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Abstract: Temperature variation and solution treatment of high strength aluminum alloy were investigated with temperature data
acquisition system, microstructural observation, mechanical properties test, electrical conductivity measurement and differential
scanning calorimetry (DSC) analysis. Specimens with two dimensions were employed in the experiment. The results indicate that the
specimens with large size undergo low solution temperature and short time, giving rise to the reduction of hardening precipitates. The
optimized solution treatments for specimens with dimensions of 25 mmx25 mmx2.5 mm and 70 mmx60 mmx20 mm are (480 °C, 30
min) and (480 °C, 90 min), respectively. The densities of GP zones and 7' phases of the small specimen are higher than those of the

large specimen, which is consistent with the properties of the alloys.
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1 Introduction

Al-Zn—Mg—Cu aluminum alloys (7000 series) are
extensively used in aerospace applications for their high
mechanical properties, damage tolerance and good
corrosion resistance [1,2]. 7000 series aluminum alloys
are aging hardening alloys, whose properties are
determined by the coherent or semi-coherent precipitates
formed during aging treatment [1,3,4]. The quantity of
hardening precipitates increases with supersaturation of
the quenched solution. Optimizing solution treatment can
be as effective as adding elements to raise the solution
saturation. Meanwhile, the volume and size of the
residual second phases decrease obviously, which will
improve the ductility [5,6].

Thick plates of 7000 series pre-stretched and forged
aluminum alloys have been used extensively in aircraft
and aerospace industry recently [7-9]. Quenching
sensitivity, ~which
component size, exists massively in the 7000 series
alloys [4,10—-12]. The wvariance in tensile strength
between center and surface of the plate is up to 15% for
7050 (Al-6.2Zn—2.3Mg—2.3Cu—0.12Zr) alloy with 120
mm in thickness mainly caused by the cooling rate

restricts the development of

discrepancy [1]. In recent years, numerous experiments
focused on the solution process of 7000 series alloys
have been carried out [5,6]. However, investigations on
temperature variation and the effect of specimen sizes on
solution treatment of high strength aluminum alloy are
rather limited. Temperature variation in the solution and
quenching processes is vital to the quenching sensitivity,
but little research has been done about it. The present
work aims to arrive at a detailed understanding of the
effects of specimen sizes on the heating and cooling rates,
and on the solid solution treatment.

2 Experimental

The composition of AA7050 is detailed in Table 1.
As-rolled thick plates were received from Northeast
Light Alloy Co., Ltd., China. These blocks were 340 mm
in length and had cross sections of 1200 mm (LT) x 60
mm (ST). Specimens were hanged in a muffle furnace
during the solution treatment process. Specimen I (70
mmx60 mmx20 mm) and specimen II (25 mmx25
mmx2.5 mm) were selected at quarter thickness of the
plate, in order to ensure a maximum homogeneity of
composition and grain structure.
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Table 1 Chemical composition of alloy (mass fraction, %)
Zn Mg Cu Zr Fe Si  Mn Cr Ti Al
593 2.23 2.16 0.11 0.068 0.019 <0.01 <0.01 0.020 Bal.

The hardness was determined under load of 10 N in
a 430-SVD Vickers hardness meter. Electrical
conductivity was measured on a WD-Z digital eddy
current conductivity meter. This meter (measuring in unit
of %IACS) was calibrated with a test block to the
requirements of ASTM E92—82 [13]. Tensile testing was
performed on MTS—-810 in accordance with ASTM
B557—-84 [14]. Specimens were tested at a strain rate of
1-2 mm/min. Specimens had a K-type thermocouple
with 1.5 mm in diameter inserted from one end so that its
tip was at the mid-point of the specimen. Specimens
were subsequently solution heat-treated at different
temperatures and quenched into water. The heating and
cooling curves were monitored at 100 Hz using a MX100
data acquisition system. Microstructure was investigated
on a Zeiss Axiovert 200MAT optical microscope (OM)
and HITACHI S4800 scanning electron microscope
(SEM). OM specimens were polished and etched in
Graff Sergeant’s reagent (84 mL water, 15.5 mL HNO;,
0.5 mL HF, 3 g CrO;) to show the grain structure. The
fraction of residual secondary phases was measured by
image-pro plus & analyzer. Differential scanning
calorimetry (DSC) was conducted on NET ZSCH STA
409 C/CD thermal analyzer with heating rate of 10
°C/min, under the argon gas condition.

3 Results and discussion

3.1 Temperature variation

The DSC technique has been used in many
investigations to characterize the solid state reactions
accompanying the dissolution of precipitates, as well as
the formation of addition precipitates [15,16]. Figure 1
shows the DSC thermogram of the as-rolled AA7050.
The endothermic peak around 490 °C could be ascribed
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Fig. 1 DSC thermogram for as-rolled AA7050

to the dissolution of eutectic phases. The DSC profile
reveals that the thermal behavior of the overburning
temperature was almost 486.3 °C, which indicates that
the upper temperature limit for the alloy treated by
conventional solution treatment is 486.3 °C.

