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Abstract: A balance between strength and corrosion resistance in 7xxx series aluminum (Al) alloys is difficult to achieve 
because of their diverse secondary phases. In this study, the Al−5Zn binary alloy was selected as a simplified 
representative of the 7xxx series Al alloys, and four distinct equal-channel angular pressing (ECAP) passes of 4, 8, 12, 
and 16 were used to adjust the Zn phase and dislocation distribution in the alloy. The corrosion behavior and mechanical 
properties of the alloy were evaluated by performing electrochemical and tensile tests as well as optical microscopy, 
scanning electron microscopy, and transmission electron microscopy. The results indicate that the Al−5Zn alloy exhibits 
the highest polarization resistance value and the lowest corrosion current density after 16 ECAP passes. Additionally, its 
overall mechanical properties with ultimate tensile strength of 224 MPa, yield strength of 199 MPa, and elongation of 
21.3% are excellent. The fragmentation and uniform distribution of the Zn phase as well as the even distribution of 
dislocations contribute to exceptional corrosion resistance and mechanical properties. 
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1 Introduction 
 

The 7xxx series (Al−Zn−Mg−Cu) aluminum 
(Al) alloys are promising light-metal alloys for 
offshore applications because of their superior 
specific strength and corrosion resistance [1]. Their 
mechanical properties can be improved by adding 
elements (Zr, Sc, Ag, etc.) to the primary alloy 
elements (Zn, Mg, and Cu) to generate various 
reinforcing phases [2−5]. However, in a maritime 
environment, the reinforcing phases form numerous 
corrosion cells within the Al matrix, resulting      
in a severe reduction in corrosion resistance [6,7]. 

Therefore, it is crucial to overcome the tradeoff 
between the strength and the corrosion resistance of 
the 7xxx series Al alloys. 

Over the past two decades, equal-channel 
angular pressing (ECAP) has been widely used to 
enhance the mechanical properties of 7xxx series  
Al alloys by altering their microstructure (i.e. 
refining grains, starting dislocations, and controlling 
secondary phases) [8−10]. In numerous studies, it 
has been reported that the strengthening of alloys 
consistently causes a decrease in their corrosion 
resistance [11,12]. This is attributed to the following 
reasons: (1) Fine-grained Al alloys have more 
susceptible corrosion sites after applying the ECAP  
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compared with coarse-grained Al alloys [13].     
(2) ECAP introduces a large number of tangled 
dislocations in the alloys, which are the preferential 
corrosion sites due to stress concentration [14].    
(3) The secondary phases (such as MgZn2, CuMgAl2, 
etc.) precipitate during the ECAP process and form 
numerous corrosion microcells with the Al matrix 
[15−17]. However, some alternative theories have 
been proposed. For example, LI et al [18] developed 
an ultrafine grain structure of the Al−Zn−Mg−Cu 
alloy by employing a combined deformation process 
involving ECAP and post-cold rolling (CR); their 
results showed that a rolling deformation in the 
20%−40% range causes a decrease in the grain size 
from 0.931 to 0.501 μm and an enhancement in the 
alloy corrosion resistance. This is attributed to the 
grain refinement treatment, which increases the area 
fraction of the grain boundary and expedites the 
production of the passivation film by increasing its 
thickness and density; as a result, the corrosion 
resistance of the deformed alloy is improved [19]. 
Additionally, it has been reported that ECAP affects 
the characteristics of secondary phases, thereby 
improving the corrosion resistance of Al alloys [20]. 
QUARTIERMEISTER et al [21] reported an 
enhancement in the AA1015 Al alloy corrosion 
resistance by increasing the number of ECAP passes 
to 8; this was attributed to the decrease in the size  
of the secondary phase. By reducing the pitting 
sensitivity and inhibiting the overall microgalvanic 
reaction, the fine secondary phase particles can 
improve the alloy corrosion resistance [22,23]. 

