

from extrudate billet

Casting
gate

sectional sample C1, C2 and C3 respectively (Fig. 2(a)). The
aluminum compound specimens were etched using sodium
hydroxide and potassium permanganate. The material struc-
ture and phase composition near the interface was investigated
using SEM-EDS. Additional three specimens were used for
push-out testing to evaluate the axial shear strength of the
bonding. The hardness of the near-interface region of the com-
pound specimens was analyzed by micro-indentation testing
according to [16].

Hot extrusion

Additional compound-cast billet, which was produced under
the same casting condition as the previous one that was opti-
cally and mechanically analyzed, was hot extruded on the
machine of Miiller Engineering with maximum load of 2.5
MN. The press container had a diameter of D¢e = 50 mm.
Higher extrusion ratio is expected to generate better bonding
strength in favorable of higher hydrostatic pressure.
Nevertheless, the extrusion die selected for the experiments
was a flat-face die with a diameter of D; = 30 mm resulting in
the extrusion ratio R =2.8, which is suitable for further pro-
cessing (i.e. hot forging into composite steering tie rod) as
demonstrated in [1]. Billet from the compound casting was
firstly machined to an outer diameter of Dy = 49 mm and
lengths of L = 150 mm measured from the casting gate
(Fig. 3(b)). The billet was heated in the furnace to ¥z =
480°C and the dwell time was 3 h for homogenization. The
container and the die was also heated to J7 = 480°C. The
speed of the ram was 2 mm/s and kept constant during the

Fig. 5 Push-out test setup for
extrudate specimen

Extrudate samples for

and push-out test

Extrusion direction @30 mm extrudate

extrusion process. The extrudate was cooled down to room
temperature in the air.

The length of the extrudate after extrusion was 400 mm.
Cross-sectional samples were extracted from the extrudate, cor-
responding to the specimen location from as-cast billets, for met-
allography and mechanical testing (Fig. 4. For the metallographic
characterization, each specimen was mounted in resin, ground
(SiC papers: 300, 500, 800, 1000, 1200, 2500) and polished in
two steps (first step with a 3 um diamond paste and red lubricant
and second step with an OPS solution). The microstructures for
light optical microscopy (LOM) were etched with Barker reagent
using an electro-chemical polishing machine for 120 s (Struers
GmbH, Willich, Germany, LectroPol-5). They were indicated as
cross-sectional samples E1, E2 and E3. Energy-dispersive X-ray
spectroscopy analysis (EDS) using a Tescan Vega3 scanning
electron microscope (SEM) (Bmo, Chech Republic) was per-
formed for the investigation of the near-interface material struc-
ture and phase composition. The specimens for the scanning
electron microscopy investigation were not etched but washed
immediately before the measurements with ethanol and water.
Vickers micro hardness test HVO0.1 was performed with an
EMCO test machine using an indentation load of 0.1 kg and
was conducted accordingly to the as-cast specimens.

Push-out test

Push-out testing of both as-cast specimens and extrudate speci-
mens were under comparable conditions. The push-out test setup
and configuration for as-cast specimens refer to [16]. The setup
of the push-out test for the extrudate specimens is illustrated in

(@ Die holder ® Bolt
@ Die ® Punch
® Sample @ Ram

@ Sleeve holder

@ Springer
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Table 2 Dimensions of the push-
out test

As-cast specimen (C1, C2, C3) Extrudate specimen (E1, E2, E3)

Interface diameter d; in [mm)]
Punch diameter d,, in [mm]

Die diameter d; in [mm]
Specimen thickness # in [mm]
Punch/die edge radius r,, /4 in [mm]

Die clearance ¢ in [mm]

34.9+0.10 d;
340 j6 d; —09
35.0+0.01 d; +0.1
2.040.1 2.00.1
0.1 0.1
05 05

Fig. 5, which was conducted using the Zwick Z250 testing ma-
chine from Zwick/Roell AG, Ulm, Germany. Both tests were
performed at room temperature. The punch and die were made
of high-speed steel. The sleeve holder was fixed to the die holder
by six screws (torque 7 Nm per screw). The punch displacement
was were 1 mm/min in both tests.

