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Abstract: The effects of the direct current (DC) on the evolutions of hardness and morphology of the secondary phases in 7B04
aluminum alloy homogenized at 380—465 °C for 2 h were investigated in detail by electric conductivity measurement, hardness test,
X-ray diffraction analysis, field emission scanning electron microscopy and energy dispersive spectrometry. The results show that
with increasing temperature from 380 to 465 °C, the electric conductivity of normal homogenized sample decreases from
34.9%IACS to 28.7%IACS, the hardness increases from HV 96 to HV 146, and the area fraction of secondary phase reduces from
4.5% to 1.89%. While, DC homogenized sample has a higher hardness, a lower electric conductivity and a smaller area fraction of
secondary phases at the same temperature. The DC enhances the homogenization process by promoting the diffusibility of the solute

atoms and the mobility of vacancy.
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1 Introduction

7B04 aluminum alloy has high strength, low density
and good corrosion resistance, and is widely used in
aircraft industries [1]. The high mole ratios of Zn to Mg,
Cu to Mg and alloying element content of 7B04 alloy
endow its attractive combinations of properties, while in
turn lead to the difficulty of processing it. The commonly
observed secondary phases in as-cast Al-Zn—Mg—Cu
alloy are # (MgZn,), T (Al,Mg;Zn;) or T (Alz(Mg,Zn)y),
M (Mg(Zn,AlCu)), S (Al,MgCu) and A1,CuyFe [2—4]. A
lot of secondary phases remaining in the alloys after the
subsequent heat treatment and processing [5—8],
approaching to the proximity of composition to the limit
of solid solubility in those alloys, could assist the crack
initiation, propagation and induce variable properties.
FAN et al [6] revealed that a phase transformation of
major elements from Mg(Zn, Cu, Al), phase to AL,CuMg
phase was found in Al-Zn—Mg—Cu alloy homogenized
at 460 °C. The # phase dissolved completely, while 7 and
S phases remained in 7055 alloy heat-treated at 450 °C
for 35 h [7].

The electric and magnetic fields provide us new
approaches to material preparation and property control.
LIU and CUI [8] discovered that the electric field
accelerated the dissolution of secondary phase and the
decrement in the interdendritic segregation during
homogenization, and even suppressed the nucleation of
0" phase during artificial aging. CONRAD [9]
demonstrated that an electric current density (>1 kA/cm?)
promoted the transformation of the solid state phase in
metals and enhanced the recrystallization rate of cold
worked metals, but retarded the subsequent grain growth.
ZHOU et al [10] detected that the electric field
accelerated the transformation of S phase from type I to
type 1. HE et al [11] found that the high magnetic field
of 12 T promoted the dissolution of both 7" and S phases
in Al-Zn—Mg—Cu alloy during homogenization.

It can be seen that the previous studies mainly
focused on magnetic or electric fields, little information
on the effects of electric current on mechanical properties
and microstructures of aluminum alloy is available. In
present work, evolution of the conductivity, hardness and
chemical composition of secondary phase in 7B04 alloy
during homogenization with applying a DC of 1 kA was
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studied in detail by XRD, FESEM and EDS, and the
mechanisms of effects of the DC on the dissolution of
secondary phases in 7B04 alloy during homogenization
were discussed. The purpose of present work is to find a
new heat treatment method for Al-Zn—Mg—Cu alloy.

2 Experimental

The composition of 7B04 alloy is: Al-6.06Zn—
2.44Mg—1.57Cu—0.07Si—-0.17Fe—0.31Mn—0.14Cr—
0.05Ni—0.05Ti (mass fraction, %). The semi-continuous
cast ingots with dimensions of 600 mm x 400 mm X
1400 mm were provided by Northeast Light Alloy Co.,
Ltd., China. Samples with dimensions of 10 mm x
20 mm % 580 mm were sliced from the ingots along the
casting direction, and then homogenized at 380, 420, 440
and 465 °C, respectively, for 2 h without or with
applying a stable DC of 1 kA, and followed by air
cooling. In present work, the homogenization without
DC is called normal homogenization, and the
homogenization with DC is called DC homogenization.
The heating rate was 5 °C/min. A wind bellowing device
was used to maintain the temperature variation of sample
within £3 °C. The electric conductivity and hardness of
alloy in each condition were the average values of five
specimens and measured using a Fischer Sigmascope
SMP10 type machine and a 452SVD type hardness tester,
respectively.