In summary, the combined effect of various 
secondary phases primarily determines the impact of 
ECAP on the corrosion resistance of Al alloys. 
However, the impact of individual secondary phases 
on the corrosion resistance of 7xxx series Al alloys, 
and the underlying mechanisms, have received little 
attention. The micron-sized and nano-sized Zn 
phases exhibit similar behavior to the micron-sized 
MgZn₂ and nano-sized η phases, respectively, 
serving as initial corrosion sites in Al alloys [24]. In 
this study, we employed the Al−5Zn binary alloy as 
a simple approximation of the Al−Zn−Mg alloys. We 
applied four distinct ECAP passes (4, 8, 12, and 16 
passes) to control the Zn phase and dislocations. By 
examining the size and distribution effects of the Zn 
phase on the corrosion behavior of the Al−5Zn alloy 

and their mechanisms, a deep understanding of the 
impact of the MgZn₂ phase on the corrosion 
resistance of 7xxx series alloys was obtained. By 
controlling the morphology of the secondary phases 
and the distribution of dislocations, an optimal 
combination of mechanical properties and corrosion 
resistance was also achieved. 
 
2 Experimental 
 
2.1 Sample preparation 

Industrial pure Al and Al−65wt.%Zn alloy were 
the raw materials for preparing Al−5Zn alloy, while 
C2Cl6 was the refined agent. The targeted alloy was 
smelted in a vacuum static furnace [25], which was 
used to evacuate the melting for 30 min to degas after 
all the smelting processes (including adding 
intermediate alloys, refining, etc.) were completed. 
The actual chemical composition of the alloy is 
shown in Table 1. The Al−5Zn alloy ingot was 
marked as “as-cast”. The as-cast Al−5Zn alloy was 
dissolved at 470 °C for 4 h, marked as “as-ss”. The 
as-ss Al−5Zn alloy cut into 45 mm × 19.5 mm × 
19.5 mm experienced different passes of ECAP (4, 8, 
12, and 16 passes) at room temperature. The ECAP 
extrusion process is depicted in Fig. 1. 
 
Table 1 Actual composition of Al−5Zn alloy (wt.%) 

Zn Cu Fe Si Al 

5.58 0.01 0.145 0.07 Bal. 

 

 
Fig. 1 Schematic diagrams of ECAP extrusion process:  
(a) Single pass ECAP; (b) Rotation sample 
 
2.2 Microstructure characterization 

The microstructures were characterized by an 
optical microscope (OM, Olympus BX51 M), a 
Hitachi S3400 N scanning electron microscope (SEM) 
equipped with an energy dispersive spectroscope 
(EDS) and an electron back-scattered diffraction 
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(EBSD)), and an FEI Tecnai G2 T20 transmission 
electron microscope (TEM). 

The samples for OM and SEM observation 
were prepared by the following process: The alloy 
sheets under different conditions were ground using 
SiC sandpapers with grit ranging from 180# to 2000#, 
cleaned in alcohol, polished using a 3.5 μm diamond, 
and then dried in cold air. The metallographic 
erosion solution was 1.5 vol.% HCl + 2.5 vol.% 
HNO3 + 1 vol.% HF + 95 vol.% H2O. About 30 s 
passed during the erosion process. Prior to the EBSD 
test, the samples were electrolytically polished in 
10 vol.% HClO4 solution at 0 °C for 120 s with a 
voltage of 25 V and a current of 0.4−0.5 A. The 
EBSD data were analyzed and processed by Channel 
5 software. 

The samples used in TEM observation were 
ground with SiC sandpapers to a thickness of about 
70 µm. They were then ion-thinned using the Gatan 
PIPS II 695 instrument after being stamped into discs 
with a diameter of 3 mm. 
 
2.3 Corrosion resistance and mechanical properties 

tests 
The electrochemical performance tests were 

carried out at the CHE660 electrochemical work- 
station using a conventional three-electrode system 
in a 3.5 wt.% NaCl solution. The working electrode 
(with a working area of 1 cm2) was the sample to be 
evaluated, the reference electrode was a saturated 
calomel electrode (SCE), and the counter electrode 
was a platinum electrode. Each sample was tested for 
open circuit potential (OCP), alternating current 
impedance, and dynamic polarization potential. The 
OCP scanning time was 1 h, the frequency range   
of the electrochemical impedance spectroscopy  
(EIS) was 10 mHz−10 kHz, and the perturbation 
amplitude was 10 mV. The potentiodynamic 
polarization (PDP) curves were measured from a 
position 0.25 V lower than the OCP to the positive 
direction at a scanning rate of 0.5 mV/s. The 
scanning was terminated when the breakdown 
voltage reached from −2 to −3 V. The surface 
corrosion morphology was examined using an OM. 

The corrosion immersion experiment was 
carried out in a 3.5 wt.% NaCl solution at 25 °C for 
7 d. Following the immersion, the depth of the 
corrosion pits on the samples was examined using an 
OM. 

