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Abstract: The effects of sub-grain boundaries on the quenching sensitivity and the precipitation behavior in Al−7.01Zn−1.26Mg− 
1.43Cu alloy were investigated by an end-quenching test. Specimens were solution treated at 440 °C and 480 °C to get different 
recrystallization fractions, respectively. The results show that the maximum hardness value of the Al−Zn−Mg−Cu alloy can be 
improved by the sub-grain boundaries, but the depth of age-hardening layer decreases significantly. The precipitation temperature 
and the activation energy are reduced by the changes of surface energy, which is induced by sub-grain boundaries. So, the 
precipitation process from η′ phase to η phase becomes much easier. In this way, an increase in the number of sub-grain boundaries 
promotes the precipitation of MgZn2 particles, especially η′-MgZn2. 
Key words: Al−Zn−Mg−Cu alloy; recrystallization; grain boundary; precipitation; quenching 
                                                                                                             
 
 
1 Introduction 
 

Al−Zn−Mg−Cu alloys are widely used in aviation 
and aerospace industries owing to their desirable  
strength, toughness and corrosion resistance [1]. The 
preparation method of Al−Zn−Mg−Cu alloy moves 
toward high strength, high toughness, and low quenching 
sensitivity, such as AA7085 and AA7081 [2,3]. The 
quenching sensitivity, which is especially critical for 
thick plats or heavy forgings of Al−Zn−Mg−Cu alloys, 
leads to inhomogeneity and drop of properties [4]. For its 
practical importance, many attempts have been made to 
understand the mechanisms responsible for quenching 
sensitivity and to reduce it [5,6]. So far, the researches 
about the quenching processes were mainly focused on 
the efficient control of the microstructure of 
Al−Zn−Mg−Cu alloys. Many studies have been 
conducted on the precipitation behavior of MgZn2 [7,8] 
and on the efficient control of the microstructure [9,10] 
of Al−Zn−Mg−Cu alloys. Besides, the effects of 
compounds [11,12], quenching methods [13,14], and 
quenching medium [15] in quenching process have been 

studied and ascertained. 
Generally, recrystallization should be prevented 

during the preparation of Al−Zn−Mg−Cu alloys because 
coarse recrystallized grains may deteriorate the strength, 
crack toughness, and stress corrosion resistance of the 
prepared alloys [16]. However, except dispersoid 
particles, many researches show that quenching 
sensitivity is also associated with sub-grain boundaries 
[16,17]. Unfortunately, less attention has been paid to the 
effect of sub-grain boundaries on the quenching process. 

In the present study, specimens were solution 
treated at different temperatures to get different 
recrystallization fractions, respectively, and the effects of 
sub-grain boundaries on the quenching sensitivity and 
the precipitation behavior in an Al−Zn−Mg−Cu alloy 
during quenching were investigated by an end-quenching 
test. 
 
2 Experimental 
 

A thick plate with 118 mm in thickness was 
investigated. The composition of the experimental alloy 
was 7.04Zn, 1.26Mg, 1.43Cu, 0.07Zr (mass fraction, %) 
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with residual Al. Two bars with the dimensions of 40 
mm×40 mm×118 mm were cut from the plate. The bars 
were fabricated as special specimens for an end- 
quenching test. After solution treated at 440 °C and 480 
°C, respectively (noted as 440Q and 480Q), the 
specimens were quickly transferred to the end-quenching 
apparatus (less than 5 s), respectively, as shown in Fig. 1. 
The special specimen was griped vertically above a 
sprayer, which contacted a water pump. The sprayer 
sprayed water to the bottom of the specimen. The water 
gage was carefully controlled and the bottom of the 
specimen was fabricated a groove. In this way, the water 
would not be sprayed on the side of the specimen. At last, 
the quenched specimens were aged at 121 °C for 24 h. 
 