The diameter of the core in the extrudate was inconstant
through the extrusion direction, which means that the speci-
mens E1, E2 and E3 had different interface diameters. In order
to accomplish comparable push-out conditions, the diameter of
the punch and die were exchangeable to fit the same relative
location of the interface inside the die clearance. Configurations
of both tests are shown in Table 2. The interface of AA7075/
6060 bimetal specimens was not equidistantly positioned inside
the die clearance to avoid the flow of the ductile AA6060 ma-
terial into the die clearance. In this case, the stress state inside
the die clearance would be shear instead of tension. The shear
strength of the interface of AA7075/6060 can be calculated by.

o Finax
_t"ﬂ"d,‘

(1)

Ti

where F,, is the maximum shear force during the push-out
test, ¢ is the thickness of the sample and d; is the diameter of the
interface.

Results and discussion
Interfacial zone

Figure 6 shows the cross-sectional specimens that were ex-
tracted from the as-cast billet. The as-cast billets were

Fig. 6 Interfaces of as-cast speci-
men: (a) specimen C1; (b) speci-
men C2; (c) specimen C3

designed to be rotationally symmetric. Nevertheless, the core
and the sleeve were not perfectly round due to the imperfec-
tion of the casting condition. There was no visible gaps be-
tween core and sleeve at as-cast specimen C1, which was
close to the casting gate (Fig. 6(a)). The bonding throughout
the interface circle was non-symmetric on as-cast specimen
C2 (Fig. 6(b)). The gap between core and sleeve was present
almost along the whole interface on as-cast specimen C3
((Fig. 6(c))). The push-out tests on C3 were not implemented,
since the core and sleeve were easily separated during
operations.

The diameter of the core, i.e. the thickness of the sleeve, is not
homogeneously distributed along the extrudate’s length in co-
extrusion. This is due to the complexity of material flow as well
as the differences in velocity fields of core and sleeve materials.
The core AA7075 material flowed into the die at first. At the
same time, the friction between tool and sleeve as well as the
dead metal zone slowed the flow of sleeve material close to the
orifice. The diameter of the core is relatively lager in the tip and
smaller in the end of the extrudate (Fig. 7). This effect cannot be
avoid due to the different material flow properties. Secondly, the
differences in the core diameter can be explained by an inhomo-
geneity of the shrinkage porosity over the height of the as-cast
billet. Due to the solidification progress, the upper billet part
shows an increased porosity especially within the substrate.
When being eliminated during massive forming, those voids
caused the differences in the core diameter.

Microstructure

During the compound casting phase, the heat input of the
sleeve AA6060 alloy liquefies the fringe area of the substrate
AA7075, while the sleeve AA6060 solidifies rapidly. The

@ Springer
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24.0 29.8 ¢
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€ 23.51 —Sleeve diameter c
c '297:
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g 22.51 L 29.6 g
S 20, S
° 295 9
o 21.51 ()
38 ko)

21.0- 29.49

—_—
E1 E2 E3

Specimen number

Fig. 7 Sleeve and core diameter of the extrudate along the extrusion
direction

substrate AA7075 recrystallizes subsequently. The unequal
coefficients of thermal expansion as well as the thermal con-
ditions of the AA7075 and AA6060 induces non-uniform
shrinkage of both layers during the cooling procedure, which
cause crack initiation or dissolution of the dendrite network in
the thixotropic state of AA7075. A large portion of pore can
be seen inside of the substrate AA7075. Under the present
thermal casting conditions, a large-scale cohesive bond can
be achieved between the core and the sleeve. A sharp transi-
tion zone appears between the substrate and sleeve interface.
This metallurgical bonding can be observed on the cross-
section specimen C1 close to the casting gate. Nevertheless,
the cohesive bond is non-symmetric throughout the complete
circular interface in cross-sectional plain. The metallography
captured from the same specimen at different positions show
that voids and gaps between substrate and sleeve exist partial-
ly at the interface (Fig. 8).

