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Abstract: The evolution of microstructure and properties of Al-5.87Zn—2.07Mg—2.42Cu alloys during non-isothermal
aging was studied. The mechanical properties of the alloy were tested by stretching at room temperature. The results
show that in the non-isothermal aging process, when the alloy is cooled to 140 °C, the ultimate tensile strength of the
alloy reaches a maximum value of 582 MPa and the elongation is 11.9%. The microstructure was tested through a
transmission electron microscope, and the experimental results show that the GP zones and 7' phases are the main
strengthening precipitates. At the cooling stage, when the temperature dropped to 180 °C, the GP zones were
precipitated again. Besides, the experimental results show that the main strengthening phase during non-isothermal

aging is #' phases.
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1 Introduction

Al-Zn—Mg—Cu alloy has been widely used in
transportation and aerospace due to its low density,
high specific strength and good plastic processing
performance [1—4]. As one of the important applied
materials in the aerospace industry, the
comprehensive performance of Al-Zn—Mg—Cu
alloy will face major challenges. In order to keep up
with the development of aerospace, transportation
and military technology, high strength, high
toughness and good corrosion resistance are the
development trends and important research
directions of the Al-Zn—Mg—Cu alloy. These
properties depend on the state of the structure,
including not only the grain morphology, grain size
and grain boundary configuration, but also the type,
morphology, size, quantity and distribution of
precipitates. As a heat-treatable and strengthened

aluminum alloy, the heat treatment process system
is directly related to the structure of the alloy,
thereby affecting the comprehensive performance
of the material. Therefore, it is of great significance
to continuously study the heat treatment process of
aluminum alloys and to control the microstructure
by improving the heat treatment system.

The main strengthening mode of the Al-
Zn—Mg—Cu alloy is precipitation strengthening, and
the strengthening effect depends on the type, size,
quantity and distribution of precipitates. For these
heat-treated alloys, aging treatment plays an
important role in improving the strength and
corrosion properties. Therefore, many aging
systems have been exploited to improve the
comprehensive performance of the alloy [5,6]. At
present, peak-aging (T6), over-aging (T7X) and
regression—re-aging (RRA) have been widely used
in 7xxx Al alloys [7]. Traditional T6 alloys have
high strength but low corrosion resistance [8]. T7X
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alloys sacrifice some of the strength while
improving corrosion resistance [9]. RRA alloys
have a high comprehensive performance, but
short-term high temperature regression treatment
limits their use on large components [10]. The
non-isothermal aging (NIA) system is a new aging
process that can effectively regulate the
precipitation behavior of the second phase by
adjusting parameters such as temperature and
heating velocity during the non-isothermal heating
process. Recent studies have shown that NIA
treatment of large components can simultaneously
achieve high mechanical properties and superior
corrosion performance. JIANG et al [11] studied the
effect of NIA on the properties and corrosion
behavior of Al-Zn—Mg—Cu alloy. It was found that
proper reduction of the cooling rate can effectively
improve the corrosion resistance of alloy, but the
alloy strength declines obviously. LIU et al [12]
studied the effect of repeated NIA treatment on the
microstructure and properties of Al-Zn—Mg—Cu
alloy. It was found that after repeated NIA
treatment, the corrosion resistance was improved
and the strength did not decrease significantly.
PENG et al [13] studied the precipitation behavior
of Al-Zn—Mg—Cu alloy during NIA. It was found
that the size and volume fraction of precipitates
increased with the increase of aging temperature.

However, in different non-isothermal aging
systems, the precipitation type, precipitation order
and size of Al-Zn—Mg—Cu alloy strengthening
phases may be different, and thus the strengthening
effect of the alloy is also different. Therefore, in this
work, the changes in structure and properties of
Al-Zn—Mg—Cu alloy were mainly studied during
NIA.

2 Experimental

The material used in this work was taken from
the forging engine connecting rod on the aircraft, as
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shown in Figs. 1(a). The sampling position and
sample size are shown in Figs. 1(b) and (c),
respectively. The alloy composition is Al—5.87Zn—
2.07Mg—2.42Cu—0.1Mn—0.10Zr—0.11Fe—0.16Si
(wt.%). Schematic diagram of heat treatment of the
experimental sample is shown in Fig. 2. The sample
was first subjected to solution treatment at 475 °C,
1h and directly subjected to water quenching.
During the NIA, the sample was first heated from
100 to 190 °C at a heating rate of 20 °C/h, and then
reduced to 100 °C at a rate of 40 °C/h. The heating
and cooling rates are adjusted by the power knob on
the aging resistance furnace. When a sample was
taken out every 10 °C, water cooled quickly. When
the sample was heated or cooled to the target
temperature, the sample was named HX or CX (for
example, when the sample is heated to 120 °C, it is
named H120, as shown in Fig.2). The room
temperature tensile test was carried out on an MTS
810 test machine at a stretching rate of 2 mm/min,
and the experimental results were the average of
three parallel samples. G2F20 transmission electron
microscope (TEM), operating at 200 kV, was used
to observe the evolution of microstructure. The
TEM sample was mechanically thinned to less than
80 um and then electropolished in 75% methanol
and 25% nitric acid solution at temperatures
between —30 and —20 °C. In addition, the size of
precipitates was acquired by the Image-pro Plus
software and the average size was counted among
100 precipitates.