 
Fig. 1 Schematic diagram of the end-quenching apparatus 
 

The specimens were studied by optical 
metallography (OM) using an XJP−6A microscope. A 
corrosive agent composed of 1 mL of HF, 16 mL of 
HNO3, 3 g of CrO3, and 83 mL of distilled water (Graff 
Sergeant agent) was used. The NET2SCH−200 F3 
thermal analyzer was used for differential scanning 
calorimetry (DSC). Specimens were heated from room 
temperature to 475 °C with the heating rate of 5 °C/min. 
The Sirion 200 scanning electron microscope (SEM) was 
used to obtain the electron back scatter diffraction 
(EBSD) images. Experimental results of EBSD were 
analyzed by TSL OIM Analysis 5. The Vickers hardness 
tests were performed by applying 29.4 N load on the 
rolled surface of the specimen for 15 s. 
 
3 Results and analysis 
 
3.1 Inhomogeneity in microstructure and mechanical 

property 
The OM images at different distances from the 

quenched surface of 440Q and 480Q samples are shown 
in Fig. 2. First of all, the specimen solution treated at 
higher temperature exhibited much higher 
recrystallization fraction. Specimens were etched by 
Graff Sergeant agent, which could etch MgZn2 particles 

on grain and at sub-grain boundaries. Thus, grains filled 
with boundaries with low misorientation angles (<15°) 
appeared as a dark color, which could be identified as 
unrecrystallized ones. On the contrary, the grains of 
white color could be identified as recrystallized ones. 
Simply from the statistics of 10 OM images, the 
recrystallization fraction of 440Q sample was 23% and 
480Q sample was 54%. 

Moreover, we can find that the cooling rate had 
great influence on the precipitation of the second phase 
particles, which precipitated at grain boundaries and was 
etched easily. At the bottom of the specimens, on which 
water was sprayed directly, there were no visual second 
particles on the OM images. Both grain boundaries and 
grain areas are clear and we could not distinguish 
sub-grains from matrix. At the middle of the specimens, 
MgZn2 particles were precipitated at sub-grain 
boundaries because of slower cooling rate, leading to a 
clear vision of sub-grain boundaries on the OM images. 
On the top of the specimens where had the slowest 
cooling rate, the dark color areas were darker. Besides, 
some second phase particles within grains can be seen in 
OM images. All phenomena expressed that these 
particles grew larger and precipitated more sufficient. 

As shown in Fig. 3, the EBSD maps of the two 
specimens are highly identical with the OM images  
(Fig. 2). The 440Q sample basically kept the banded 
structure which formed during deformation (Fig. 3(a)). 
Within the elongated grains, there were a large amount of 
sub-grains. The 480Q sample, on the other hand, has 
some coarse recrystallized grains (Fig. 3(b)). These 
recrystallized grains were very clear, and there was no 
sub-grain boundary within them. Figure 3(c) shows a 
chart of grain boundary distributions of the two kinds of 
samples. It can be seen that the 440Q sample has much 
more grain boundaries under 15°. 

Figure 4 shows the aging hardness and hardness 
retention values curves of the end-quenched samples. At 
the bottom of end-quenched specimens, the hardness was 
very high (Fig. 4(a)). This is because with high cooling 
rate, solid solubility is adequate, leading to better aging 
strengthening. The hardness became lower when the 
distance from bottom became larger, because course 
second phase particles precipitated during quenching 
may deteriorate the mechanical properties of alloys. It is 
apparent that the hardness of 440Q sample decreased 
faster than that of 480Q sample. In order to 
quantitatively describe effect of recrystallization on 
quenching sensitivity, the curves of hardness retention 
value vs depth are shown in Fig. 4(b). The hardness of 
440Q sample decreased more than 10% while 480Q 
sample decreased around 5% from the bottom to the top 
of specimen. It can be known that, although the 
maximum hardness of 440Q sample is higher than 480Q  
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Fig. 2 OM images of different distances from quenched surface of 440Q and 480Q samples: (a) 440Q, surface; (b) 480Q, surface;  
(c) 440Q, 50 mm; (d) 480Q, 50 mm; (e) 440Q, 100 mm; (f) 480Q, 100 mm 
 

 
Fig. 3 EBSD maps of 440Q (a) and 480Q (b) specimens and 
grain boundaries distributions of two specimens (c) 

sample (Fig. 4(a)), the hardening depths of the 480Q 
sample are apparently greater than the 440Q sample, as 
shown in Fig. 4(b). Thus, it suggests that the 
recrystallization can improve the hardenability. 
 