Tensile tests were conducted on the samples  
at room temperature using a Suns-UTM4294X 
machine at a speed of 0.5 mm/min. The dimensions 
of the dog-bone specimens were 6 mm × 2 mm × 
2 mm [26]. 
 
3 Results 
 
3.1 Surface morphologies of ECAPed Al−5Zn 

alloys 
The microstructures of the as-cast and as-ss 

Al−5Zn samples observed using OM and SEM are 
shown in Fig. 2. The as-cast sample shown in 
Figs. 2(a, b) consists of an equiaxed Al matrix and 
coarse secondary phases, which extend along the 
grain edges. Figures 2(c, d) show that the grain 
boundaries of the as-ss sample become fuzzy 
compared with those of the as-cast sample, and the 
solid solution leads to fine secondary phases. The 
EDS analysis indicates that the secondary phases 
correspond to the Zn phases (Figs. 2(e, f)). 

Figure 3 shows OM and SEM micrographs   
of the samples after different ECAP passes. 
Figures 3(a, b) show that after 4 passes, the grains 
are elongated, and the Zn phases are fragmented 
along the extrusion direction (ED). Figures 3(c, d) 
show that after 8 passes, the width of the elongated 
grains decreases, and there are less obvious changes 
in the Zn phases. Compared with that of 4 passes 
(~6 μm) and 8 passes (~4 μm), the length of the Zn 
phase is reduced to 2 μm, and its size is drastically 
reduced after 12 and 16 passes. Additionally, 
Figs. 3(f, h) show a more uniform distribution of the 
Zn phases. Therefore, by increasing the number of 
ECAP passes, the Zn phase is finely fragmented and 
uniformly distributed along the shearing direction. 
Furthermore, the shape of the secondary phase 
progressively shifts from a rod to a sphere. 

Figures 4 and 5 show the EBSD analysis results 
of the Al−5Zn alloy, which was processed over a 
range of ECAP passes. The ECAPed samples are 
dominated by strip grains, which change in width as 
the number of passes increases. The strip grains are 
relatively wide after 4 passes. In contrast, their width 
decreases after 8 and 12 passes. However, with further 
deformation to 16 passes, the grain width increases 
again. After 4 passes, the average grain size is 3.3 μm 
(Fig. 5(a)). The subgrain boundaries inside the strip 
grains grow into new grain boundaries due to ECAP, 
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Fig. 2 Surface morphologies of Al−5Zn alloys observed by OM (a, c) and SEM (b, d) and their EDS data (e, c):         
(a, b, e) As-cast; (c, d, f) As-ss 
 
resulting in the appearance of a few additional 
equiaxed grains (Fig. 4(a)). After 8 passes, the 
average grain size is reduced to 2.0 μm (Fig. 5(b)). 
Figure 4(b) shows a further refinement of the coarse 
grains. In addition, strip-like coarse grains exhibiting 
numerous subgrain boundaries are also present. 
When the deformation increases to 12 passes, the 
deformed grains are further elongated and refined to 
form an obvious layered structure (Fig. 4(c)). The 
grain size after 12 passes remains the same as that 
after 8 passes because small grains combine and 
generate large grains. Because of the significant 
accumulated strain, after 16 passes, nearly all grains 
increase in size (with an average grain size of 2.6 μm, 
Fig. 5(d)). Moreover, subgrains with the large 

misorientation (as shown by the black arrow in 
Fig. 4(d)) and many new grains (as shown by the 
blue arrow in Fig. 4(d)) appear inside the large grains. 

Figure 6 shows statistical recrystallization  
maps of the Al−5Zn alloys after various ECAP 
passes. After 4 passes, the sample exhibits a 13% 
recrystallization rate (Fig. 6(a)), and all grains are 
equiaxed in shape (Fig. 4(a)). As the number of 
passes increases, the recrystallization rate decreases, 
reaching a minimum of 8% after 12 passes 
(Fig. 6(c)). In addition, the recrystallized grain size 
decreases, and a few recrystallized grains appear   
in the strips (Figs. 4(b) and (c)). However, after   
16 passes, the recrystallization rate increases 
significantly to 22%, as shown in Fig. 6(d). 
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Fig. 3 Surface morphologies of ECAPed Al−5Zn alloys by OM (a, c, e, g) and SEM (b, d, f, h): (a, b) 4 passes;         
(c, d) 8 passes; (e, f) 12 passes; (g, h) 16 passes 
 

The kernel average misorientation (KAM) in 
the Al−5Zn alloys after different ECAP passes is 
presented in Fig. 7. After 4 passes, many dislocation 
tangles in the sample are observed. However,    
the aggregated dislocations eventually disperse as 
the number of passes increases. After 16 passes,  
the dislocations are evenly distributed across the 
sample. 

