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Abstract: The microstructural evolution of a DC cast 7085 alloy during homogenization treatment was investigated by optical
microscopy, scanning electron microscopy, energy dispersive X-ray spectrometry (EDS), differential scanning calorimeter (DSC) and
X-ray diffraction (XRD). The results showed that serious dendritic segregation existed in the as-cast 7085 alloy. Numerous eutectic
microstructures and phases were observed at the grain boundary. During homogenization process, eutectic a(Al)+7(AlZnMgCu)
microstructure gradually was dissolved into matrix. Intermetallic S(Al,CuMg) phase formed and grew along the eutectic microstructure
and disappeared into the matrix completely when it was homogenized at 460 °C for 24 h. It could be found that the evolution of
primary eutectic structure of 7085 alloy consisted of three processes, dissolution of eutectic a+7 microstructure, phase transformation

from 7 phase to S phase and the dissolution of S phase. The optimum homogenization parameter was at 470 °C for 24 h.
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1 Introduction

7085 aluminum alloy was introduced by Alcoa a
few years ago as the new generation of high strength
thick plate alloy. It is widely used in aerospace industry
owing to its high strength, high toughness and low
quenching sensitivity [1,2]. As is well known, the
microsegregation of main elements is inevitable for 7xxx
aluminum alloy during casting, and massive undissolved
secondary phases occur in the ingot. The constituent
phases, such as 7(MgZn,), T(AlZnMgCu), S(Al,CuMg)
and 6(Al,Cu), are commonly observed in Al-Zn—Mg—
Cu alloys [2—7]. However, the coarse intermetallic
phases (above 1 pm) usually deteriorate the stress
corrosion resistance, fracture toughness and fatigue
strength of these alloys [5,8,9]. Therefore, in order to get
good workability and service performance of alloys,
homogenization treatment is needed for Al-Zn—Mg—Cu
alloy ingots before plastic processing. It plays a key role
in dissolving large soluble non-equilibrium intermetallic
phases and eliminating the microsegregation in the
matrix [10—12].

Intermetallic phases and their evolution during
homogenization of Al-Zn—Mg—Cu alloy have been
extensively investigated. Usually, phase dissolution and
transition will differ in different alloying elements and
homogenized processes [13,14]. CHEN et al [15]
revealed that after pretreatment at 450 °C for 35 h,
n(MgZn,) phase  dissolved completely, while
T((AlCuZn)4Mgsz,) and S(Al,CuMg) phases were still
observed in 7055 alloy after being treated at 470 °C for
50 h. DENG et al [5] reported that intermetallic
S(AL,CuMg) phase nucleated and grew along the grain
boundaries during homogenization at 400 °C for 10 h,
and disappeared completely after treatment under
conditions of (400 °C, 10 h) + (470 °C, 24 h) + (485 °C,
4 h). However, HOU et al [6] represented that during the
high-temperature homogenization heat treatment at
485 °C for 5-20 min, #(MgZn,) phase was transformed
to S(Al,CuMg) phase. LIU et al [3] reported that the
phase transition from Mg(Zn,Al,Cu), to S(Al,CuMg)
phase was very difficult when Zn content was higher
than 8% (mass fraction). To date, the evolution behavior
of the intermetallic phases during different homogeniza-
tion temperatures of 7085 alloy is not well known. The
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purpose of the present work was to investigate the effects
of homogenization temperature on the microstructure
and composition distribution of 7085 aluminum alloy,
and to study the evolution of intermetallic phases during
homogenization. Besides, the homogenization kinetic
equation of the experimental 7085 alloy was also
established.

2 Experimental

The 7085 alloy with dimensions of d260 mm Xx
800 mm was produced by semi-continuous casting
method. The chemical composition of this alloy is
Al-7.24Zn—-1.42Mg—1.50Cu—0.092Zr-0.046Fe—0.041Si
(mass fraction, %). Slices with dimensions of 10 mm X
10 mm x 3 mm were cut from the half position between
the center and the surface of as-cast ingot. The specimens
were homogenized for 24 h at 440, 450, 460, 470 and
480 °C, respectively. The homogenization was
performed in a salt bath furnace with a heating rate of
5°C/min. The temperature variation was controlled
within £2 °C. These homogenized specimens were all
air-cooled to room temperature.

