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Abstract: Al−Zn−Mg alloys with different Zn/Mg mass ratios were evaluated as sacrificial anodes for cathodic 
protection of carbon steel in 3.5 wt.% NaCl solution. The anodes were fabricated from pure Al, Zn and Mg metals using 
casting technique. Optical microscopy, SEM−EDS, XRD and electrochemical techniques were used. The results 
indicated that with decreasing Zn/Mg mass ratio, the grain size of α(Al) and the particle size of the precipitates 
decreased while the volume fraction of the precipitates increased. The anode with Zn/Mg mass ratio >4.0 exhibited the 
lowest corrosion rate, while the anode with Zn/Mg mass ratio <0.62 gave the highest corrosion rate and provided the 
highest cathodic protection efficiency for carbon steel (AISI 1018). Furthermore, the results showed that the anode with 
Zn/Mg mass ratio <0.62 exhibited a porous corrosion product compared to the other anodes. 
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1 Introduction 
 

Cathodic protection is the most important 
technique used to protect steel structures from 
corrosion attack in different environments [1,2]. 
Nowadays, cathodic protection using the sacrificial 
anodes in the marine environments is widely 
applied [3,4]. Al anodes attract attention of many 
companies due to their high theoretical cell voltage 
and energy density (8076 Wꞏh/kg [5−8]. However, 
the main problem is that Al anodes passivate 
spontaneously when they are in contact with air or 
aqueous electrolytes [9]. Owing to this film, the 
corrosion potential (φcorr) of the anode is moved to a 
more positive value, and the dissolution activity of 
anodes is decreased [10]. 

The success of aluminum as a sacrificial anode 
depends greatly on some alloying elements such as 
Hg, Si, Ti, Sn, Pb, Ga and In [11−15]. These 

elements prevent the formation of continuous 
passive film on the surface of aluminum, 
consequently, permitting continuous galvanic 
reaction [12]. Although these elements increase the 
activation of aluminum as a sacrificial anode, 
finding a replacement way for them is very 
important, because Hg is very toxic, Ga is very 
expensive and In is not suitable for all 
environments [16]. 

Many investigators pointed that Al−Zn−Mg 
alloys are promising alloys for cathodic protection 
owing to its high current capacity, low electrode 
potential and the absence of Hg and In [17].  
Al−Zn−Mg alloys are a multi-component system of 
Al, Zn and Mg, which possess high hydrogen over 
potential [18]. Therefore, the elemental mass ratio 
of Al−Zn−Mg system is a key factor influencing 
shape, size and distribution of precipitates as well 
as, segregation along the grain boundary which in 
turn play a complex role in the matrix. On one side  
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they increase the strength of the alloy; on the other 
side they increase its corrosion rate [19]. It has been 
reported that the main precipitate in Al−Zn−Mg 
system is MgZn2 which works as an anode while 
α(Al)-matrix works as a cathode. FAYED et al [18] 
have shown that such intermetallic particles in 
Al–Zn–Mg system are dissolved faster than the 
Al-rich matrix and uniform corrosion could be 
obtained by controlling the uniform distribution of 
the precipitate. OROZCO et al [20] investigated the 
effect of magnesium on the electrochemical 
behavior of Al−Zn−Mg. The content of magnesium 
was ranged from 5.5 at.% to 8.5 at.%. It was found 
that increasing magnesium leads to an enhancement 
in electrochemical behavior of aluminum. Therefore, 
it is very meaningful to investigate the influence of 
Zn/Mg mass ratio on the microstructure and 
corrosion behavior of as-cast Al−Zn−Mg sacrificial 
anodes. 

In the present investigation, a series of 
Al−Zn−Mg ingots with different Zn/Mg mass ratios 
were fabricated. The microstructure and corrosion 
properties were analyzed and discussed. 
Additionally, the cathodic protection of steel (AISI 
1018) using theses anodes was investigated and 
discussed. 
 
2 Experimental 
 
2.1 Materials 

The Al−Zn−Mg alloys used in this 
investigation were produced using casting 
technique. Pure Al was melted in muffle furnace. 
After melting, a certain amount of Zn was added 
gradually and stirred using graphite rod for 3 min.  
After that a certain amount of pure Mg was also 
added gradually and stirred also for 3 min. The slag 
was removed before pouring. Finally, the molten 
alloys were cast in steel mold with dimensions of 
200 mm × 50 mm × 20 mm. After casting, the 
samples were chemically analyzed using XRF 
(Table 1) and cut into dimensions of 30 mm × 
10 mm × 10 mm for the cathodic protection tests. 