Figure 8 shows that the average of all KAM 
angle values of the ECAPed samples is ~0.57. The 
average dislocation density of the samples is almost 
the same; however, a serious local entanglement and 
an uneven dislocation distribution in the samples are 

observed after 4, 8, and 12 passes. 
Figure 9 shows typical TEM microstructures of 

the Al−5Zn alloys after different ECAP passes. The 
diffraction pattern of the selected area shows that  
the black precipitates are elliptical and irregularly 
shaped polygons along the grain boundaries. These 
nano-sized Zn phases are caused by the dynamic 
precipitation during ECAP. The length of the Zn 
phases ranges from 41 to 146 nm after 4 passes. After 
8 ECAP passes, the length of the Zn phases slightly 
decreases; the maximum length is ~132 nm, while 
the minimum length is ~29 nm. After 12 passes, the 
average length of the Zn phases decreases obviously; 
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Fig. 4 OM images of ECAPed Al−5Zn alloys observed by EBSD: (a) 4 passes; (b) 8 passes; (c) 12 passes; (d) 16 passes 
(The black line represents large angle grain boundary and white line represents small angle grain boundary) 
 

 
Fig. 5 Average grain size (AGS) of Al−5Zn alloys after different ECAP passes: (a) 4 passes; (b) 8 passes; (c) 12 passes;    
(d) 16 passes 
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Fig. 6 Statistical recrystallization maps of Al−5Zn alloys after different ECAP passes: (a) 4 passes; (b) 8 passes;        
(c) 12 passes; (d) 16 passes 
 

 

Fig. 7 EBSD maps of Al−5Zn alloys after different ECAP passes: (a) 4 passes; (b) 8 passes; (c) 12 passes; (d) 16 passes 
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Fig. 8 KAM angles of Al−5Zn alloys after different ECAP passes: (a) 4 passes; (b) 8 passes; (c) 12 passes; (d) 16 passes 
 

 
Fig. 9 Bright-field TEM images exhibiting precipitates along grain boundaries of Al−5Zn alloys after different ECAP 
passes: (a) 4 passes; (b) 8 passes; (c) 12 passes; (d) 16 passes 
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moreover, the length distribution of these phases 
becomes more homogeneous with a maximum 
length of ~76 nm and a minimum length of ~15 nm. 
After 16 passes, the length of the Zn phases increases 
again, reaching a maximum of 123 nm and a 
minimum of 33 nm. 

Typical TEM images showing the dislocations 
and subgrains in the Al−5Zn alloys after different 
ECAP passes are presented in Fig. 10. The blue 
arrows in Fig. 10(a) indicate that after 4 passes, the 
high-density dislocation tangles are ubiquitous. After 
8 passes, although dislocation tangles exist, the 
dislocation density in many cell structures decreases, 
as indicated by the yellow arrows in Fig. 10(b). After 
12 passes, the dislocation tangles nearly vanish, 
revealing numerous subgrains, as indicated by the 
red arrows in Fig. 10(c). After 16 passes, the 
dislocations become evenly distributed, resembling 
the neatly arranged dislocations shown in Fig. 10(d). 

 
3.2 Tensile properties 

Figure 11 shows the engineering stress–strain 
curves of the Al−5Zn alloys after different ECAP 

passes. The ultimate tensile strength (UTS) of the as-
cast sample is 97 MPa, and the yield strength (YS) is 
43 MPa. After 4 passes, the elongation (EL) becomes 
17.5%, and the UTS and YS increase to 167 and 
162 MPa, respectively. As the number of extrusion 
passes increases, the strength and ductility increase 
simultaneously. After 12 passes, the UTS, YS, and 
EL of the ECAPed sample reach 238 MPa, 214 MPa, 
and 20.8%, respectively. After 16 passes, UTS and 
YS decrease to 224 and 199 MPa, respectively,   
and EL increases to 21.3%. The detailed tensile 
properties are presented in Table 2. 