The samples for microstructural observations were
examined by optical microscopy (OM, Leica) and
scanning electron microscopy (SEM, FEI Sirion 200).
The specimens for OM observation were chemically
etched by anode coating solution (11 g H;BOs3, 20 mL
HF and 1000 mL H,0). SEM observation was carried out
in the backscattered electron imaging mode, operated at
20 kV. The map and line scanning analyses were
conducted on an energy dispersive X-ray spectrometer
(EDS, Genesis 60S) operated at 20 kV. Differential
scanning calorimetry (DSC) analyses were conducted in
a purified argon atmosphere using a NETZSCH
STA—449C instrument with a heating rate of 10 °C/min
from room temperature to 700 °C. X-ray diffraction
(XRD) studies were undertaken on a D/max 2500 PC
diffractometer with Cu K, radiation.

3 Results and discussion

3.1 Characterization of as-cast microstructure

The microstructures of as-cast alloy are shown in
Fig. 1. It was a typical as-cast eutectic structure showing
serious dendritic segregation (Fig. 1(a)). And lots of
intermetallic phases existed at the grain boundaries. The
average grain size of as-cast alloy was about 140 pm.
Table 1 lists the EDS results of the intermetallic phases
in as-cast alloy. Only Al, Zn, Mg and Cu elements were
detected by EDS at Point 4, suggesting that it may be the
mixture of a(Al) and quaternary phase AlZnMgCu. The
grey phase at Point B was close to #(Al,Cu) with solute
of elements Zn and Mg. EDS analysis revealed that the

lamellar eutectic phase at Point C was Al,Cu,Fe phase.
MONDAL and MUKHOPADHYAY [16] studied the
nature of intermetallic alloy phases in 7055 aluminum
alloy, and found that #, T and S phases were solid
solutions with extended composition ranges. It can be
inferred that the quaternary phase AlZnMgCu at Point 4
belonged to T phase.

Fig. 1 Microstructures of as-cast 7085 alloy: (a) OM image;
(b) Backscattered electron image

Table 1 Chemical compositions of intermetallic phases in
as-cast 7085 alloy shown in Fig. 1(b)

Mole fraction/%
Zone
Al Zn Mg Cu Fe
A 58.07 16.59 15.45 9.89 -
B 68.24 2.04 5.04 24.68 -
C 79.59 - - 14.82 5.59
Figure 2 shows the microstructure and the

distribution of main elements Al, Cu, Zn and Mg in
as-cast 7085 alloy. The segregation of elements Cu, Zn
and Mg is obvious at the grain boundaries, and the
concentration of the elements decreases from grain
boundary to inside. It is obvious that the segregation of
element Cu is greater than that of Zn and Mg. It is well
known that the segregation and component
inhomogeneity of as-cast alloy usually have hereditary
influence on semi-products and finished products.
Therefore, the homogenization is necessary to eliminate
severe microsegregation in as-cast 7085 alloy. Generally,
an equation is used to describe the relationship between
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Fig. 2 SEM image (a) and main elements distribution (b—e) of as-cast 7085 alloy

diffusion coefficient and temperature [17,18], and the
mathematical formula is shown as follows:

D =D, exp(— %) €))

where Dy is the diffusion coefficient, O is the diffusion
activation energy, R is the mole gas constant and 7 is the
thermodynamic temperature. From Eq. (1), it can be seen
that thermodynamic temperature is proportional to
diffusion coefficient, in other words, the higher the
temperature is, the faster the diffusion speed is. As a
result, it is easy to eliminate the microsegregation in the
as-cast alloy. However, it should be noted that the
overburnt phenomenon will occur in samples which are
treated at high temperatures. So, an optimum parameter
of homogenization is very important to explore for
practical application.

3.2 DSC analysis of as-cast and homogenized alloys
Figure 3 shows the DSC curves of as-cast ingot and
homogenized alloys at different temperatures for 24 h.
Two endothermic peaks were observed in the as-cast
7085 alloy, which were sited at 475.1 and 637.4 °C,
respectively. The endothermic peak at 475.1°C is
reduced gradually with the increase of homogenization
temperature, which may correspond to the dissolution of
some non-equilibrium phases during homogenization.
The endothermic peak at 637.4 °C corresponds to the
melting point of 7085 alloy. Figure 4 represents the
optical microstructures of 7085 alloy homogenized at
470 and 480°C for 24 h, respectively. Upon
homogenization at 470 °C for 24 h, most of the residual
phases are dissolved and the dendritic network structure
is reduced. However, when the temperature increases to
480 °C, the melting spherical compounds can be
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observed both at the grain boundaries and in triple
conjunctions (Fig. 4(b)), indicating that the specimen
was seriously over-burnt. In conclusion, the suitable
temperature for homogenization is 470 °C.
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Fig. 3 DSC curves of as-cast ingot and homogenized alloys at
different temperatures for 24 h

Fig. 4 Optical microstructures of specimens: (a) Homogenized
at 470 °C for 24 h; (b) Homogenized at 480 °C for 24 h