Due to the non-uniform thermal condition through the cast-
ing direction (z-direction), weakly bonded interface areas
were detected in greater distance from the casting gate
(Fig. 9(b)). Partial bonding with local voids and gaps visibly
presented along the interface circle of the cross-section.
Almost no bonding can be achieved at a sample extraction
distance of 130 mm from the casting gate (Fig. 9(c)).
Inhomogeneously bonded interface areas are present in both
cross-sectional plain and throughout the casting direction.

After hot extrusion, the bonding along bilayer interface
circle of the cross-section is homogeneous, while the

Fig. 8 Metallography captured at
different position of the cross-
sectional sample C1: (a) partially
bonded interface with gaps; (b)
good cohesive bonding

metallography on different positions of the cross-section sam-
ple presents similar. There are no visible pore or gaps between
the core and sleeve layers throughout the entire circle of inter-
face. The microstructure of sleeve AA6060 and core AA7075
is similar to the as-cast samples but with a refined grain size
due to serve deformation. The AA6060 presents an angular
structure of a-Al. The AA7075 has a rounded «-Al solid
solution with Al-enriched inner structure and Zn-rich outer
area. The eutectic and intermetallic phases precipitate at the
grain boundaries. Both core AA7075 and sleeve AA6060
show a relatively equiaxed grain structure in the near-
interface area in the cross-sectional samples of the extrudate
(Fig. 10(a)). According to [18], the closure of the micro-voids
can be enhanced by high temperature and high hydrostatic
pressure. High temperature accelerates the diffusion of
alloying atoms [19]. The extreme plastic deformation during
the hot extrusion establishes the close contact between the
substrate AA7075 and sleeve AA6060 by high normal contact
stress between bilayers. A sound solid bonding was obtained
under the hot extrusion condition. The uniformity of the bond-
ing is not only present in the cross-sectional plain but also
throughout the extrusion direction (Fig. 10). The metallogra-
phy of the extrudate billet shows a uniformly bonded interface
compared to the as-cast samples.

Chemical analysis

Figures 11 and 12 illustrate the phase composition and diffu-
sion of the near-interface area of the as-cast and extrudate
sample respectively by SEM-EDS. The voids and gaps in
as-cast specimens presented low level of Al mass. The
micro-voids also caused the large deviation of the measured
composite fractions. The high amount of Si attributed to the
grinding and polishing procedure in the SEM specimen prep-
aration. The analysis in Fig. 11(a) shows a relatively large
transition zone between core AA7075 and sleeve AA6060
interface at as-cast specimen C1, which indicates a high dif-
fusion between the joining partners during the compound cast-
ing process close to the casting gate.

Compared to the as-cast specimens, there were less micro-
voids in the interface and core AA7075 of extrudate specimen

Bonding
interface

@ Springer
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Fig. 9 Metallography of the
cross-section samples at different
z-positions of the as-cast billet: (a)
specimen C1; (b) specimen C2;
(c) specimen C3

(Fig. 12). The compositional analysis yields that the transition
zone was approximately 0.2 mm, which was almost constant
in the extrudate specimens E1, E2 and E3. The homogeniza-
tion of the bonding was validated by the EDS analysis.

Fig. 10 Metallography of the
cross-section samples at the dif-
ferent z-positions of the extruded
billet: (a) specimen E1; (b) speci-
men E2; (c) specimen E3

AAG060

Bonding
interface

Bonding
interface

AAG6060

AA6060

Microhardness

Bonding
interface ‘

The microhardness of as-cast and extrudate bilayer speci-
mens is shown in Fig. 13. The hardness of the core

Bonding
interface

@ Springer
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Fig. 11 SEM-EDS analysis of the near-interface region of as-cast specimens: (a) C1; (b) C2; (c) C3

AA7075 and sleeve AA6060 is similar to the characteristic
monolithic hardness. It has to be mentioned that the gap
between core and sleeve in C3 shown in Fig. 9(c) is larger
than 0.5 mm. The microhardness close to the interface
would be inaccurate due to the lack testing area. The severe

