—-— g

£ @& Science
ELSEVIER Press

Available online at www.sciencedirect.com

"=, ScienceDirect

Trans. Nonferrous Met. Soc. China 26(2016) 2532—-2541

Transactions of
Nonferrous Metals
Society of China

WWWw.thmsc.cn

Effect of homogenization annealing on microstructure, composition and
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Abstract: Homogenization annealing of the 7050/6009 bimetal slab prepared by direct-chill casting was investigated and its effects
on microstructural evolution, composition distribution and mechanical properties in the interfacial region of the bimetal were studied.
The results show that the optimized homogenization annealing process was 460 °C for 24 h. After homogenization annealing, the
Zn-rich phases and Al;s(FeMn);Si, phases were precipitated at the interface of the bimetal. The diffusion layer thickness of
homogenized bimetal increased by 30 um from 440 to 480 °C for 24 h, while it increased by 280 um from 12 to 36 h at 460 °C. The
Vickers hardnesses at 6009 alloy side and interface of the bimetal decreased after homogenized annealing and grain coarsening was
considered as the dominating softening mechanism. The hardness variation at 7050 alloy side was complicated due to the combined
action of solution strengthening, dispersion strengthening and dissolution of reinforced phases.
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1 Introduction

The 7050 alloy is considered as an ideal material for
preparing aircraft skin due to its high specific
strength [1-4]. The 6009 alloy has superior corrosion
resistance and good formability, and is widely applied in
automobile plates [5—9]. The 7050/6009 bimetal slab can
be prepared by direct-chill (DC) casting with a superior
combination of high strength and superior corrosion
resistance as well as good formability, so as to meet the
requirements of mass reduction and safety improvement
in automobiles and airplane industries. Generally, bulky
precipitated phases at grain boundaries of 7050 alloy
deteriorate service performance and limit the range of
applicable process parameters during subsequent hot
deformation [10]. It is important to directly carry out a
homogenization heat treatment after casting before
processing to get good working qualities and service
performance.

Recently, many works on homogenization heat
treatment have been carried out on Al-Zn—Mg—Cu alloy
and Al-Mg-Si alloy systems. The effect of

homogenization treatment on microstructure and
mechanical properties of DC cast 7x50 aluminum alloy
was reported [11]. The effects of homogenization
treatment on microstructural changes of AA7075 and
7049 alloys were studied [12,13]. LT and STARINK [14]
and FAN et al [15] have shown the evolution of
microstructure in an Al-Zn—Mg—Cu alloy during
homogenization. DENG et al [16] and HE et al [17]
studied the evolution of precipitated phase in 7xxx
aluminum alloy during homogenization. Besides, the
nature of 7(Al,Mg;Zn;) and S(AL,CuMg) phases present
in as-cast and annealed 7055 aluminum alloy was
investigated [18]. On the other hand, the effects of
homogenization conditions on microstructure and
mechanical properties of AI-Mg—Si alloys have been the
subject of several studies in recent years [19-23].
MARGARITA et al [24] studied the effect of long-term
stabilization of TRC AA6016 sheets processed with and
without homogenization with the main objective of
comparing the properties of TRC and DC materials.
Although such researches have been reported on the
evolution of microstructure and precipitated phase during
homogenization in the case of AlI-Zn—Mg—Cu alloy and
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Al-Mg—Si alloy systems, the information concerning the
effect of homogenization annealing on 7050/6009
bimetal slab featuring these two alloys’ characteristics is
still rarely seen in literatures. It is important to
investigate the evolution of microstructure, composition
and mechanical properties of 7050/6009 bimetal slab
during homogenization annealing and to develop an
optimal homogenizing annealing process for the
subsequent processing in actual industrial application.

2 Experimental

The experimental materials 7050 alloy and 6009
alloy were prepared separately by melting the
commercial pure aluminum, zinc, copper, magnesium,
manganese, crystalline silicon and Al-4%Zr master alloy
at appropriate ratios in their respective pot resistance
furnaces. The 7050/6009 bimetal slab (130 mm x
120 mm x 100 mm) was prepared by a direct-chill (DC)
casting process. The chemical compositions of the 6009
alloy and 7050 alloy are given in Table 1. Cubic test
samples with dimensions of 5 mm x 10 mm x 20 mm
were cut from the center of the as-cast 7050/6009
bimetal slab by wire-electrode cutting. Homogenization
annealing processes were performed on these cubic
samples at 480, 460, 440 °C for 24 h and 460 °C for 36,
12 h, respectively.