3.3 XRD analysis

XRD results of 7085 alloy are shown in Fig. 5. The
microstructure of as-cast 7085 alloy contained 7(MgZn,)
phase and Al;Cu,Fe phase. It should be noted that
n(MgZn,) phases were not detected by EDS in Section
3.1, because during the semi-continuous casting process,
high cooling speed caused the non-equilibrium solid
solution of elements Al and Cu in #(MgZn,) phase [2,19].
Consequently, plenty of eutectic a(Al)+T(AlZnMgCu)
microstructures instead of #7(MgZn,) phases were

observed in as-cast microstructure of 7085 alloy.
S(Al,CuMg) phase was not identified from XRD pattern
in as-cast 7085 alloy. When the alloy was homogenized
at 440 °C for 24 h, the peak of S(AlL,CuMg) phase
appeared. And with the increase of homogenization
temperature, diffraction peak of S(Al,CuMg) decreased
and then disappeared at 460 °C for 24 h. When
temperature reached 470 °C, there was no obvious
diffraction peak in XRD patterns except for a(Al) and
Al,CuFe. In this work, O(AL,Cu) phases were not
detected by XRD, which may be due to too low content
of this phase in the matrix.
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Fig. 5 XRD patterns of 7085 alloy heat-treated at different
temperatures for 24 h

\ 470 °C

3.4 Microstructural evolution of as-cast and
homogenized alloys

Figure 6 shows the distribution of intermetallic
phases of as-cast ingot and specimens homogenized at
different temperatures for 24 h. Serious segregation
existed at the grain boundaries of as-cast 7085 alloy, and
the intermetallic phases were coarse and continuously
distributed. After the alloy was homogenized at 440 °C
for 24 h, the volume of interdendritic phases decreased
significantly, the continued intermetallic phases along
grain boundaries became discontinuous, and the residual
phases became smaller and sparser. It should be noted
that a grey intermetallic phase was observed in the
matrix (Figs. 7(a) and (b)). According to the EDS
analysis, it contained 21.71% Mg, 58.09% Al and
20.20% Cu (mole fraction), the mole ratio of Mg to Cu
was close to 1:1. Therefore, it could be considered that
the grey intermetallic phase was S(AlLCuMg) phase.
S(Al,CuMg) was not detected in as-cast microstructure
by using SEM, EDS and XRD measurements, which
agreed with the results from Refs. [2,5,20]. During
homogenization, with the diffusion of alloying elements
from eutectic structures to the matrix, o+7 eutectic
microstructure gradually dissolved into the matrix, while
S(Al,CuMg) phase formed and grew along the eutectic
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microstructure, which indicated that the transformation
from T to S(Al,CuMg) phase occurred [2]. The diffusion
velocity of Cu was slower than that of Mg and Zn, which
resulted in higher concentration of Cu in the eutectic
structure regions. FAN et al [20] pointed out that during
the transformation from 7T to S(Al,CuMg), the driving
force for the phase transformation from 7 to S(Al,CuMg)
should be supersaturation of Cu in the regions of eutectic
structures, which made S(Al,CuMg) a stable phase.
However, when the specimen was homogenized at
460 °C for 24 h, S(AlLCuMg) phase could not be
detected both in X-ray diffraction and EDS analysis,
which showed that S(ALCuMg) phase gradually

{ 10071"“11

Fig. 6 Backscattered electron images of 7085 alloy homogenized at different temperatures for 24 h: (a) As-cast; (b) 440 °C;
(c) 450 °C; (d) 460 °C; (e) 470 °C

disappeared and finally dissolved into the matrix
completely with increasing homogenization temperature.
This was because the diffusion of alloying elements from
the interdendritic regions to the matrix led to the
decrease of the supersaturation extent of alloying
elements in eutectic regions [2]. After homogenization at
470 °C for 24 h, the least amount of residual phases was
obtained (Fig. 6(e)), and the residual phases were
magnified in Fig. 7(c). According to the results of EDS
analysis, the residual phase contained 84.94% Al, 4.67%
Fe and 10.39% Cu (mole fraction), there were no Mg and
other element in the phase, which indicated that
the residual phase belonged to Al,Cu,Fe phase. Al;Cu,Fe
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Fig. 7 Backscattered electron images (a, ¢) and EDS results (b, d) of alloys homogenized at different temperatures for 24 h:
(a) 440 °C; (b) EDS pattern of phase at Point 4; (c) 470 °C; (d) EDS pattern of phase at Point B

phase was an indissolvable impurity phase in the 7xxx
aluminum alloys, and hard to be completely eliminated
by homogenization treatment [21]. According to the
results of XRD, SEM and EDS analyses, it can be
concluded that the evolution of primary eutectic structure
during homogenization consists of three processes as
follows: dissolution of eutectic a+7 microstructure,
phase transformation from 7 to S phase and the
dissolution of S phase.