Figure 2 shows the heating and cooling curves of
the specimens during solution treatment and quenching
processes. It takes 70, 80 and 140 min for specimen I to
reach 450 °C, 460 °C, 475 °C, respectively (Fig. 2(a)).
The temperature of the specimen I is about 5 °C lower
than that of the furnace in the experiment. The heat
transferring was mainly conducted by air in the muffle
furnace. The less the difference between the specimen
and air was, the slower the heat exchange was, until they
reached a dynamic balance. In Fig. 2(b)), the cooling
curve of specimen I quenched with water shows that it
takes 6 s for the specimen to reach 182.9 °C from the
solution temperature. And the average cooling rate can
reach 58.8 °C/s. In Fig. 2(c)), it can be seen obviously
that the small specimen can reach the solution
temperature in 5 min. The average cooling rate of
specimen II is up to 300 °C/s (Fig. 2(d)).

The temperature evolution can be explained as
follows.

The heat absorbed in a temperature field for an
object is

0=q4 1))
where Q is the heat transferred; ¢ is the heat flow density;
A is the surface area. Equation (1) can be written as:

O=cmAt=cpVAt 2)

where c is the specific heat capacity; m is the mass; p is
the density; V is the volume; At is temperature variation.
Comparing Egs. (1) with (2), then we get

qA=cpVAt 3)

Equation (3) above becomes

At =qdlcpyy=2. 4 (4)
V cp

Finally, a ratio representing the linear relationship
between AT and At is obtained as:

Z..A (5)

where R is the heating rate.
When treating in the same furnace, R is proportional
to the ratio of A/V for specimens I and II.

R, :(ﬁJ =0.162
v 1

Ry :(ﬁ) =0.96
v I

RH:RIZS 926
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Fig. 2 Heating and cooling curves of specimens I (a, b) and II (¢, d) during solid solution at 480 °C and quenching processes: (a), (c)

Heating curves; (b), (d) Cooling curves

The heating rate of specimen II is about 6 times that
of the specimen 1. Specimen I could reach 460 °C within
80 min when solid solution treated at 480 °C, while it
took only 5 min to arrive at 480 °C for specimen II.

There are differences of power and temperature
distribution for various solid solution furnace and aging
equipment, which will lead to distinct temperature and
heating rate. Differences of effective heat treatment
temperature and time will test
repeatability when the specimen with different sizes was
treated in the same furnace. Furthermore, the cooling
curves are different in quenching process for different
size specimens. Specimen I (70 mmx60 mmx>20 mm)
and specimen II (25 mmx25 mmx2.5 mm) were used to
establish the solution treatment process.

result in lower

3.2 Solution treatment
3.2.1 Specimen I (70 mmx60 mmx>20 mm)

In Fig. 3, the optical microstructures of specimen I
solution treated at different temperatures are revealed by
Graff Sargent’s reagent. The growing of the grain size
and gradual decrease of residual phase’s fraction with
increasing the solution temperature was evident. Serious

overburning was observed after solution heat treatment at
495 °C.

Figure 4 displays the BSE image showing typical
solution heat treated microstructure of the alloy. The
decrease of residual phase is evident in the micrograph.
Figure 5 shows the residual phase area fraction of the
solid solution heat treated alloy. It can be found that the
residual phase area fraction declined with increasing the
solid solution temperature. It appears that the fraction
decreased substantially in the temperature range of
465—480 °C, and reached a slow decreased stage with
increasing the solution temperature.

Figure 6 shows the influence of solution heat
treatment temperature on the hardness, electrical
conductivity and mechanical properties of the alloy.
From Figs. 6(a) and (c), it can be found that the hardness
and strength reached a maximum value after solution
treatment at 485 °C. From Fig. 6(b), it can be seen that
the electrical conductivity decreased rapidly at higher
solution temperatures, indicating that the solution
temperature had a dominant role in dissolution of the
residual second phases. With increasing solution
temperature from 485 to 505 °C, the elongation, 4,
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Fig. 3 Optical microstructures of specimen I solution treated at different temperatures for 1 h: (a) 465 °C; (b) 475 °C; (c): 485 °C;

(d) 495 °C

Fig. 4 SEM images of specimen I solution treated at different
temperatures for 1 h: (a) 465 °C; (b) 475 °C

decreased markedly as a consequence of overburning.
Considering the DSC result, the optimal solid solution
treatment temperature is 480 °C for specimen I.

Figure 7 shows the optical microstructures of the
specimen I solution treated at 480 °C for various time. It

4.0
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Fig. 5 Area fraction of residual second phases in specimen I
solution treated at different temperatures for 1 h

can be seen that the second phases dissolved rapidly in
the first 90 min, as shown in Figs. 7(a)—(c).
Recrystallization was obvious after solution treatment for
120 min.