Table 1 Chemical compositions of experimental alloys (mass
fraction, %)

Alloy Zn Cu Mg Si Fe
7050 6.533 2273 2.285 0.056 0.109
6009 - - 0.603 0.955 0.131
Alloy Zr Mn Cr Al
7050 0.095 0.0036 0.026 Bal.
6009 - 0.003 0.020 Bal.

The as-cast and homogenizing annealed samples
were polished and etched with Keller’s reagent (1% HF
+1.5% HC1 + 2.5% HNO; + 95% distilled water, volume
fraction), then the microstructure was observed by
optical microscope and scanning electron microscope
(SEM, Zeiss supra 55) equipped with energy dispersive
spectrometer (EDS). The elements distributions in the
interfacial region of the bimetal samples were analyzed
by electron microprobe (EPMA—1600) operated at 15 kV.
A Vickers hardness test was conducted with a load of
50 g for 15 s.

3 Results and discussion

3.1 Microstructure of homogenized bimetal
Figure 1 shows the microstructure in the interfacial

region of 6009/7050 bimetal after different
homogenization treatments. The two-layer structure in
as-cast state was still maintained after homogenizing
annealing. It can be seen from Figs. 1(a)—(d) that the
content of net structure of 7050 side decreased gradually
with the homogenization temperature increasing. When
the temperature increased to 480 °C, the net structure of
7050 side mainly faded away, as shown in Fig. 1(d).
However, the microstructures of 6009 side and interface
showed no significant changes. The microstructure of the
bimetal homogenized at 460 °C for different time such as
12, 24 and 36 h are shown in Figs. 1(e), (c) and (f),
respectively. It is found that with the homogenization
time increasing from 12 to 36 h, the content of net
structure of 7050 side decreased significantly, but there
was little residual second phase after 36 h
homogenization. Meanwhile, no significant changes
were found in the microstructures of 6009 side and
interface of the bimetal, because there was no coarse
precipitation phase forming due to few content of the
solute elements at 6009 alloy side and interface of the
bimetal.

High magnification SEM images of the interface of
6009/7050  bimetal  homogenized at  different
temperatures for different time are shown in Fig. 2. The
results indicate that the second-phase particles are
precipitated in a(Al) at the interface of the bimetal
during homogenization treatment. These particles,
generally exhibiting a bimodal size distribution,
consisted of large and fine particles. Large particles were
mainly rodlike phases formed from the dissolution of net
structure at 7050 alloy side due to diffusion of elements
from 7050 alloy side to interface, while finer particles
were mainly finer granular phase formed due to diffusion
of elements from 6009 alloy side to interface of the
bimetal. With increasing homogenization temperature
(Figs. 2(b)—(d)) and homogenization time (Figs. 2(e), (c)
and (f)), the sizes of rodlike phases and granular phases
became  slightly larger. Higher homogenization
temperature could increase the interface energy, which
can promote the growth of rodlike phases and granular
phases. It is found that the rodlike phases are Zn-rich
phases and granular phases are Al;s(FeMn);Si, phases.

Figure 3 shows the high magnification SEM images
of the 7050 alloy side of 6009/7050 bimetal
homogenized by different homogenization treatments.
According to the EPMA results, the composition of
skeletal eutectic structure at the grain boundary of 7050
side for the as-cast bimetal slab is 23.467 Zn, 24.856 Cu,
13.450 Mg and 38.127 Al (mass fraction, %), which is in
accordance with the a(Al) + T(AlZnMgCu) eutectic
structure. Besides, CONG et al [11] also found MgZn,,
with a small amount of Al;Cu,Fe and Al;Zr in the as-cast
7x50 alloy. It can be seen that with increasing
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Fig. 1 Secondary electron SEM images in interfacial region of 6009/7050 bimetal homogenized at different temperatures for different
time: (a) As-cast; (b) 440 °C, 24 h; (c) 460 °C, 24 h; (d) 480 °C, 24 h; (e) 460 °C, 12 h; (f) 460 °C, 36 h

homogenization temperature, the fraction of a(Al) +
T(AlZnMgCu) eutectic structure distributed at the grain
boundary decreased and a significant fraction of coarse
intermetallic phases remained undissolved at the grain
boundaries after homogenization. The EPMA analysis
reveals that these intermetallic phases mainly include
two kinds of phases: one’s composition is 37.554 Al,
45.5 Cu and 16.884 Mg (mass fraction, %), which is in
accordance with S-phase (Al,CuMg); the other is
considered as Al,Cu,Fe containing 58.443 Al and 41.511
Cu (mass fraction, %). The rounded S-phase and
insoluble constituent phase Al,Cu,Fe were also identified
by CONG et al [11] and ROBSON [25]. In addition,
there are more and more apparent rod-like phases
precipitated within the grains. EDX measurements show
that these rod-like particles are rich in zinc, and therefore
correspond to Mg(Zn,AlCu) M-phase. The rod-like
M-phase had also been observed in 7050 alloy slow