The secondary phases in as-cast and homogenized
alloys were examined by X-ray diffraction analysis
(XRD) with Cu K, radiation on a PW 3040/60 X
diffractometer. Samples for microstructural observations
were prepared by the standard metallographic methods
and examined on a Zeiss Ultra Plus 60 type field
emission scanning electron microscopy (FESEM)
equipped with an Oxford AZTEC 50 type energy
dispersive X-ray analyzer having an image resolution of
0.8 nm. The area fraction of the secondary phases in
as-cast and homogenized alloys was measured by the
average of 15 SEM photographs and calculated using
Image J software.

3 Results

3.1 Evolution of electric conductivity and hardness

during DC homogenization

The electric conductivity and hardness of normal
and DC homogenized 7B04 alloys at 380—465 °C for 2 h
are displayed in Fig. 1. The hardness and electric
conductivity of as-cast alloy are HV 80 and 43%IACS,
respectively. The electric conductivity decreases to
34.9%IACS and 33%IACS, respectively, after the as-cast
alloy is homogenized at 380 °C for 2 h without and with
direct electric current, and then decreases progressively

with increasing temperature, and finally achieves
28.7%IACS and 27.7%IACS, respectively, when the
alloy is homogenized at 465 °C without and with DC.
The hardness increases to HV 96 and HV 1064,
respectively, when the as-cast alloy is homogenized at
380 °C without and with DC, and then increases
progressively with increasing temperature, and finally
achieves HV 137.5 and HV 146, respectively, when the
alloy is homogenized at 465 °C for 2 h without and with
DC.
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Fig. 1 Electric conductivity and hardness of normal and DC

homogenized alloys at 380—465 °C

3.2 Evolution of morphologies of secondary phases
during DC homogenization
3.2.1 XRD patterns
The XRD patterns of as-cast and homogenized
alloys are shown in Fig. 2. The XRD peaks of a(Al),
MgZny(T), Al,CuMg(S) and Al,Cu,Fe are detected in
as-cast 7B04 alloy. With increasing temperature, the
amount and height of diffraction peaks of 7T phase
decrease, while those of S phase increase when the
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Fig. 2 XRD patterns of as-cast (a) and homogenized
alloys (b—i): (b, d, f, h) Normal homogenization; (c, ¢, g, i) DC
homogenization
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temperature is not higher 440 °C, and then decrease
when the temperature reaches 465 °C. The application of
DC further decreases the amount and the peak heights of
T and S phases at the same temperature.

3.2.2 Evolution of compositions of 7" and S phases during

DC homogenization

The as-cast 7B04 alloy has an average grain size of
115 pm, and a network of the eutectic structure of
primary a(Al) and secondary phases located at grain and
interdendritic grain boundaries (Fig. 3). According to the
results of EDS analysis, the secondary phases in as-cast
alloy normally contain 7, S and Al,Cu,Fe phases, and the
compositions of these phases are listed in Table 1, which
are similar to those in as-cast 7050 alloy obtained by JIA
etal [12].

The morphologies of the secondary phases in
homogenized alloys at 380 °C and 465 °C are shown in
Fig. 4. With increasing temperature, the coarse eutectics
become small, discontinuous and spheroidized, and
appear as a necklace-like distribution at grain
boundaries. The DC homogenized sample has smaller

Table 1 Compositions of secondary phases in as-cast 7B04
alloy obtained by EDS analysis (mass fraction, %)

Phase Mg Al Fe Cu Zn

T 13.3-20.0 16.8-30.5 — 27.7-36.7 26.3-35.5
S 10.7 44.4 - 423 2.6

Al;Cu,Fe 3.7 515 134 278 3.6

size and less amount of secondary phases at the same
temperature. The evolution of area fraction of secondary
phases in homogenized samples at 380—465 °C is
demonstrated in Fig. 5. The area fraction of the
secondary phase reduces suddenly from 5.47% to 4.5%
when the as-cast alloy is homogenized at 380 °C, and
then decreases gradually with increasing temperature,
and finally reaches 1.89% at 465 °C. With the
application of DC, the area fraction of secondary phases
decreases rapidly to 4.2% at 380 °C, and then to 1.14%
at 465 °C. The DC homogenized sample has smaller area
fraction of secondary phases than the normal
homogenized sample at the same temperature. The

~

Fig. 4 FESEM images of different samples: (a) Normal homogenization t 380 °C; (b) DC homogenization at 380 °C; (c) Normal

homogenization at 465 °C; (d) DC homogenization at 465 °C
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Fig. 5 Area fractions of secondary phases in homogenized
samples at 380—465 °C

related technological interest of DC in homogenization
depends on its energy saving. It can be deduced from
Fig. 5 that, the homogenization temperature to achieve
an area fraction of secondary phase of 2.0% is 463 °C for
normal homogenized sample and 442 °C for DC
homogenized sample. Therefore, in the view of reducing
homogenization temperature, the application of DC
during homogenization is expected to be used in
industrial production to reduce processing costs and/or
improve mechanical properties.