 
3.3 Corrosion resistance 

Figure 12 shows representative EIS data of 
different samples in a 3.5 wt.% NaCl solution. 
Figure 12(a) shows that the Nyquist plots of the 
samples after different ECAP passes exhibit the same 
evolution trend. All curves include a capacitive loop 
and two inductive loops, indicating that ECAP does 
not change the corrosion mechanism of the Al−5Zn 
alloy. However, the radius of the capacitive loop varies, 
indicating different polarization resistances (Rp). 

 

 
Fig. 10 Typical TEM images revealing dislocations and sub-grains of Al−5Zn alloys after different ECAP passes:      
(a) 4 passes; (b) 8 passes; (c) 12 passes; (d) 16 passes 
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Fig. 11 Typical engineering stress−strain curves of as-cast 
and ECAPed Al−5Zn alloys 
 
Table 2 Tensile properties of Al−5Zn alloys after different 
ECAP passes 

Sample UTS/MPa YS/MPa EL/% 

As-cast 97 43 40.6 

4 passes 167 162 17.5 

8 passes 200 186 18.1 

12 passes 238 214 20.8 

16 passes 224 199 21.3 
 
Among them, the as-cast sample has the smallest 
radius of the capacitive loop and Rp value 
(3038 Ω·cm2). After 4 and 8 passes, the radii of the 
capacitive loops and the Rp values (5527 and 
5251 Ω·cm2, respectively) are very close but higher 
than those of the as-cast sample. After 12 and 16 
passes, the radii and Rp exhibit their highest values 
(Rp becomes 7841 and 9706 Ω·cm2, respectively). 
The impedance moduli in the Bode plots are similar, 
as shown in Fig. 12(b). The as-cast sample exhibits 
the lowest impedance modulus in the low-frequency 
region. The modulus increases after ECAP, with the 
samples processed for 4 and 8 passes showing 
intermediate values, and those processed for 12 and 
16 passes achieving the highest values. This trend 
indicates that the low-frequency impedance modulus 
of the Al−5Zn alloy generally increases with 
increasing the number of ECAP passes. 

Figure 13 shows a circuit equivalent to the EIS 
of the Al−5Zn alloy, where Rs is the solution 
resistance, CPE1 is the constant phase angle element 
of the double-layer capacitor, and L1, R1 and L2, R2 

correspond to the inductances and reaction 
resistances of Al3+ and Zn2+, respectively. According 
to the fitting results shown in Table 3, Rs value is 
stable at ~10 Ω·cm2, indicating that the solution 
environment for each sample is similar and the 
experimental results are comparable. 
 

 
Fig. 12 EIS data of Al−5Zn alloys after different ECAP 
passes in 3.5 wt.% NaCl solution: (a) Nyquist plots;    
(b) Bode plots 
 

 
Fig. 13 Equivalent circuit and its possible corresponding 
physical structure of Al−5Zn alloy in 3.5 wt.% NaCl 
solution 
 

Generally, the CPE1 value corresponds to     
a thicker passivation film. As shown in Table 3,  
CPE1 first decreases with increasing ECAP   
passes, reaching a minimum after 12 passes, and 
subsequently increases. This trend indicates that the 
passivation film thickness increases up to 12 passes 
and then decreases. 
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Table 3 Parameters of equivalent circuit of Al−5Zn alloys after different ECAP passes 

Sample 
Rs/ 

(Ω·cm2) 
CPE1/ 

(μF·cm2) 
n 

Rp/ 
(Ω·cm2) 

L1/ 
(H·cm2) 

R1/ 
(Ω·cm2) 

L2/ 
(H·cm2) 

R2/ 
(Ω·cm2) 

As-cast 9.85 27.94 0.8466 3038 289.2 1467 4894 5096 

4 passes 9.92 24.95 0.8402 5527 15370 1215 1337 498.1 

8 passes 10.47 18.31 0.9003 5251 1221 5167 1410 1858 

12 passes 10.60 15.30 0.9039 7841 666.1 0 2317 1036 

16 passes 9.17 19.02 0.8499 9706 18520 1825 2015 73950 
n is the dispersion exponent of the constant phase element (CPE) 
 

Figure 14 and Table 4 show the potentio-
dynamic polarization curves of the Al−5Zn alloys 
and the corrosion potential (φcorr) and current density 
(Jcorr) estimated via Tafel fitting, respectively. 
Among the studied samples, the as-cast sample 
exhibits the highest Jcorr value. Jcorr decreases 
gradually with the increase of the number of ECAP 
passes. After 4 and 8 passes, Jcorr exhibits the same 
order of magnitude (3.99×10−6 and 2.80×10−6 A/cm2, 
respectively). After 12 passes, Jcorr significantly 
decreases to 5.382×10−7 A/cm2. In addition, after  
16 passes, Jcorr slightly decreases to 4.065×10−7 A/cm2.  
 