3 Results

3.1 Mechanical properties

Figure 3 shows the strength and elongation
distribution of the Al-Zn—Mg—Cu alloy during the
NIA. It can be clearly seen that at the heating stage,
the yield strength (YS) and ultimate tensile strength
(UTS) of the alloy gradually increase and the
elongation rate drops from 19.3% to 15.5% as the
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Fig. 1 Alloy sampling diagrams: (a) Original part drawing; (b) Sampling position diagram; (c) Tensile test diagram
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475°C, 1h

Temperature/°C

Water quenching

Time/h
Fig. 2 Schematic diagram of heat treatment during
non-isothermal aging

temperature increases. When the temperature rises
to 190 °C, the UTS and YS of the alloy are
enhanced to 570 and 501 MPa, respectively. During
the cooling stage, the strength of the alloy shows a
downward trend. When the temperature declines to
180 °C, the strength drops by 5 MPa. As the aging

temperature continues to decrease, the strength
begins to rise again. When the temperature drops to
140 °C, the alloy strength reaches the maximum,
which is 582 MPa and the elongation reaches a
minimum of 11.9%. As the temperature decreases
further, the alloy strength shows a downward trend
once again.

3.2 Microstructures

Figures 4 and 5 show the precipitate
distribution and size of Al-Zn—Mg—Cu alloy after
the NIA. It can be clearly seen that in the process of
NIA, the precipitates are dispersed in the matrix.
When the temperature rises to 140 °C, the size of
precipitates, which is approximately 3.5 nm (Fig. 5),
is significantly smaller than that of the precipitates
in other conditions, and the density of the
precipitates is also lower. When the temperature
rises to 180 °C, precipitates of the alloy have
grown apparently, reaching a maximum of 7.5 nm
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Fig. 3 Mechanical properties of strength (a) and elongation (b) of Al-Zn—Mg—Cu alloy after NIA treatment
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Fig. 4 Distribution of precipitates of Al— Zn—Mg—Cu alloy at different stages after NIA treatment: (a) H140; (b) H180;

(c) C180; (d) C140

and the average size of precipitates is 5.6 nm
(Fig. 5(b)). At the cooling stage, when the
temperature drops to 180 °C, the density of the
precipitates decreases significantly, and the
large-scale precipitates and some fine precipitates
can be clearly observed, as shown in Fig. 4(c). The
maximum precipitates size can reach 13.5nm,
while the minimum precipitates size is only 1.9 nm,
and the average size is 6.2 nm (Fig. 5(c)). When the
aging temperature continues to drop to 140 °C, it
can be clearly seen that the previous fine
precipitates have grown up, the smallest size also
reached 3.9 nm, and the average size reached
6.8 nm.

Figure 6 shows the selected-area diffraction
patterns (SADPs) of Al-Zn—Mg—Cu alloy at
different stages after NIA treatment. It can be seen
from Fig. 6 that when the alloy is heated to 140 °C,
the main precipitates are GP zones. When the

temperature rises to 180 °C, precipitates grow
obviously, as shown in Fig. 5(b), which are mainly
n' phases (Fig. 6(b)). At the cooling stage, when the
temperature decreases to 180 °C, two kinds of
precipitates with completely different sizes are
obviously precipitated in the alloy (Fig. 5(c)),
which are mainly GP zones and #' phases, as shown
in Fig. 6(c). When the alloy continues cooling down
to the C140 state, fine precipitates in the C180 state
grow up, and main precipitates in the alloy are #’
phases (Fig. 6(d)).

Figure 7 shows the grain boundary precipitates
distribution of Al-Zn—Mg—Cu alloy after the NIA
treatment. It can be clearly seen that the grain
boundary precipitates (GBPs) of the H140 alloy are
fine and continuous. As the aging temperature
continues rising to 180 °C, it can be seen from
Fig. 7(b) that the grain boundary precipitates
grow significantly, but they remain continuously
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Fig. 5 Sizes of precipitates of Al-Zn—Mg—Cu alloy at different stages after NIA treatment: (a) H140; (b) H180;

(c) C180; (d) C140

distributed. However, for the C180 alloy, a clear
precipitate-free zone (PFZ) can be observed, the
PFZ width reaches 21.9 nm, and the grain boundary
precipitates spread discontinuously. When the
temperature continues dropping to 140 °C, PFZ
disappears while the grain boundary precipitates
become continuous again and the precipitates are
coarser.