Back scattered electron images (Fig. 6) illustrate the
changes in morphologies of 7 and S phases in
homogenized alloys. The white, gray and dark gray
contrasts can be clearly seen within 7" phase in alloys
under all conditions. When temperature increases from

Fig. 6 Back scattered electron images showing morphologies of 7 and S phases in as-cast and homogenized alloys: (a) Normal
homogenization at 380 °C; (b) DC homogenization at 380 °C; (c) Normal homogenization at 420 °C; (d) DC homogenization at
420 °C; (e) Normal homogenization at 440 °C; (f) DC homogenization at 440 °C; (g) Normal homogenization at 465 °C; (h) DC

homogenization at 465 °C
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380 to 465 °C, the amount and size of white phase
gradually decrease, while the amount of gray phase
increases, and some gray phases become coarse at
temperature >440 °C (Figs. 6(e)—(h)). The amount of
gray phase increases with the application of DC at the
same temperature (Figs. 6(b), (d), (f) and (h)).

Changes in compositions of white, gray and dark
gray phases (labeled as 1-25 in Fig. 6) in homogenized
alloys are given in Table 2. The bright white phase
normally contains 13.9%—18.6% Mg, 20%—35% Al,
19.3%—28.6% Cu and 29.4%-33.8% Zn (mass fraction),
which is similar to that of T phase in as-cast alloy, and its
composition changes little with the change of
temperature. The gray and dark gray phases have
compositions (mass fraction) of 11.5%—16.9% Mg,
37%—49.1% Al, 23%—40.3% Cu, 4.8%—16.4% Zn and
12%—15.7% Mg, 36.9%51.7% Al, 26.5%—44.9% Cu,
2.5%-9.8% Zn, respectively. The compositions of 7 and
S phases reported in the literatures are listed in Table 3. It
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can be seen that the composition of 7 phase obtained in
present work is close to that obtained by MONDAL and
MUKHOPADHYAY [4], which does not agree well with
those reported in other research works [2,7,13,14]. The
composition of dark gray phase in present work is close
to those of S phase acquired by other researchers
[2,6,13,15]. Phases with different contrasts are divided
by Zn content in this work: T phase (>25% Zn), T-base
phase (>10% Zn), S-base phase (>3% Zn) and S phase
(<3% Zn), which is arranged in order of increasing Cu
content. The difference in compositions between the gray
and dark gray phases reduces with increasing
temperature. It can be seen that Zn content in gray or
dark gray phases decreases further in DC homogenized
samples, which indicates that DC accelerates the
transformation from white 7 phase to gray phase and
then to dark gray phase. According to the results of EDS
analysis, no obvious changes in Mg and Cu contents can
be found in gray or dark gray phases in normal and DC

Table 2 Chemical compositions of secondary phases in homogenized 7B04 alloy at 380—465 °C