 
Fig. 14 Potentiodynamic polarization curves of Al−5Zn 
alloys after different ECAP passes in 3.5 wt.% NaCl 
solution 
 
Table 4 Corrosion potential (φcorr) and corrosion current 
density (Jcorr) of Al−5Zn alloys after different ECAP 
passes 

Sample φcorr(vs SCE)/V Jcorr/(A∙cm−2) 

As-cast −0.964 7.43×10−6 

4 passes −0.961 3.99×10−6 

8 passes −0.970 2.80×10−6 

12 passes −0.9688 5.382×10−7 

16 passes −0.9663 4.065×10−7 

This indicates that ECAP has a significant effect on 
the corrosion rate of the Al−5Zn alloy in a 3.5 wt.% 
NaCl solution. 

Figure 15 shows surface corrosion morphologies 
of Al−5Zn alloys obtained from electrochemical 
experiments. Significant intergranular corrosion is 
observed in the as-cast sample. Figure 15(a) shows 
some large corrosion pits on the surface and large-
width corrosion cracks spreading along the grain 
boundaries. Figure 15(b) shows a significant 
reduction in the number and width of the surface 
corrosion cracks after 4 passes, resulting in a 
multitude of short corrosion lines. As the number of 
ECAP passes increases, the corrosion lines are 
transformed into numerous dotted lines; however, 
Figs. 15(c, d) show that the size and distribution of 
these dots (corrosion pits) are not uniform after 8 and 
12 passes. After 16 passes, the corrosion pits are 
distributed more evenly, as shown in Fig. 15(e). 

We conducted a 7 d immersion corrosion   
test to further observe the longitudinal corrosion 
progression. Figure 16 shows longitudinal-section 
OM images of the samples after different ECAP 
passes after the 7 d immersion. It is evident that the 
corrosion starts from the grain boundaries and 
spreads to the depth of the sample (as marked by the 
yellow rectangle shown in Fig. 16(a)). When all 
grain boundaries around a grain are corroded, the 
entire grain exfoliates (as marked by the blue 
rectangle shown in Fig. 16(a)), resulting in the 
largest corrosion pits (their typical depth and width 
are ~33 and ~86 μm, respectively) of the as-cast 
sample. In conjunction with Fig. 15(a), it is 
concluded that the corrosion of the as-cast sample is 
intergranular. After 4 ECAP passes, a single 
corrosion pit exhibits a pyramidal shape, where the 
deepest and widest points are ~20 and ~30 μm, 
respectively; these values are much smaller than 
those of the as-cast sample. However, as shown in 
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Fig. 15 Surface corrosion morphologies of Al−5Zn alloys after electrochemical experiments: (a) As-cast; (b) 4 passes;  
(c) 8 passes; (d) 12 passes; (e) 16 passes 
 
Fig. 16(b), the pyramidal pits merge into large pits, 
which is consistent with the surface morphology 
indicated by the short corrosion lines (Fig. 15(b)). 
Consequently, after 4 passes, the sample exhibits 
pitting corrosion. As shown in Fig. 16(c), the depth 
and width of a single pit decrease, although the pits 
still merge (corresponding to the corrosion dotted 
lines on the surface shown in Fig. 15(c)) as the 
number of ECAP passes increases. Figure 16(d) 
shows that when the number of ECAP passes 
increases to 12, the majority of the corrosion pits are 
tiny and autonomous. After 16 passes, most of the 
corrosion pits are very small and independent of each 
other (as marked by the yellow rectangle shown   
in Fig. 16(e)), indicating that the corrosion rate 
significantly decreases. 
 
4 Discussion 
 

The experimental results demonstrate that 
ECAP can significantly improve the corrosion 

resistance of the Al−5Zn alloy. Its grain size, 
secondary-phase characteristics, and dislocations 
change significantly after ECAP. In this study,    
we attempted to distinguish the effects of these    
three factors on the corrosion behavior of the Al−5Zn 
alloy. 