The anode samples were prepared for 
microstructure by grinding with 360−1500 grit SiC 
papers and polished using cloth and diamond paste 
with 6, 3 and 1 μm, respectively. After that the 
samples were cleaned using water and acetone and 
dried in air. Keller solution was used for etching all 
samples. 

Table 1 Chemical composition of Al−Zn−Mg anodes 

(wt.%) 

Anode 
No.

Fe Si Zn Cu Mn Mg Al
Zn/Mg 
mass 
ratio

1 0.226 0.108 3.92 0.012 0.005 0.960 Bal. 4.08

2 0.190 0.097 5.25 0.009 0.009 1.860 Bal. 2.82

3 0.225 0.110 3.25 0.018 0.018 3.120 Bal. 1.04

4 0.136 0.067 1.93 0.002 0.016 3.21 Bal. 0.60

 
Carbon steel sheets (AISI 1018) with chemical 

composition presented in Table 2 were used as a 
cathode in the cathodic protection tests. Samples 
with dimensions of 50 mm × 20 mm × 5 mm were 
prepared. 
 
Table 2 Chemical composition of carbon steel alloy 

(AISI 1018) (wt.%) 

C Si P S Mn Fe 

0.14 0.26 0.051 0.03 1.02 Bal. 
 
2.2 Electrochemical measurements 
2.2.1 Potentiodynamic polarization 

The Potentiodynamic polarization test was 
performed using Potentiostat/Galvanostat (EG&G 
model 273). M 352 corrosion software was used for 
extracting corrosion parameters. All samples were 
polished to 1200 grit and cleaned with distilled 
water and acetone. A three-electrode system 
consisted of working electrode (Al−Zn−Mg alloys) 
with 1.0 cm2 of surface area, counter electrode (Pt 
sheet) and reference electrode (Ag/AgCl) was used.   
The polarization test was carried out by changing 
the electrode potential, including compensation for 
the ohmic drop potential of the solution at a scan 
rate of 0.5 mV/s (after OCP was stable for ~30 min) 
and a potential range of ±250 mV (φcorr). These 
values were selected to simultaneously shorten the 
measurement time and minimize the capacitive 
current. A similar scan rate was used by MA      
et al [21] and LI et al [7]. The PAR Calc Tafel 
Analysis routine statistically fits the experimental 
data to the Stern−Geary model for a corroding 
system. The routine automatically selects the data 
that lie within the Tafel region and calculates the 
corrosion current and the corrosion rate. 
2.2.2 Cyclic polarization 

Cyclic polarization test was performed from 
−100 mV (φcorr) towards the anodic direction at a 
scan rate of 1 mV/s to simultaneously shorten the 
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measurement time and minimize the capacitive 
current. This value is similar also to that of MA   
et al [21] and LI et al [7]. The potential scan   was 
reversed when the current density reached   10 
mA/cm2. 
2.2.3 Cathodic protection tests 

The steel samples and Al−Mg−Zn sacrificial 
anodes were weighed and coupled together using 
Cu wire. After that the samples were immersed into 
the electrolyte. The reference electrode (Ag/AgCl) 
and the steel samples with Al−Mg−Zn sacrificial 
anodes were connected together with a digital 
multimeter (DT9200A) for measuring the potential. 
After dipping into the electrolyte for 90 d, the 
specimens were removed, cleaned using 1 mol/L 
HNO3 solution for 3 min and dried. Then the 
specimens were reweighed. The corrosion rates of 
steel and Al−Mg−Zn sacrificial anodes were 
calculated using Eq. (1) [10,18]: 
 

K W
r

ADt


                               (1) 

 
where r is the corrosion rate (mm/a), K is a constant 
(8.76×104), ΔW is the mass loss (mg), A is the 
surface area (cm2), D is the density (g/cm3) and t is 
the time (h). 

All corrosion and cathodic protection tests 
were performed in a 3.5 wt.% NaCl solution which 
was prepared with analytical grade chemicals. The 

cathodic protection efficiency of steel connected 
with different Al−Zn−Mg sacrificial anodes was 
calculated according to Eq. (2):  

corr
0

corr

1 100%
r

r


 
    
 

                       (2) 

 
where η represents the cathodic protection 
efficiency (%); rcorr and 0

corrr  are the corrosion rates 
of steel (mm/a) with and without Al−Mg−Zn 
sacrificial anodes, respectively. 