Phase No. labeled

Mass fraction/%

Homogenized condition L Phase contrast ~ Closest phase
in Fig. 6 Mg Al Fe Cu Zn
1 16.7 26 — 252 321  Bright white T
Normal homogenization at 380 °C 2 11.5 49.1 - 23 16.4 Gray T-base
3 12 517 - 26.5 9.8 Dark gray S-base
4 153 262 - 25.6 329  Bright white T-base
DC homogenization at 380 °C 5 11.5 463 - 27.8 144 Gray T-base
6 14.6 48.8 - 27 9.6 Dark gray S-base
7 185 20 - 28.6 329  Bright white T
Normal homogenization at 420 °C 8 169 42 - 27.8 133 Gray T-base
9 143 427 - 343 8.7 Dark gray S-base
10 162 30 - 21.3 325  Bright white T-base
DC homogenization at 420 °C 11 143 47.1 - 274 112 Gray T-base
12 146 472 - 311 7.1 Dark gray S-base
13 18.6 24.1 - 279 294  Bright white T
Normal homogenization at 440 °C 14 143 37 - 403 8.4 Gray S-base
15 14.1 505 - 302 52 Dark gray S-base
16 142 35 - 19.3 31.5  Bright white T
DC homogenization at 440 °C 17 15.1 438 - 335 7.6 Gray S-base
18 144 41 - 403 43 Dark gray S-base
19 13.9 38.1 - 202 279  Bright white T
Normal homogenization at 465 °C 20 sl B 2252 Cray S-base
21 13.7 476 - 357 29 Dark gray S
22 27 623 6.6 284 - Bright gray Al;,CuyFe
23 159 258 - 24.6 33.8  Bright white T-base
DC homogenization at 465 °C 24 142 488 - 322 48 Gray S-base
25 157 369 - 449 25 Dark gray S
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Table 3 Chemical compositions of 7 and S phases reported in literatures

Aluminum alloy Phase Mg Al Cu Zn
Al-8Zn—7Mg—2Cu [2] T (mass fraction, %) 22.1-23.9 25.5-27.2 13.1-17.6 34.9-36.8
7055 [4] T (mass fraction, %) 19.1-21.1 15.3-20.2 24.8-26 33.5-37.6
7055 [7] T (mass fraction, %) 35 26 16 23
7B04 [13] T (mole fraction, %) 324 26.7 20.4 20.5
Al-10Zn—2.5Mg—2.5Cu [14] T (mole fraction, %) 33.7-34.4 14.2-14.7 10.5-14.9 34-41.3
Al-8Zn—7Mg—2Cu [2] S (mass fraction, %) 16—-17.1 40.3-47 34.1-39.7 2.7-3.2
7050 [3] S (mole fraction, %) 18.2 59.3 20.4 2.1
7055 [6] S (mole fraction, %) 15.3 57.7 19.7 7.3
7B04 [13] S (mole fraction, %) 21.3 58.1 20.6 -
7050 [15] S (mole fraction, %) 19.1-28 48.9-61.6 18.2-18.6 0.6-4.7

homogenized samples at the same temperature.
4 Discussion

4.1 Effects of DC on electric conductivity and
hardness of alloys during homogenization

In present work, with increasing temperature and
applying DC, the hardness of the sample increases, but
the electric conductivity decreases. The DC
homogenized sample has higher hardness and lower
electric conductivity at the same temperature. According
to SEM observations, smaller size and area fractions of
secondary phase are detected in DC homogenized
sample.

Accompanying the dissolution of the secondary
phase, it becomes spheroidizing, at the same time, the
size and the area fraction of it decrease. It is well known
that the amount of the element coming into the matrix
can be characterized by the hardness and electric
conductivity. With increasing the amount of element in
the matrix, the harness increases, but the -electric
conductivity decreases. More alloying elements Zn, Mg
and Cu come into the a(Al) matrix due to the accelerated
dissolution of secondary phases by applying DC, and
thus hardness is greatly improved due to solid solution
hardening [16]. The electric conductivity of the
Al-Zn—Mg—Cu alloy is related to the amount of the
solute atoms remaining in the Al matrix, which means
that the more the solute atoms dissolved in Al matrix, the
lower the electric conductivity can be obtained. The
reason is that the solute atoms in matrix can not only act
as the obstacles to the movement of conduction electron,
but also increase the density of electron scattering
centers-lattice imperfections [17]. Because DC promotes
more solute atoms to dissolve in a(Al) matrix, the
electric conductivity decreases in DC homogenized
sample.

4.2 Effects of DC on evolution of compositions of T
and S phases during homogenization

Changes in main elemental distribution of Mg, Zn
and Cu in secondary phases in normal and DC
homogenized samples at 440 °C are displayed in Fig. 7.
Numerous Mg and Zn can be seen in the matrix
neighboring secondary phases in Figs. 7(a), (b), (d) and
(e). It should be noted that little Cu can be found in the
matrix neighboring secondary phases in Figs. 7(c) and (f),
while a diffusion layer of Cu (circle region) is clearly
seen at the margin of 7 phase in normal homogenized
sample (Fig. 7(c)), and becomes significant in DC
homogenized sample (Fig. 7(f)).