3.2 Precipitation behavior 

Figure 5 shows the DSC curves of 440Q and 480Q 
samples during cooling. Both the two curves exhibited 
two reactions, which were noted as I and II. 
Temperatures corresponding to the exothermic peaks in 
Fig. 5 are listed in Table 1. In line with former reports, 
exothermic reaction I represents the formation of 
η′-MgZn2; exothermic reaction II represents the 
transformation of η′-MgZn2 to η-MgZn2. It can be seen 
that both η′-MgZn2 and η-MgZn2 precipitate earlier in 
440Q sample than that in 480Q sample. Combined above 
results and discussion, we deem that the surface energy 
induced by sub-grain boundaries reduces the activation 
energy of precipitation of η′-MgZn2 to η-MgZn2, making 
η′-MgZn2 to η-MgZn2 precipitate more easily. 

In general, the decomposition of supersaturated 
solid solution mainly depends on the fluctuations of 
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Fig. 4 Hardness curves of 440Q and 480 samples: (a) Vickers 
hardness; (b) Hardness retention  
 

 
Fig. 5 DSC curves of 440Q and 480Q samples during cooling 
 
Table 1 Temperatures corresponding to exothermic peaks in 
Fig. 5  

Temperature/°C 
Sample 

I II 

440Q 368 324 

480Q 359 322 

energy and microstructure. The sub-grain boundary, 
which increases the microstructure fluctuations, is 
conducive to the nucleation. GP zones are considered to 
be of two types: GP I and GP II. GP I is an unstable 
phase and may dissolve into the matrix or directly 
transform to η′-MgZn2 with an increase in the 
temperature [18]. On the contrary, GP II is relatively 
stable and may directly transform to η′-MgZn2 or remain 
during heating [19]. The formation of both GP zones and 
η′-MgZn2 phase needs a nucleation stage, but the 
transformation of η′-MgZn2 to η-MgZn2 is a type of 
allotropic transformation which has no nucleation stage. 
It can be inferred that the formation of GP zones and 
η′-MgZn2 was severely affected by the sub-grain 
boundaries while η-MgZn2 was mainly affected by the 
energy fluctuations offered by heating. 

Figure 6 shows the TEM images and selected-area 
electron diffraction (SAED) patterns of the two kinds of 
samples (cut from the center) aged at 121 °C for 24 h. In 
the 440Q sample, a large number of sub-grain boundaries 
exist in the matrix. The η′-MgZn2 particles preferentially 
nucleate and precipitate along the sub-grain boundaries, 
as shown in Fig. 6(a). In the 480Q sample, the volume 
fraction of sub-grain boundaries is very low, most     
of η′-MgZn2 nucleated in grain relying on the energy  
 

 
Fig. 6 TEM images of center samples in 440Q (a) and 480Q (b) 
aged at 121 °C for 24 h 
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fluctuations, as shown in Fig. 6(b). The observed 
microstructure corresponds to the above analysis. 
 
4 Conclusions 
 

1) The maximum hardness value of the 
Al−Zn−Mg−Cu alloy can be improved by the sub-grains, 
but the depth of age hardening layer decreases 
significantly. 

2) As the sub-grain boundaries increases, the 
driving force of η′-MgZn2 precipitation decreases, and 
the precipitation peak temperature rises. 

3) With a large number of sub-grain boundaries, the 
η′-MgZn2 particles preferentially nucleate and precipitate 
along the sub-grain boundaries. Conversely, most of 
η′-MgZn2 nucleated in grain relying on the energy 
fluctuations in the recrystallized grains. 
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摘  要：通过末端淬火试验研究了亚晶界对 Al−7.01Zn−1.26Mg−1.43Cu 合金淬火过程中的淬透性和第二相析出行

为的影响。两组试样分别在 440 °C 和 480 °C 温度下固溶处理，以获得不同的再结晶分数。结果表明，亚晶界能

够增大合金最大硬度值，但会明显降低淬透层深度。由于亚晶界的增加而引起的表面能的变化降低了相变激活能，

故能够促进 η′相的形成及向 η相的转变。 

关键词：Al−Zn−Mg−Cu 合金；再结晶；晶界；析出相；淬火 
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