@ Springer

scattering of the microhardness in the core AA7075 is due
to the pores and intermetallic phases at grain boundaries
inside the core. Indentation close or on the pore induces
lower microhardness. The bonding quality at different z-
positions of the as-cast billet did not significantly influence
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Fig. 12 SEM-EDS analysis of the near-interface region of extrudate specimens: (a) E1; (b) E2; (c) E3. 15

the hardness of the bimetal. The hardness after hot extru-
sion presents a similar level as the as-cast billet.
Nevertheless, uniform microhardness values are measured
inside the core and sleeve material, as the defects in the

casting, e.g. pores, are eliminated by hot extrusion. A sharp
transition zone at the geometrical interface is determined
using the hardness testing method. The transition zone is
similar on both the as-cast and extrudate samples.
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Fig. 13 Microhardness of as-cast and extrudate AA7075/6060 bimetals

1.8 24

Shear strength

According to [16], the failure of as-cast samples C1 dur-
ing push-out testing appears in the core material instead
of the interface. The metallic bonding of the specimen
C1 is described as a smooth transition based on a graded
aluminum matrix. Visible pores appear in the core
AAT7075 of the as-cast billets due to the unequal thermal
expansion of the core and shell materials. This defect
induces the relatively low strength of the core material
compared to conventional wrought AA7075 material. In
as-cast sample, the mechanical strength of the core
AA7075 is weaker than expected. Therefore, hybrid sam-
ple failure is initiated inside the AA7075 core material.
The shear strength of the as-cast samples is influenced
by the strength of the core AA7075 material. The as-cast
specimen C3 cannot be analyzed by push-out testing,
because the core and sleeve already separated during
the specimen preparation. The shear strength of
AAT075 and AA6060 were obtained from the push-out
test of monolith AA7075 and AA6060 cast billets.
Details about the push-out test on as-cast specimens were
present in [17].

Figure 14 shows an example of force-displacement curve
of the push-out test on specimen E1 and the shear strengths of
the as-cast and extrudate specimens together. As it was
depicted previously, the mechanical properties of the core
AA7075 were improved by hot extrusion. Therefore, the shear
strength of the interface of extrudate E1 specimen was in-

Fig. 14 Push-out test results: (a) (a)

creased comparing the as-cast C1. The significant improve-
ment of interfacial bonding by co-extrusion was the homoge-
nization of the bonding strength throughout the extrusion di-
rection. The shear bonding strength of the extrudate speci-
mens were higher than the monolith AA6060 material, which
indicated a metallurgical bonding was generated throughout
the whole extruded billets.

Conclusions

The evolution of the interfacial bonding of AA7075/6060 bi-
layer billets throughout the process chain of discontinuous
compound casting and hot extrusion was investigated. The
metallography, chemical composition analysis as well as me-
chanical tests were conducted to depict the evolution of the
bonding properties. The conclusion was drawn as follows:

*  Metallurgical bonding can be achieved by using appropri-
ate casting conditions. Remelting and recrystallization are
important mechanisms to form a cohesion with solid so-
lutions at the interface. A small diffusion zone and a shear
bonding strength up to 93.8 MPa are reached.

* Due to the non-uniform thermal conditions during static
compound casting inhomogeneous bonding along the
casting direction and non-symmetrical bonding in cross-
sectional plain present in discontinuous compound casting
process.

» The hot extrusion process significantly homogenizes the
interfacial bonding in the above-mentioned aspects. The
high pressure and temperature improve the mechanical
properties of the core AA7075 material, as the voids dur-
ing discontinuous compound casting process are eliminat-
ed. The shear bonding strength increases from maximum
of 93.8 MPa to 145.9 MPa, which is close to the mono-
lithic AA7075 material.

The future work is planned concerning the influence of
extrusion parameters, e.g. temperature, extrusion ratio on the
evolution of the interface bonding.
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