4 Discussion

4.1 Effect of NIA treatment on precipitates

In general, the precipitation sequence of the
precipitates of 7xxx aluminum alloy follows this
order [13—15]: a-supersaturated solid solution —
GP zones — ' — 5 (MgZn,). Compared with the
traditional aging heat treatment, the NIA treatment
is significantly different. During the aging process,

the influencing factors such as the nucleation
driving force, the element’s diffusion energy, and
the nucleation critical condition will change
significantly at different stages of aging [16].
Therefore, the precipitation process of multiple
precipitates may be activated simultaneously during
NIA [17]. Among them, the driving force (Ag) for
precipitation of the alloy at a certain stage in the
aging process can be described as [18]

Agz—k—Tln(; J (1)
A%

at eq

where v, is the atomic volume of the precipitate
(considered as constant for all samples), k is the
Boltzmann’s constant, 7 is the thermodynamic
temperature, Coq 1is the equilibrium solute
concentration of the matrix, and C is the current
solute concentration of the matrix.
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Fig. 6 SADPs of Al-Zn—Mg—Cau alloy at different stages after NIA treatment: (a) H140; (b) H180; (c) C180; (d) C140

Not only the nucleation and growth of
precipitate relies on the Ag, but also the critical
nucleation radius of the precipitate will determine
whether the precipitate can grow up. The critical
nucleation radius (R") can be described as [18]

R 2yv, @)
kTIn(C/Cy,)

where y is the interfacial energy between precipitate

and matrix.

According to the model proposed
previously [18], the evolution of precipitates during
the aging process depends on the size of
precipitates relative to the R'. The precipitates
whose radius larger than the R* will grow up,
otherwise, they will dissolve. This theory is also
suitable for the evolution of precipitates during
NIA[19].

In this work, the temperature is constantly
changing during the entire aging process, and this

will directly affect the Ag of the alloy, and thus
affect the nucleation process of precipitates. With
the increase of the aging temperature, the Ag
gradually increases, and the precipitates are more
easily precipitated in the matrix. In addition, the
growth of precipitates is also closely related to the
R’. As the aging temperature increases, the R’
gradually expands. In the non-isothermal aging
process, when the temperature rises from 100 to
140 °C, the Zn and Mg atoms in the alloy segregate
to form GP zones. Although the aging temperature
is relatively low and the time is approximately
short, due to the low nucleation barrier at the grain
boundary, small continuous precipitates can be
clearly observed at the grain boundary (Figs. 4(a)
and 6(a)). With the increase of temperature, the Ag
increases, the nucleation sites of the precipitates in
the crystal increase, and the existing precipitates
grow up at the same time, and the density and
volume fraction of the precipitates are greatly
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(a) H140; (b) H180; (c) C180; (d) C140

increased. The precipitates in the matrix are mainly
n' phase (Fig. 6(b)). The GBPs at the grain
boundaries grow faster and are continuously
distributed, but PFZ has not yet appeared near
them. During the temperature rising period, the size
of precipitates grew from an average of 3.5 nm
(H140) to 5.6nm (H180). The temperature
continued increasing to 190 °C and then dropping
to 180 °C. Since the alloy has experienced high
temperature, the precipitates smaller than R in the
alloy are dissolved and those larger than R" grow
and coarsen, and the density of the precipitates
decreases. Due to the short aging time at the high
temperature stage, the intracrystalline precipitates
are dominated by the larger #' phases. The growth
rate of GBPs accelerates, and the adjacent fine
precipitates dissolve, forming a poor zone of solute
atoms near the grain boundary, namely PFZ
(Fig. 7(c)). At the cooling stage, due to the decrease

in temperature, the Ag is relatively small, and R’
decreases. At this time, there are obviously fine
precipitates in the alloy, and the minimum size
reaches 1.9 nm. However, because the entire aging
process is a continuous process, the size of
precipitates that grow up during the heating phase is
larger than R", and they will not dissolve back into
the matrix as the aging temperature decreases, so
the average size of overall precipitates still reaches
6.2nm (C180). With the further decrease of the
aging temperature to 140 °C, the growth rate of the
large size #n' phase slows down, so that the
coarsening rate is controlled, driving new fine
phases to nucleate and precipitate continuously, but
the GBPs still coarsen and arrange intermittently.
During the cooling process, the solubility of solute
atoms in the PFZ region also decreases, and the
secondary precipitates move from the boundary
between the matrix and PFZ to the grain boundary,
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so PFZ becomes narrower or even disappears. Since
the temperature is still higher than the peak aging
temperature of the 7xxx aluminum alloy, fine
precipitates of the secondary precipitation still grow
up, as shown in Fig. 4(d), the average size of
precipitate reaches 6.8 nm (C140).