In order to investigate effects of DC on the
elemental diffusion of T phase, the compositions from T
phase at grain boundaries to grain interior at a distance of
2 um were measured by EDS analysis in normal and DC
homogenized samples at 440 °C. The composition of T
phase normally falls in a range, and also varies between
different positions in one sample or samples
homogenized under different conditions, so the deviation
in composition between each position and the matrix in
one sample can be used to evaluate the elemental
diffusion during homogenization, and is illustrated in
Fig. 8. The peaks of Cu, Mg and Zn are found at position
of 4 um from 7T phase in normal homogenized sample at
440 °C, which indicates the significant diffusion of these
elements during homogenization. It should be noted that
the contents of Mg, Cu and Zn are higher in DC
homogenized sample at the same distance, and the peaks
of Cu, Mg and Zn are found at 8, 8 and 6 pm,
respectively, which indicates that these elements diffuse
further with the help of DC. DU et al [18] summarized
and evaluated the diffusion of Cr, Mn, Fe, Ni, Cu, Zn,
Mg and Si in FCC Al alloys. It is found that the diffusion
activation energy of Zn is close to that of Mg, and
much lower than that of Cu; while Mg has the smallest
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Fig. 7 Elemental distribution of Mg, Zn and Cu in alloys homogenized at 440 °C for 2 h: (a)—(c) Normal homogenized samples;

(d)—(f) DC homogenized samples
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Fig. 8 Differences in contents of Zn, Cu and Mg between each
position and matrix from 7 phase to grain interior at distance of
2 pm in homogenized samples at 440 °C

diffusion coefficient among them. According to the
above observations, it can be deduced that the diffusion
velocity of Zn is much faster than those of Mg and Cu,
and DC obviously accelerates the diffusion of Zn and Cu
in 7B04 alloy during homogenization. LIU and CUI [19]
investigated the effects of applying an electric field
(E=2 kV/cm) during the homogenization on the
microstructures and mechanical properties of 2091 alloy
during the subsequent aging at 180 °C. They found that
the electric field increased the yield strength of the alloy
by a much more homogeneous and finer precipitation.

4.3 Mechanism of DC effects on dissolution of
secondary phase during homogenization
There exist different theories and experimental
results about the mechanism of the influence of the
electric current. LIU et al [20] investigated the effect of
the electric field on the homogenization of Al-Li alloy,
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and thought that a charge might be generated on the
defects (vacancies or dislocations) due to the
perturbation of the electronic state at these defects. The
applied field created a charged surface layer in metallic
materials and the interaction of the surface charge with
the charged defects, particularly vacancies, and thus an
additional vacancy flux was created when it approached
the specimen surface. Accompanying the dissolution of
second phase particles toward the grain interior, the
complexes migrated to grain boundaries. JUNG and
CONRAD [21] found that the effect of an electric field
on the solubility in several AI-Mg—Si alloys changed
linearly with the difference in valence between Al matrix
and relevant solute atom.

According to the previous works, the mechanism of
the DC acting on the homogenization of an
Al-Zn—Mg—Cu alloy could be suggested: an equilibrium
concentration of vacancies is generated and distributed
throughout the lattice due to the high-temperature
homogenization. The solute atoms diffuse toward the
grain interior because of a high concentration gradient of
solute atoms, but vacancies migrate to grain boundaries
according to the vacancy mechanism, which leads to the
dissolution of second phase particles. The
electromigration and the ponderomotive force caused by
DC promote the mobility of wvacancy during
homogenization. The DC reduces the energy barrier
which should be overcome during the process of solute
atom dissolution of secondary phase, as a result, the
diffusibility of solute atoms is promoted and the phase
transformation and dissolution are enhanced. However,
to disclose the mechanism of DC effects, detailed work
should be carried out in the future.

5 Conclusions

1) The conductivity of the 7B04 alloy decreases to
34.9%IACS, the hardness increases to HV 96, and the
area fraction of the secondary phase decreases by 6.7%,
when the as-cast alloy is DC homogenized at 380 °C.
The conductivity and the area fraction of the secondary
phase of DC homogenized sample are lower, but
hardness is higher than those of normal homogenized
sample at the same temperature.

2) The application of DC accelerates the
transformation from white T phase to gray phase and
then to dark gray phase. The gray phase becomes coarse
and the deviation in compositions between the gray and
dark gray phases reduces when the temperature is not
lower than 440 °C.

3) With the application of DC, the diffusion of Zn
from T phase to grain interior during homogenization is
accelerated significantly, and the diffusion of Cu above
440 °C becomes obvious.
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