Regarding grain size, it has been reported that 
high-density grain boundaries can quickly enrich the 
passivation elements and form a dense passivation 
film on the material surface [27,28]. Compared with 
the as-cast sample, the grain size of the ECAPed 
samples decreases significantly (from 30 to   
~3 μm, as shown in Fig. 5). We expect the ECAPed 
samples to exhibit improved corrosion resistance. 
Additionally, as the number of ECAP passes 
increases, the grain size does not change significantly. 
Therefore, we infer that the grain size is not      
the dominant factor in improving the corrosion 
resistance of the ECAPed samples. 

The characteristics of the precipitates 
(including size and distribution) are an important 
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Fig. 16 OM images of longitudinal-section of ECAPed Al−5Zn alloys after 7 d immersion corrosion experiment: (a) As-
cast; (b) 4 passes; (c) 8 passes; (d) 12 passes; (e) 16 passes 
 
factor affecting the corrosion resistance of the 
Al−5Zn alloy. Figures 2(a, b) show that many coarse 
Zn phases are distributed along the grain boundaries 
in the as-cast sample. These phases gradually break 
and disperse more evenly as the number of ECAP 
passes increases. The potential of the Zn phases 
(−0.76 V) in the Al−Zn alloy is less negative than 
that in the Al matrix (−1.66 V). The Zn phase is less 
susceptible to corrosion due to its less negative 
potential. Therefore, after the corrosion of the Al 
matrix, which surrounds the Zn phase, the abscission 
of the Zn phases from the matrix typically leads to 
the formation of corrosion pits. The fragmentation of 
the Zn phase effectively reduces the size of the 
corrosion pit. In other words, a large anode−small 
cathode microcell is formed by the Al matrix (with a 
more negative potential) and the Zn phase (with a 
less negative potential). Decreasing the size of the  
Zn phase further reduces the cathode-to-anode area  

ratio, thereby weakening the degree of galvanic 
corrosion [29]. 

In addition, after 16 passes, the dislocation 
density distribution in the Al−Zn alloy becomes 
more uniform. This is attributed to the increased 
recrystallization rate of the alloy after 16 passes, as 
shown in Fig. 6(d). The ECAP process causes the 
annihilation and reorganization of the dislocations 
within the alloy during dynamic recrystallization, 
especially in regions with high dislocation   
density [30]. Therefore, after 16 passes, regions with    
high dislocation density undergo significant  
dynamic recrystallization, whereas regions with low 
dislocation density are less affected, ultimately 
leading to a uniform dislocation density distribution. 
Figures 3(f, g) and 5(c, d) show that after 16 passes, 
the sizes of the Zn phase and grains remain almost 
unchanged compared with those of 12 passes; 
however, the corrosion resistance is marginally 
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superior. This can be attributed to the uniform 
distribution of dislocations in Al−5Zn alloy, which 
reduces the promotion effect of dislocations      
on the development of pitting corrosion near the Zn 
phase [31]. Therefore, the uniform distribution    
of dislocations is another important factor that 
improves the corrosion resistance. 

The above analysis indicates a potential 
corrosion mechanism for the Al−5Zn alloy in a 
3.5 wt.% NaCl solution, as shown in Fig. 17. The 
Al2O3 passivation film must be initially formed on 
the Al matrix before gradually spreading to the Zn 
phase surface because it cannot be formed directly 
on the Zn phase [32]. Consequently, the passivation 
layer on the Zn phase is thinner than that on      
the Al matrix. Additionally, the size of the Zn phase 
significantly affects the uniformity of the passivation 
film. Compared with that in the as-cast sample, the 
Zn phase in the alloy after ECAP is smaller and 
requires less time for the passivation film to 
completely cover it. Therefore, as shown in 
Figs. 17(a, c), there is sufficient time for the 
passivation film on the Zn phase to thicken, thus 
increasing the erosion resistance to Cl−. 