Three separate experiments were performed 
for each run to ensure the reproducibility of results. 
The standard deviation value in each condition was 
calculated to assess the statistical error. 
 
2.3 Surface analysis 

The microstructure and surface morphologies 
of anodes and steel samples were performed using 
scanning electron microscopy (SEM), energy- 
dispersive X-ray spectroscopy (EDS) model JEOL 
JSM−6330F, Olympus optical microscope and 
X-ray diffraction analysis (Philips Machine). 
 
3 Results and discussion 
 
3.1 Microstructures 

The microstructures of the investigated ingots 
with different Zn/Mg mass ratios are shown      
in Fig. 1. It can be seen that all alloys indicate a 

 

 

Fig. 1 SEM images of investigated anodes with different Zn/Mg mass ratios: (a) Anode 1; (b) Anode 2; (c) Anode 3;   

(d) Anode 4 
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dendritic microstructure, while the precipitates exist 
between the arms of the dendrite. The average grain 
size of the as-cast alloys grows with increasing 
Zn/Mg mass ratio. The backscatter SEM images as 
shown in Fig. 2 reveal that the precipitates locate 
along the grain boundaries forming a network- 
shaped phases for all ingots. However, these 
precipitates become larger with increasing Zn/Mg 
mass ratio. The behavior is due to diffusing large 
amount of Zn and Mg from the rich zone in the 
center of α(Al) grain to the neighboring regions. 
Also, it can be noted that no discernable fine 
particles are observed in the α(Al) grains. A  
similar microstructure was commonly reported 
elsewhere [22−24]. The volume fraction of the 
precipitates estimated using ImageJ is shown in  
Fig. 3. It is obvious that the volume fraction of the 
precipitates increased with decreasing Zn/Mg mass 
ratio. The behavior may be attributed to the 
nucleation activation energy of the precipitates 
which is controlled by the Zn/Mg mass ratio [25]. 
The EDS analysis (Fig. 4) displays the composition 
of marked precipitates. The results illustrate that 
these precipitates are composed of Al, Zn and Mg 
with different Al, Zn and Mg contents presented in  
Table 3. 

To validate the results obtained from the 
SEM−EDS, a phase analysis using XRD was 

performed. Figure 5 shows that the investigated 
ingots contain α(Al) solid solution with MgZn2 and 
Mg32(Al,Zn)49 precipitates. 

 
3.2 Corrosion behavior 
3.2.1 Potentiodynamic polarization 

The effect of Zn/Mg mass ratio on the 
polarization behavior of the as-cast Al−Zn−Mg 
alloys is shown in Fig. 6. The curves show that the 
cathodic and anodic current densities increase with 
the decrease of Zn/Mg mass ratio. The cathodic 
reaction according to Eq. (3) is the oxygen 
reduction reaction (ORR) [10]: 
 
O2+2H2O+4e→4OH−                         (3) 
 

Similarly, QUEVEDO et al [26] found that the 
cathodic behavior on the surface of Al−Zn−Mg 
alloy in synthetic sea water revealed a reduction 
process dominated by a single wave for reduction 
of oxygen in a potential range of −1000 to   
−1200 mV (vs SCE). Further, their results indicated 
that a slightly production of hydrogen peroxide was 
obtained. This behavior means that the ORR is a 
mass-transfer-controlled regime proceeding through 
a pathway reduction mechanism involving a four- 
electron process. 

The elementary reaction steps on the surfaces 
of Al−Zn−Mg alloys are in the following reaction  

 

 

Fig. 2 Backscatter SEM images of anodes with different Zn/Mg mass ratios: (a) Anode 1; (b) Anode 2; (c) Anode 3;   

(d) Anode 4 
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Fig. 3 Effect of Zn/Mg mass ratio on volume fraction of 

precipitates for Al−Zn−Mg sacrificial anodes 

 

paths [27]: 
 
O2(g)+2H2O(l)+4e+*→OOH*+OH−+H2O(l)+3e 

                    (4) 
OOH*+OH−+H2O(l)+3e→O*+2OH−+2H2O(l)+2e 

(5) 
O*+2OH−+H2O(l)+2e→OH*+3OH−+e        (6) 
 
OH*+3OH−+e→4OH−                     (7) 
 

The increase of cathodic current densities with 

 
decreasing Zn/Mg mass ratio is attributed to 
increasing the defects in the passive film. This leads 
to increasing the density of oxygen vacancies and 
hence the oxygen reduction rate is increased. 