cooling to 400 °C followed by quenching [25] and 7050
alloy slow quenching from solutionization [26]. Besides,
the size of rodlike Zn-rich phases increased slightly with
the homogenization temperature increasing from 440 to
480 °C, and this slight increase in size of Zn-rich phases
could be ascribed to the augment of interface energy
caused by increasing temperature. These rodlike Zn-rich
particles within the grains firstly gathered nearby the
residual second phases at the grain boundary (Fig. 3(b)),
then towards the grain matrix (Fig. 3(c)). When the
homogenization temperature was increased to 480 °C,
the Zn-rich phases distributed uniformly within the
grains and skeletal eutectic structure disappeared, as
shown in Fig. 3(d). Many fine precipitated phases
precipitated within the grains nearby the residual second
phase at the grain boundary when homogenization time
is 12 h at 460 °C, as shown in Fig. 3(e). When the
time increased to 24 h (Fig. 3(c)), it is observed that the
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Fig. 2 Secondary electron SEM images of high magnification at interface of 6009/7050 bimetal homogenized at different
temperatures for different time: (a) As-cast; (b) 440 °C, 24 h; (c) 460 °C, 24 h; (d) 480 °C, 24 h; (e) 460 °C, 12 h; (f) 460 °C, 36 h

volume fraction of precipitated phase increased
significantly and these precipitated phases distributed
uniformly within the grains when homogenization time
increased to 36 h. Furthermore, with the homogenization
time increased from 12 to 36 h, these precipitated phases
grew up into rod-like Zn-rich phases. The precipitation
of Zn-rich phases firstly nearby the grain boundary may
be attributed to the supersaturation caused by the
dissolution of a(Al) + T(AlZnMgCu) eutectic phases and
non-equilibrium phases at grain boundary. The area of
Zn-rich phases then spread into grain inner due to
diffusion of alloy elements. The results support the
as-mentioned case that the rod-like phases at the
interface of the bimetal are precipitated from the
dissolution of a(Al) + T(AlZnMgCu) eutectic phases at
7050 alloy side due to diffusion of elements from 7050
side to the interface of the bimetal.

High magnification SEM images of 6009 side of
6009/7050 bimetal homogenized under different
conditions are shown in Fig. 4. The results indicate that

the fine granular phases are formed in the matrix during
the homogenization annealing compared to the as-cast
condition. The fine granular phases are considered as
Al;s(FeMn);Si, because YAN et al [19] found that the
remaining phases were a(Al) and Al;s(FeMn);Si, for
Al-0.66Mg—0.85Si alloy after homogenization treatment.
The average size of granular Al;s(FeMn);Si, phases
increased when homogenization temperature increased
from 440 to 460 °C, while the average size of granular
phases decreased when homogenization temperature
increased from 460 to 480 °C. The main reason why the
size of precipitated phases can increase may be that the
growth speed of precipitate phases increased when
homogenization temperature increased from 440 to
460 °C. While this decreased size may be on account of
the sharp increase of nucleation rate caused by higher
homogenization temperature from 460 to 480 °C, which
was conducive to precipitation of finer Aljs(FeMn);Si,
phases. The results are in accordance with the as-
mentioned case that the fine granular phases in the
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Fig. 3 Secondary electron SEM images of high magnification at 7050 side of 6009/7050 bimetal homogenized at different
temperatures for different time: (a) As-cast; (b) 440 °C, 24 h; (c) 460 °C, 24 h; (d) 480 °C, 24 h; (e) 460 °C, 12 h; (f) 460 °C, 36 h

interface of bimetal are precipitated due to the diffusion
of elements from 6009 alloy side to interface.

3.2 Composition variations of homogenized bimetal
Figure 5 shows the composition variations of the
Zn, Cu, Mg and Si elements in the interfacial region of
the bimetal after different homogenization treatments.
The result reveals that the bimetal slab retains the layered
characteristics of as-cast. In present study, the thickness
of diffusion layer is defined as the diffusion distance of
Zn element across the interface. It can be seen that the
diffusion layer thickness of the bimetal became larger
significantly and the composition variation curves of the
Zn, Cu, Mg and Si elements became smoother after
homogenization annealing, compared to as-cast state.
The smoother composition variation curves indicated
that the bimetal achieved more uniform -elements
distribution after homogenization annealing. The

composition variation curves of the Zn, Cu, Mg and Si
elements became smoother with the homogenization
temperature increasing from 440 to 480 °C, as shown in
Figs. 5(b)—(e). Because the solute diffusion coefficients
increased with increasing the diffusion temperature so as
to achieve more uniform elements distribution at the
same diffusion time. With homogenization time
increasing from 12 to 36 h, the smoother composition
distribution curves were also found in Figs. 5(e), (c) and
(f), which were attributed to the sufficient diffusion time.