The second stage of the corrosion is reached 
when the passivation film near the Zn phase       
is corroded, as shown in Figs. 17(b, d). The 
morphological characteristics of the Zn phase and 
the presence of nanoscale Zn in the crystal 
significantly affect the corrosion rate. The Zn phase 
in the as-cast alloy is large and continuously 

distributed along the grain boundary, whereas the Zn 
phase in the ECAPed alloy exhibits a small size and 
is evenly distributed. The Zn phase falls off the Al 
matrix when the matrix that surrounds it undergoes 
total corrosion caused by microgalvanic corrosion. 
The large Zn phase causes a large pit on the substrate 
surface, facilitating the growth of the corrosion. The 
small Zn phase causes a small corrosion pit after the 
corrosion process. This means fewer Cl− ions in the 
corrosion pit, which slowly migrate from the 
solution to the pit and stop the corrosion pit from 
growing. However, after 12 passes, some nanoscale 
Zn phases appear inside the grains, balancing the 
potential between the Al matrix and the Zn phase to 
a certain extent and reducing the corrosion rate of the 
Al matrix. 

Figure 17(e) shows the evolution of the corrosion 
pit in relation to the dislocations and nanoscale Zn 
phases. When there is no Zn phase near the corrosion 
pit, the number of dislocations determines its 
development rate. The TEM images show that some 
grains contain a large number of dislocations 
(Fig. 10). As a high-energy structure, dislocations 
tend to accumulate Cl−, leading to a fast corrosion 
rate in grains with high dislocation density. When the 
nanoscale Zn phases are present at the edge of the 
corrosion pit, a process similar to the second stage 
corrosion occurs; the nanoscale Zn phases detach 
and leave new small corrosion pits. The process 
continues until it encounters a new micron-sized Zn 
phase. 

 

 
Fig. 17 Schematic diagrams depicting corrosion mechanism of Al−5Zn alloy in 3.5 wt.% NaCl solution: (a, c) First stage 
of corrosion in as-cast and ECAPed alloys, respectively; (c, d) Second stage of corrosion in as-cast and ECAPed alloys, 
respectively; (e) Pitting evolution related to dislocations and nanoscale Zn phase 
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5 Conclusions 
 

(1) The size of the Zn phase and the dislocation 
density of the Al−5Zn alloy can be controlled by  
the number of ECAP passes. Compared with the 
untreated sample, the Zn phase in the treated sample 
is severely fractured after several ECAP passes   
and is reduced to a minimum of 2 μm; no further 
reduction is observed after 12 passes; the most 
uniform dislocation in the alloy is observed after  
16 passes. 

(2) The EIS results show that after 16 passes, 
the Al−5Zn alloy exhibits its highest Rp value 
(9706 Ω·cm2) and its lowest corrosion current 
density (4.065×10–7 A/cm2) as well as excellent 
comprehensive mechanical properties (UTS, YS, 
and EL were 224 MPa, 199 MPa, and 21.3%, 
respectively). 

(3) The corrosion type of the Al−5Zn alloy 
changes from intergranular corrosion in the as-cast 
sample to pitting corrosion in the ECAPed samples. 
By increasing the number of ECAP passes to 8, the 
corrosion depth decreases significantly. By further 
increasing the number of passes, the corrosion depth 
remains relatively unchanged, but the average 
corrosion width significantly decreases. 

(4) The main reasons for the excellent corrosion 
resistance of the Al−5Zn alloy after 16 passes are the 
fragmentation and uniform distribution of the    
Zn phase and the evenly distributed dislocations.    
The fine Zn phase causes a size reduction in the 
corrosion pits and a significant weakening of the 
large anode−small cathode effect. Additionally, the 
uniformly distributed dislocations cause a reduction 
in the growth rate of corrosion pits. 
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摘  要：由于第二相种类的多样性，7xxx 系铝合金强度和耐蚀性的平衡很难实现。本文作者选用 Al−5Zn 二元合

金作为 7xxx 系铝合金的简化代表，并采用 4 种不同的等通道转角挤压道次(4、8、12 和 16 道次)来调节合金中的

Zn 相和位错分布。通过电化学和拉伸试验测试，结合光学显微镜、扫描电子显微镜和透射电子显微镜等手段，研

究了合金的腐蚀行为和力学性能。结果表明，经 16 道次 ECAP 后，Al−5Zn 合金具有最大的极化电阻和最低的腐

蚀电流密度，同时具有良好的综合力学性能，其极限抗拉强度、屈服强度和伸长率分别为 224 MPa、199 MPa 和

21.3%。这种良好的耐蚀性和力学性能的结合主要归因于 Zn 相的破碎和均匀分布以及位错的均匀分布。 

关键词：Al−Zn 合金；耐蚀性；Zn 相；位错；力学性能 
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