The anodic reactions occurring on the surface 
are the dissolutions of Mg, Zn and Al according to 
Eqs. (8)−(10): 
 
Mg→Mg2++2e                           (8) 
 
Zn→Zn2++2e                            (9) 
 
Al→Al3++3e                            (10) 
 

The electrochemical parameters were extracted 
from Fig. 6 and presented in Table 4. It can be seen 
from Table 4 that the Jcorr for Alloy 4 is the highest, 
while the φcorr is the lowest. This behavior is 
attributed to increasing the volume fraction of 
precipitates during the solidification and forming 
micro galvanic cell with α(Al) matrix. On the other 
hand, Alloy 1 exhibits the lowest Jcorr value and the 
highest φcorr value. The behavior is due to coarsening 
the grains. According to many authors [28], 
coarsening the grains leads to decreasing the 
volume fraction of the precipitate and hence, 
increases the corrosion resistance. On the contrary,  

 

 
Fig. 4 EDS results of investigated ingots 
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Table 3 Chemical composition of precipitates 

determined by EDS (wt.%) 

Anode No. Zn Mg Al 

1 45.04 9.22 45.74 

2 33.54 14.05 52.41 

3 21.94 18.85 59.21 

4 17.90 22.50 59.60 

 

 
Fig. 5 XRD patterns of investigated ingots 

 

 

Fig. 6 Potentiodynamic polarization curves of Al−Zn− 

Mg anodes with different Zn/Mg mass ratios in 3.5 wt.% 

NaCl solution 

 

the corrosion rate increases due to increasing 
densities of grain boundaries, which offer more 
sites for initiation of corrosion, especially if the 
precipitates are segregated along the grain 
boundaries [28]. Table 4 also shows that the anodic 
slopes (βa) have closed values ranging from 90 to 
73 mV/decade. This means that all investigated 

ingots have the same anodic dissolution 
mechanism. 
 
Table 4 Corrosion parameters of Al−Zn−Mg with 

different Zn/Mg mass ratios in 3.5 wt.% NaCl solution 

Anode

No.

φcorr/

mV 

Jcorr/ 

(Aꞏcm−2) 

βc/ 

(mVꞏdec−1) 

βa/ 

(mVꞏdec−1)

1 −925±3 (8.71±0.3)×10−5 130±4 90±5 

2 −930±4 (1.26±0.2)×10−4 141±2 83±7 

3 −985±5 (5.16±0.4)×10−4 165±3 77±4 

4 −1050±3 (8.42±0.5)×10−4 175±3 73±5 

 

The morphologies after potentiodynamic 
polarization are shown in Fig. 7. The morphologies 
show that Alloys 1 and 2 (Figs. 7(a, b)) exhibited 
resistance to corrosion by forming compact 
corrosion products on the surface. However, they 
were attacked with pitting and intergranular 
corrosion at grain boundaries due to depletion of 
the precipitates. Moreover, Figs. 7(c, d) show that 
Alloys 3 and 4 heavily corroded with porous 
corrosion products. 
3.2.2 Cyclic polarization 

The effect of Zn/Mg mass ratio on the passive 
stability and susceptibility to localized attack was 
investigated by cyclic polarization, as shown in  
Fig. 8. All curves were plotted individually to avoid 
complexity. The curves show active, passive and 
trans-passive regions. However, the range of 
passivity grows gradually with increasing Zn/Mg 
mass ratio. It is known that the intermetallic 
precipitates weaken the passive film by breaking its 
continuity [18]. Coarsening the grains by increasing 
the Zn/Mg mass ratio, causes a reducing in the 
densities of grain boundary and volume fraction of 
these precipitate inside the matrix. This provides 
more protective passive zones on the surface. 
Further, it is interestingly to note that small areas of 
the hysteresis loops are obtained for all investigated 
ingots, suggesting a decrease of pitting during the 
reverse scan due to the formation of black layers. 
Table 5 presents the cyclic polarization parameters 
obtained from Fig. 8. It is clear that more positive 
pitting potential is obtained by increasing Zn/Mg 
mass ratio. This signifies harder breakdown of the 
passive film. Additionally, Table 5 indicates that the 
protection potential of Al−Zn−Mg ingots is lower 
than the φcorr. This means that all investigated ingots 
have not the ability to re-passivate. 
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Fig. 7 Optical micrographs of surface morphologies of anodes after potentiodynamic polarization tests: (a) Anode 1;  