Moreover, the 7050 alloy is enriched with Zn, Cu,
Mg elements, while the 6009 alloy mainly contains Mg
and Si elements. As concentrations difference of these
elements existed between the two alloys, according to the
Fick’s law, the interdiffusion took place during
homogenization annealing, i.e., Zn, Cu, Mg atoms
diffused from the 7050 alloy side to the 6009 alloy side,
while Si atoms moved in the opposite direction during
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Fig. 4 Secondary electron SEM images in high magnification at 6009 side of 6009/7050 bimetal homogenized at
different temperatures for different time: (a) As-cast; (b) 440 °C, 24 h; (c) 460 °C, 24 h; (d) 480 °C, 24 h; (e) 460 °C, 12 h;

(f) 460 °C, 36 h

homogenization treatment. This implies that solute
distribution in the diffusion layer is inevitable. The
research concentrated on the diffusion behavior of
alloying elements for 2024/3003 gradient composite
during heat treatment was reported [27]. WANG
et al [28] studied the diffusion behavior of alloying
elements in the interfacial region of 8090/3003 bimetal
slab during T6 treatment. Generally, there are at least
three kinds of diffusion behaviors that can take place in
the interfacial region during heat treatment, i.e., long
distance diffusion across the entire interfacial region,
short distance diffusion for homogenization of
dendrite and short distance diffusion for precipitation in
a(Al).

The diffusion layer thicknesses of the bimetal after
different homogenization treatments are shown in Fig. 6.
In this work, the diffusion distances can be represented
by the difference values between diffusion layer

thicknesses under different homogenization conditions.
With the homogenization temperature increasing from
440 to 480 °C, the diffusion layer thickness of bimetal
gained a slight increase from 700 to 730 pm, and the
corresponding diffusion distance is 30 pm, as shown in
Fig. 6(a). The slight increase in diffusion layer thickness
was attributed to the slight augment in diffusion rate of
Zn element with increasing diffusion temperature from
440 to 480 °C. However, the diffusion layer thickness of
bimetal increased dramatically from 520 to 800 um with
homogenization time increasing from 12 h to 36 h at
460 °C, which resulted from the further diffusion
distance (280 pm) for Zn element with increasing
diffusion time from 12 to 36 h. The increased diffusion
layer thickness also indicates that the long distance
diffusion mostly ceases when the bimetal is subjected to
homogenization at 460 °C, which is accompanied by
short distance diffusion.
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3.3 Mechanical properties of homogenized bimetal
The Vickers hardnesses across the interface of the
bimetal were measured after different homogenization
treatments, and the results are presented in Fig. 7. The
layered distribution of Vickers hardness in the interfacial
region maintained after homogenizing annealing. The
influence of homogenization temperature on hardness of
the bimetal is shown in Fig. 7(a). At the 7050 alloy side,
the hardness increased with increasing homogenization
temperature at the beginning and reached a peak when
the homogenization temperature was 460 °C. Then, the
hardness decreased after the homogenization temperature
continued to increase. During homogenizing annealing,
massive reinforcing phases such as 7(Al,Mg;Zn; ) and
MgZn, dissolved, then Zn, Mg and Cu atoms dissolved
into a(Al) and solid solution formed. Besides,
nanometer-sized dispersoids such as Al;Zr, Cr-containing
dispersoids may precipitate in «a(Al) matrix after
homogenizing annealing [29,30]. The dominating
strengthening mechanism of 7050 alloy may be solution
strengthening and dispersion strengthening, while the
dissolution of reinforced phases was considered as the
dominating  softening When  the
homogenization temperature was 460 °C, the influence
of solution strengthening and dispersion strengthening on
7050 alloy was more obvious than that of dissolution of
reinforced phases, so the Vickers hardness reached the
peak at 460 °C for 24 h. At the 6009 alloy side, the
hardness decreased remarkably compared to the as-cast
state, after the bimetal samples were homogenized for
24 h. Generally, the grains of metallic materials will
grow up after homogenization treatment for reducing
gross interface energy of grain boundaries. Furthermore,
after homogenization treatment, the grains of
Al-0.66Mg— 0.85Si alloy were observed to grow up
obviously by electro-polished and anode coated and
Mg,Si, Si phases were dissolved into matrix [19].
Therefore, it is reasonable to infer that the grains of 6009
alloy grow up after homogenization treatments. The
dominating softening mechanism of 6009 alloy may be
which weakens the dislocation
reinforcement at the grain boundary, resulting in the
lower hardness. Besides, the dissolution of reinforced

mechanism.

grain coarsening,

phases Mg,Si, Si phases could also cause lower hardness.