3.5 Line scanning and homogenization Kinetic

analysis

The line scanning analysis of as-cast 7085 alloy is
shown in Fig. 8. It can be seen that the distribution of Zn,
Mg and Cu elements along interdendritic region varied
periodically. The diffusion law along interdendritic
region is an important and suitable method to evaluate
the element distribution during homogenization [5,17].
According to Refs. [22,23], the initial concentration of
the elements along the interdendritic region could be
approached by Fourier series components in a cosine
function:

~

c(x)=c+4, cos[szj (2

Fig. 8 Line scanning analysis of as-cast 7085 alloy

where ¢ is the average concentration of the element, 4,
is the initial amplitude of the composition segregation,
and L is the interdendritic spacing, which can be shown
as
Ay = Cmax ~Cmin _ 1 4 3)
2 27

According to the second Fick’s law and the

boundary conditions [24], A(¢) can be expressed as
4n’ Dt

A() = A, exp(— 7 J

“
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From Eq. (1) to Eq. (4), the equation can be
rewritten as

41t2Dot

A0 = Ay expl— 9

exp(=—)] (%)

LIU et al [25] assumed that the element distribution
was homogeneous when the composition segregation
amplitude was reduced to 1%, that is

0 1
= )= 6
RT ] 100 ©)
By taking natural logarithms of both sides of Eq. (6),
we can obtain

1 R, 4n’Dyt

=—In
T O (4.6L2

Equation (7) is the homogenization kinetic equation.
For a given alloy, the values of diffusion coefficient Dy
and diffusion activation energy O can be obtained.
Therefore, the corresponding homogenization kinetic
curve can be simulated. It was reported that the diffusion
coefficient of Cu element in aluminum alloy was smaller
than that of Mg and Zn at the same temperature [26].
And WANG et al [19] represented that the
homogenization process was mainly controlled by the
diffusion of Cu. Substituting Dy(Cu) (0.084 cm?/s) and
O(Cu) (136.8 kJ/mol) into Eq. (7), the homogenization
kinetic curves of 7085 alloy for different interdendritic
spacings can be obtained, as shown in Fig. 9. It can be
seen that if the interdendritic spacing L is larger, higher
temperature and longer time are needed for full
homogenization. And the homogenization time is
reduced obviously with the increase of the
homogenization temperature. According to Eq. (7),
suitable homogenizing parameters were obtained by
substituting the average interdendritic spacing L into
Eq. (7). Figure 10 shows the relationship between
homogenization time and interdendritic spacing of
aluminum alloy at 470 °C. The average interdendritic
spacing L of as-cast 7085 alloy is 38.5 um, which is

2

4w~ Dyt
exp[—L—zoexp(—

) (7
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Fig. 9 Homogenization kinetics curves of 7085 alloy

based on quantitative metallographic analysis. As seen in
Fig. 10, the corresponding homogenization time is 25 h.
The calculated results agree well with the experimental
results in the present work. Hence, the homogenization
time is suitable at 24 h.
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Fig. 10 Relationship between homogenization time and
interdendritic spacing of 7085 aluminum alloy at 470 °C

Figure 11 represents the line scanning traces of
7085 alloy homogenized at 470 °C for 24 h. It can be
seen from Fig. 11 that the segregation of Zn and Mg is
almost eliminated, and only small segregation of Fe and
Cu exists along the grain boundary. This shows that the
element distribution is more homogeneous and only
small numbers of irregular Al;Cu,Fe phases exist in the
aluminum matrix after homogenization. The optimum
single-stage homogenization process of 7085 alloy is at
470 °C for 24 h.

Fig. 11 Line scanning analysis of 7085 alloy homogenized at
470 °C for 24 h

4 Conclusions

1) Serious segregation exists in as-cast 7085 alloy,
the distribution of Cu, Zn and Mg elements along
interdendritic region vary periodically. The as-cast
microstructure consists of eutectic a(Al)+7(AlZnMgCu),
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6(Al,Cu) phase and Al;Cu,Fe phase.

2) By increasing homogenization temperature, the
intermetallic phases become smaller and sparser, and the
main elements are distributed more homogeneously.

3) The evolution of primary eutectic structure
during homogenization consists of three processes:
dissolution of eutectic o+7 microstructure, phase
transformation from 7 to S phase and the dissolution of S
phase.

4) The optimum single-stage homogenization
treatment of 7085 alloy is at 470 °C for 24 h, which well
agrees with the results of homogenization kinetic
analysis.
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