(b) Anode 2; (c) Anode 3; (d) Anode 4 
 

 

Fig. 8 Cyclic polarization of Al−Zn−Mg anodes with different Zn/Mg mass ratios in 3.5 wt.% NaCl solution 
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Table 5 Cyclic polarization parameters of Al−Zn−Mg with different Zn/Mg mass ratios in 3.5 wt.% NaCl solution 

Anode No. φpit/mV Jpit/(Aꞏcm−2) φpas/mV Jpas/(10−2Aꞏcm−2) φprot/mV Jprot/(10−4Aꞏcm−2) 

1 130±6 0.311±0.01 −700±5 2.16±0.3 −1050±4 5.31±0.2 

2 80±4 0.265±0.04 −675±3 4.16±0.4 −1055±3 7.61±0.1 

3 −5.0±0.6 0.221±0.03 −660±4 7.16±0.1 −1010±5 9.21±0.2 

4 −125±5 0.197±0.02 −645±6 8.16±0.2 −1060±2 9.51±0.3 

 

 

Fig. 9 Optical micrographs of surface morphologies of anodes after cyclic polarization tests: (a) Anode 1; (b) Anode 2; 

(c) Anode 3; (d) Anode 4 
 

Optical morphologies of the investigated 
ingots after cyclic polarization are shown in Fig. 9.  
The morphologies illustrate that all ingots heavily 
corroded with black layers of corrosion products. 
However, ingots 1 and 2 display wide pitting with 
individual and cluster pits. The width of pits grows 
with increasing Zn/Mg mass ratio due to dissolution 
of the intermetallic precipitates which have larger 
sizes. Figure 9 also shows that Anodes 3 and 4 
exhibit uniform corrosion with friable black layers. 

 
3.3 Cathodic protection 

Figure 10 shows the effect of Zn/Mg mass 
ratio on the open circuit potential (φOCP) of 
Al−Zn−Mg sacrificial anodes connected with steel 
for 90 d in 3.5 wt.% NaCl. It is obvious that the 
potentials of all the specimens move towards 
negative potential due to the dissolution of anodes. 

However, when the immersion time prolongs, 
Anodes 1 and 2 move towards the positive direction. 
The behavior is related to passivation of the surface 
and deposition of compact corrosion products 
making these anodes nobler compared to carbon 
steel. Also, Fig. 10 shows that Anodes 3 and 4 do 
not change significantly. This means that the 
corrosion products formed on their surfaces are 
friable. Consequently, the galvanic reactions on 
their surfaces are stable under this condition. 

The SEM morphologies of Al−Zn−Mg ingots 
with different Zn/Mg mass ratios and steel after 
cathodic protection tests for 90 d in 3.5 wt.% NaCl 
are shown in Fig. 11. It is clear that all anodes 
heavily corroded with black thick corrosion 
products cover all surfaces, Further, the corrosion 
products on the surfaces of ingots 1 and 2 are 
compact and hard to be stripped from the α(Al)   
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Fig. 10 Effect of Zn/Mg mass ratio on φOCP of 

Al−Zn−Mg sacrificial anodes connected with steel in   

3.5 wt.% NaCl solution 

 
matrix. The compact layers impede the 
electrochemical reaction of these ingots with NaCl 
and decrease the electrochemical activity. As 
discussed above, this behavior is owing to 
increasing the grain size of α(Al) and reducing 
volume fraction of the intermetallic precipitates, 
leading to providing more protective passive zones 
on the surface. Furthermore, ingots 1 and 2 suffer 
from localized corrosion when the aggressive ions 

attack their surfaces. It can be seen that the pitting 
corrosion locates at the center of the intermetallic 
precipitates and the size of pit increases with 
increasing Zn/Mg mass ratio. This is due to 
growing of pits and dissolution of precipitates 
around the grain boundaries. 