The hardness profiles at 6009 alloy side were fluctuant
drastically after the bimetal was subjected to
homogenization at 440 °C for 24 h. This fluctuation was
attributed to  nonuniform  microstructure  after
homogenizing annealing. Then, the average hardness at
6009 alloy side increased from HV 35 to HV 45 with the
homogenization temperature increasing from 460 to
480 °C, as shown in Figs. 4(c) and (d). The improved
hardness  resulted from  enhanced  dispersion
strengthening effect on account of finer Al;s(FeMn);Si,

phase in the 6009 alloy matrix. Interestingly, the Vickers
hardness of interface decreased slightly after
homogenizing annealing. Furthermore, with
homogenization temperature increasing from 440 to
480 °C, the hardness of interface also decreased. These
decreased hardnesses imply that the interface of the
6009/7050 bimetal slab can be softened via
homogenizing annealing. The grain size at the interface
became bigger after homogenizing annealing, which
weakens dislocation strengthening effect at the grain
boundary, so as to decrease hardness.
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Figure 7(b) shows the Vickers hardness distribution
across the interface of the 6009/7050 bimetal after
homogenizing annealing at 460 °C for 12, 24 and 36 h,
respectively. At the 7050 alloy side, the results indicate
that the hardness showed no obvious change compared to
that of the as-cast state and increased with the increasing
homogenization time. A large amount of second phases
at the grain boundary dissolved into the matrix so as to
promote solution strengthening. Furthermore, dispersion
strengthening on the 7050 alloy side was reinforced
because more dispersoids formed in a(Al) when
homogenization time was prolonged. At the 6009 alloy
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side, however, the hardness variation caused by
homogenization time was not the same as that on 7050
alloy side. The hardness decreased significantly to
HV 47 after the bimetal was subjected to homogenizing
annealing for 12 h at 460 °C, compared to the as-cast
state. When the homogenization time increased from 12
to 24 h, the hardness decreased from HV 47 to HV 35.
While the hardness had no obvious change when
homogenization time was prolonged from 24 to 36 h.
With prolonging homogenization time, the grains at 6009
alloy side grew up, which weakened observably
dislocations strengthening effect in grain boundary so
that the hardness decreased. Dispersion strengthening,
caused by fine granular phases formed in the matrix, was
limited because of a small quantity of Mg and Si
elements in 6009 alloy. At the interface of the bimetal,
the hardness decreased after homogenizing annealing
and increased slightly when prolonging homogenization
time from 12 to 24 h and 36 h. This increased hardness
was attributed to solution strengthening caused by the
interdiffusion of solute elements between 6009 and 7050
alloy, and dispersion strengthening resulting from
Zn-rich phases and Al;s(FeMn);Si, phases formed in
a(Al).

From the above experimental results, the optimized
homogenizing annealing process of the 7050/6009
bimetal slab can be determined as 460 °C for 24 h, at
which the bimetal shows more uniform microstructure
and hardness distribution.

4 Conclusions

1) The optimized homogenization annealing process
of the 7050/6009 bimetal slab was 460 °C for 24 h.

2) After homogenization annealing, rodlike Zn-rich
phases and granular Al;s(FeMn);Si, phases precipitated
in a(Al) at the interface of the 7050/6009 bimetal.
Moreover, Zn-rich phases and Al;s(FeMn);Si, phases
precipitated in a(Al) at 7050 alloy side and 6009 alloy
side, respectively.

3) With the homogenization temperature increasing
from 440 to 480 °C, the diffusion layer thickness of the
bimetal gained a slight increase from 700 to 730 um
because of slight augment in diffusion rates of Zn
element. However, the diffusion layer thickness
increased dramatically from 520 to 800 um with
homogenization time increasing from 12 to 36 h at
460 °C, which indicated that the long distance diffusion
mostly ceased when the bimetal was subjected to
homogenization at 460 °C.

4) The Vickers hardness at 6009 alloy side and
interface decreased after homogenization annealing and
the dominating softening mechanism may be grain
coarsening. The hardness variation at 7050 alloy side

was complicated due to the combined action of solution
strengthening, dispersion strengthening and dissolution
of reinforced phases.
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