Figure 8 shows the effects of solution treatment
time on hardness, electrical conductivity and mechanical
properties of the alloy in T6 temper. It can be seen that
the solution time had a little effect on the hardness and
mechanical properties of the alloy. From Fig. 8(b) it
can be observed that the electrical conductivity
decreased gradually before a plateau is observed at
120 min. Considering the effect of solution time on the
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Fig. 7 Optical microstructures of specimen I solution treated at 480 °C for various time: (a) 30 min; (b) 60 min; (c) 90 min;
(d) 120 min
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Fig. 8 Effects of solution treatment time on hardness,

mechanical properties and electrical conductivity of specimen I:

(a) Hardness (T6 temper); (b) Electrical conductivity
(as-quenched); (c) Mechanical properties (T6 temper)

microstructure, the reasonable solution time is 90 min.
So, the optimal solid solution treatment is at 480 °C for
90 min for specimen I.

3.2.2 Specimen II (25 mmx25 mmXx2.5 mm)

Figures 9 and 10 show the influence of solution
treatment on the hardness and electrical conductivity of
specimen II, respectively. In Fig. 9(a), it can be seen that
the hardness reached the maximum value at after
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Fig. 9 Influence of solution temperature on hardness and

electrical conductivity of specimen II: (a) Hardness; (b)
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treatment 480 °C for 60 min. From Fig. 9(b), it can be
found that the conductivity decreased
continuously with the increase of solution temperature.
As shown in Fig. 10, the solution time had little
influence on the hardness and electrical conductivity.
These implied that the optimal solid solution treatment
for specimen II is at 480 °C for 30 min.

electrical

Typical DSC thermograms were obtained after
aging treatment and compared with the thermograms of
the alloy in as-rolled condition. Figure 11 shows that the
exothermic peak of eutectic phases around 490 °C shifts
downwards compared with that of the as-rolled plate,
which suggests that the dissolution of eutectic phases
took place. The peaks evolved in 100—300 °C showing
key dissolution and precipitation events are consistent
with other works [15—17]. The endothermic peak A
revealed the relevant reactions of the GP zones and #’
phases, which determines the strength of the alloy. It can
be found that the specimen II had a higher amount of
peak A than specimen I. The exothermic peaks B and C
correspond to the two main reactions of #' formation and
growth and # formation. It can be found that more GP
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Fig. 11 Effect of specimen size on DSC thermograms of alloy
(T6 temper for specimens I and II)

zones and #' phases formed in specimen II. These
indicate that solid solution supersaturation of specimen II
was higher than that of the specimen I, which is
consistent with the properties of the alloys.

It can be found that the small size specimen
underwent higher solution temperature and longer time
than the large specimen during the solution treatment.
Solution treatment is the key process of high strength
aluminum alloys, which makes the alloy elements go
back to the matrix to produce supersaturated solid
solution. The supersaturation of the solid solution can be
influenced by the solution temperature, holding time and
cooling rate. And the solution temperature is the
dominant factor. The supersaturation in the grains will
of the
temperature [18]. Thermodynamics analysis indicates

augment with the enhancement solution
that the driving force of precipitation is larger when the
solution elements increase. The effect of supersaturation
degree on the free energy of precipitation during the
aging treatment is shown in Fig. 12 [19]. G, and Gy in
Fig. 12 are the free energy—chemical curves of the
matrix and precipitates. When we improve the solution
temperature or prolong the solution time, the elements in
the matrix increase to C, from C,, which makes the
precipitation driving force of the f phases increase to
G,—G,'. It is obvious G,—G," is bigger than G|—G,.
From the nucleation theory, the critical radius of the
nucleation is inverse relation to the Gibbs free energy. So,
the higher the supersaturation degree, the lower the
Gibbs free energy of the system. The critical radius of
the nucleation becomes small and the nucleation rate will
be higher, which will produce abundant fine aging
precipitation to enhance the aging strengthening.

G

A ¢, G, G Co B

Fig. 12 Free energy change of precipitation under different
supersaturation condition [20]

But the grains grow with the augment of solution
temperature and time. Hall-Petch relationship is

o, =0+ kyd_l/2 (6)

where o is yield strength; d is mean grain size; k, and o;
are constants.
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The strength of the alloy decreases with the growing
of grains (d). Furthermore, overburning may happen at a
higher temperature, leading to the decrease of elongation.
Higher solution temperature and longer time without
overburning, recrystallization and growth of the grains
make the level of solid solution supersaturation higher.
So, the smaller size specimen will have higher level of
solid solution supersaturation. And more aging hardening
precipitates can precipitate during the aging treatment.
This is in accordance with the results of the DSC
7000
hardening alloys, whose properties are determined by the

analysis. series aluminum alloys are aging
coherent or semi-coherent precipitates formed during
aging treatment. So, it can be found that specimen II has
a higher HB hardness than specimen I when they are
treated with the same process. And the electrical
conductivity of specimen I (17.0 MS/m) is higher than
that of specimen II (16.5 MS/m) [20].

4 Conclusions

1) Temperature variation can be influenced by the
specimen size. The heating and cooling rates of the large
specimen I are less than those of the small specimen
when solution treated in the same furnace. Large size
specimens undergo low solution temperature and short
time.

2) The densities of GP zones and #' phases of small
specimen are higher than those of the large specimen,
which is consistent with the properties of the alloys.
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