Figure 12 displays the effect of Zn/Mg mass 
ratio on the corrosion rate of anodes connected to 
steel. It is obvious that Anodes 1 and 2 exhibit the 
lowest corrosion rate due to formation of compact 
passive film, while Anodes 3 and 4 exhibit the 
highest corrosion rate compared with the other 
anodes. This behavior is attributed to low compact 
corrosion products on their surfaces. The 
corresponding corrosion rates of steel connected to 
these anodes after 90 d of immersion in 3.5 wt.% 
NaCl are shown in Fig. 13. It can be seen that the 
corrosion rate of steel connected to Anode 1 is the 
highest due to passivation of this anode, while the 
corrosion rate of steel connected to Anode 4 is the 
lowest owing to continuous supplying of galvanic 
current obtained from this anode. The cathodic 
protection efficiency of steel with these anodes is 
shown in Fig. 14. It is obvious that the cathodic 
protection of steel increases with the decrease of 
Zn/Mg mass ratio. Further, Fig. 15 shows that the 

 

 

Fig. 11 Effect of Zn/Mg mass ratio on surface morphologies of Al−Zn−Mg sacrificial anodes connected with steel in  

3.5 wt.% NaCl solution for 90 d: (a) Anode 1; (b) Anode 2; (c) Anode 3; (d) Anode 4 
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Fig. 12 Effect of Zn/Mg mass ratio on corrosion rate of 
Al−Zn−Mg sacrificial anodes connected with steel in  
3.5 wt.% NaCl solution 
 

 
Fig. 13 Effect of Zn/Mg mass ratio on corrosion rate of 
steel connected with Al−Zn−Mg sacrificial anodes in  
3.5 wt.% NaCl solution 

 

 

Fig. 14 Effect of Zn/Mg mass ratio on cathodic 

protection efficiency of steel connected with different 

Al−Zn−Mg sacrificial anodes in 3.5 wt.% NaCl solution 

 

steel samples connected to the different anodes give 
different morphologies based on the Zn/Mg mass 
ratio of the anodes. The steel samples connected to 
Anodes 1 and 2 show heavy corrosion attack. This 
behavior is due to the passivation of these anodes 
which in turn impede the galvanic reaction and 
diminish the galvanic current required to cathodic 
protection. Figure 15 also reveals that steel samples 
connected to Anodes 3 and 4 exhibit low corrosion 
attack after 90 d in 3.5 wt.% NaCl. This means that 
these anodes provide galvanic current to protect the 
steel samples. 

 

 

Fig. 15 Effect of Zn/Mg mass ratio on morphologies of steel connected with Al−Zn−Mg sacrificial anodes in 3.5 wt.% 

NaCl solution for 90 d: (a) Anode 1; (b) Anode 2; (c) Anode 3; (d) Anode 4 
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4 Conclusions 
 

(1) The grain size of α(Al) and the particle size 
of the precipitates decrease while the volume 
faction of the precipitates increases with decreasing 
Zn/Mg ratio in Al−Zn−Mg sacrificial anodes. 

(2) The anode with Zn/Mg mass ratio >4.0 
exhibits the lowest corrosion rate, while the anode 
with Zn/Mg mass ratio <0.62 gives the highest   
corrosion rate and provides the highest cathodic 
protection efficiency for carbon steel. Furthermore, 
the results show that the anode with Zn/Mg mass 
ratio <0.62 exhibits a porous corrosion product 
comparing to the other anodes. 

(3) The pitting corrosion locates at the center 
of the intermetallic precipitates and the size of pit 
increases with increasing Zn/Mg mass ratio. 
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锌镁比对 Al−Zn−Mg 牺牲阳极用于碳钢阴极保护的影响 
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摘  要：研究不同锌镁质量比的 Al−Zn−Mg 合金作为牺牲阳极在 3.5wt.%NaCl 溶液中用于碳钢阴极保护的性能。

用纯 Al、Zn 和 Mg 金属通过铸造法制备 Al−Zn−Mg 阳极。采用光学显微镜、扫描电镜−能谱、X 射线衍射和电化

学等技术对样品进行表征和测试。结果表明，随着锌镁质量比的降低，α(Al)的晶粒尺寸和析出物的粒径减小，析

出物的体积分数增大。当锌镁质量比大于 4.0 时，Al−Zn−Mg 阳极具有最低的腐蚀速率；当锌镁质量比小于 0.62

时， Al−Zn−Mg 阳极具有最高的腐蚀速率且对碳钢(AISI 1018)具有最好的阴极保护效果。与其他阳极相比，锌镁

质量比为 0.62 的 Al−Zn−Mg 阳极具有多孔腐蚀产物。 

关键词：阴极保护；Al−Zn−Mg 牺牲阳极；电流容量；钝化膜；析出物；晶粒尺寸 
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