4.2 Effect of precipitation on mechanical

properties of alloys

The strengthening mechanism of Al-Zn—-Mg—
Cu alloy is mainly precipitation strengthening,
which is mainly composed of the shearing
mechanism and the Orowan strengthening
mechanism. The shearing mechanism is a kind of
mechanism that increases the strength of the alloy
by dislocation shearing the second phase [20].
Orowan strengthening means that when the size of
the precipitated phase reaches a certain level,
dislocations can only bypass the second phase,
thereby increasing the strength of the alloy to a
certain extent [21]. In this study, the strengthening
mechanism of the alloy is mainly based on the
shearing mechanism due to the smaller size of
precipitates. For those precipitates of smaller size,
which will hinder the movement of dislocations, but
dislocations can pass them by shearing, thus
improving the alloy strength Ac,, which can be
expressed as [22]

AO’A:C1fmd 4 (3)

where fis the volume fraction of the precipitates, d
is the diameter, and c,, m, and n are regarded as
constants.

As the aging temperature increases,
precipitates become coarser gradually and
dislocations can only bypass them. Then, the alloy
strength Aog is given as [23]

Aoy=cof d ! 4)

where ¢, is a constant. In this case, as the size of the
precipitates increases, the strength decreases.
Therefore, the competition between the sizes
of the precipitated phases determines the properties
of the alloy. By rationally adjusting the aging
temperature, the size of the precipitates can be
effectively controlled, and finally the alloy
properties are improved. As shown in Figs. 4 and 5,
during the aging temperature increasing stage, when
the aging temperature increases from 140 to 180 °C,
the precipitates are significantly coarsened, and the
average size increases from 3.5 to 5.6 nm. When the

temperature further increases to 190 °C, in order not
to further coarsen the precipitates, a reasonable
choice of temperature reduction can effectively
control the size of the precipitates, thereby
maintaining the performance of alloy at a certain
level. As shown in Fig. 5(a), when the alloy is aged
at 140 °C, the maximum size of precipitates is
5.5nm. At this time, precipitates can effectively
hinder the movement of dislocations, cutting the
dislocations through the precipitated phase,
requiring a certain amount of stress, which
improves the alloy properties. When the aging
temperature further increases to 180 °C, the
precipitates grow significantly, the maximum size
reaches 7.5 nm, and the minimum size is 2.6 nm,
but the average precipitates size is only 5.6 nm,
indicating that the strengthening mechanism of the
alloy at this time is mainly the shearing mechanism.

At the cooling stage, when the temperature
decreases to 180 °C, it can be seen from Fig. 4 and
Fig. 6(c) that there are small-sized GP zones inside
the alloy. The minimum size of precipitates reaches
1.9 nm, and the average size is 6.2 nm. At this
moment, dislocations are still dominated by cuts.
However, when dislocations are cut through
secondary precipitated GP zones, the required stress
is small, so the alloy properties are reduced, as
shown in Fig.3. When the aging temperature
further decreases to 140 °C, the original secondary
precipitated GP zones grow into #' phases. At this
time, the minimum precipitates size is 3.9 nm, and
the average is 6.8 nm. In addition, it can be seen
from Figs. 4(c) and (d) that when the temperature
drops to 140 °C, the precipitated phase density
increases significantly. Furthermore, it can be
seen from Fig. 5(d) that the size distribution of
the precipitated phases is mainly small-sized
precipitated phases, so the strength of the alloy
reaches the maximum at this time.

5 Conclusions

(1) During NIA treatment, the GP zones and #’
phases are the main strengthening precipitates. At
the cooling stage, when the temperature drops to
180 °C, the GP zones are precipitated again.

(2) Due to the maximum temperature control,
the alloy precipitated phases are mainly small-sized
n' phases. Therefore, the strengthening mechanism
of Al-Zn—Mg—Cu alloy after NIA is still mainly
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precipitation strengthening.

(3) In the non-isothermal aging process, when

the alloy is cooled to 140 °C, the UTS of the alloy
reaches a maximum value of 582 MPa and the
elongation is 11.9%.
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# E: BT Al-5.87Zn-2.07Mg-2.42Cu & & /E ARSI o A th HUNPERERI AR AL, i S i hr L i & &
15 . G RFRA, EARSRIRA BO e, BEER ] 140 °C I, & S RHTHL R B L 3 i K AH (582 MPa),
PRI ER Y 11.9%. BEAh, JEIEE S BT B & R A ST IS, WEEEE RRW] GP XM p'fl 2 &
S E R A, HE SRR 180 °C I, GP XA UMt . thAh, Zid ARSEIR I RA B ) & 4 1 3 2
SEACARATS N A
KA Al-Zn-Mg—Cu & AFFHRN G oM JI22rERE
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