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Abstract
In order to study the corrosion resistance of extruded magnesium alloys, the Mg–4Zn–2Gd–0.5Ca alloy was extruded at the 
speed of 0.01–0.1 mm/s with the temperature of 280–360 °C in present study. Hot extrusion results show that the volume frac-
tion of precipitates (Vpre), VDRX (the dynamic recrystallization rate) and the average size of DRXed grain (dDRX) decrease with 
the decrease in extrusion speed, and the corrosion rate of the alloy also shows a downward trend. On the contrary, the values 
of Vpre, VDRX and dDRX increase with the increase in extrusion temperature, and the corrosion resistance of Mg–4Zn–2Gd–
0.5Ca alloy decreases. When the extrusion speed is 0.01 mm/s and the extrusion temperature is 280 °C, the alloy has the best 
corrosion resistance. The corrosion of extruded Mg–4Zn–2Gd–0.5Ca alloy occurs preferentially on the magnesium matrix 
around W and I phases in the DRXed zone. With the further corrosion, the corrosion continues to spread along the phase, 
and the corrosion area gradually increases. Galvanic corrosion plays a leading role in the corrosion process. Moreover, there 
are a large number of basal plane textures in the unDRXed region, which is conducive to improving the corrosion resistance 
of magnesium alloys. In addition, the decrease in grain size also makes the corrosion of magnesium alloy more uniform.

Keywords  Mg–4Zn–2Gd–0.5Ca alloy · Extrusion · EIS (electrochemical impedance spectroscopy) · Weight loss · 
Corrosion resistance

1  Introduction

As structural and functional material, Mg and its alloy pre-
sent many properties owing to its high specific strength, 
rigidity and good electromagnetic shielding properties. 
These performances make Mg alloy very attractive for appli-
cations in aerospace, automotive and electronic industries 
[1–4]. Moreover, due to the good biocompatibility and suit-
able degradation speed, Mg alloy also has a trend to replace 
traditional stainless steel as biomaterials [5, 6]. However, its 
application is limited because of the lower strength as well 
as the poor corrosion resistance [7–9]. Therefore, obtaining 
Mg alloy with high strength and corrosion performance has 
become a central issue in the current research filed.

The poor corrosion resistance of Mg alloy is mainly 
attributed to two aspects: (1) the lower electrochemical 
potential (− 2.37 V vs SCE) and magnesium matrix often 
act as anode dissolved preferentially in the electrolyte; (2) 
the protective film is not as dense as the protective film 
of stainless steel and Al alloy [10–12]. Many efforts have 
been made to modify the anti-corrosion performance of 
Mg alloy, such as alloying and coating [13–18], of which 
the alloying can improve the corrosion resistance essen-
tially [15], and the Mg–Zn–RE alloys have received the 
most concern [8, 19–21]. Among them, Yuan et al. [8] 
investigated the microstructure, mechanical properties 
and corrosion of Mg–2.4Zn–0.8Gd (wt%) alloy with 
and without solution treatment before extrusion in vitro. 
The research results show that the volume of secondary 
phases decreased after solution treatment, leading to more 
homogeneous microstructure distribution of as-extruded 
samples. The corrosion resistance was improved by about 
20% according to hydrogen evolution and weight loss 
test. Zhang et al. [20] studied the microstructure, bio-
corrosion behavior and cytotoxicity of an as-extruded 
Mg–11.3Gd–2.5Zn–0.7Zr (wt%) alloy. The results show 
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that the microstructure of the as-extruded alloy mainly 
consists of the refinement grains. The corrosion rate in 
Hanks’ solution is only 0.17 mm/year, and the corrosion 
mode of the alloy is uniform corrosion, which is much 
better than that of as-extruded Mg–10.2Gd–3.3Y–0.6Zr 
(wt%) alloy. There are long period stacking ordered 
(LPSO) phase, W phase (Mg3Zn3RE2) and I phase 
(Mg3Zn6RE) formed when Zn/RE atomic ratio is differ-
ent, which would influence its mechanical properties and 
corrosion resistance. As reported the corrosion resistance 
of Mg95.5Gd3.5Zn1 with LPSO phase is better than that 
those without LPSO phase owing to the less accelerat-
ing corrosion process of LPSO phase [22], which was in 
agreement with Zhang’s study [23]. Xu et al. [24] pointed 
out that the quasicrystal I phase has a series of advantages, 
such as high hardness, low interfacial energy, outstanding 
corrosion resistance, etc. Although the strength of rare 
earth Y containing Mg–Zn–RE alloys was enhanced with 
the increase in I phase [25], the corrosion mechanism of I 
phase on Mg–Zn–RE alloy is not clear.

Besides, studies have displayed that the addition of Ca 
had an important influence on the microstructure of Mg 
alloys by refining grain size and scattering the particles to 
lead to a more uniformed distribution which can further 
affect the corrosion behavior and mechanical properties 
[26–28]. Zeng et al. [26] analyzed the microstructure, 
composition and the corrosion resistance of Mg–Ca alloys. 
The results revealed that Ca played a dual role, decreasing 
the corrosion rate due to the refinement of grain size and 
accelerating corrosion due to the formation of the Mg2Ca 
phase. The Mg2Ca particles coexisted with Fe and Si lead-
ing to pitting corrosion.

Thermodynamic deformation (hot rolling, extrusion, 
etc.) has been reported to enhance the mechanical proper-
ties and corrosion resistance of Mg alloy [11, 29–31]. Li 
et al. [31] pointed out that excellent mechanical proper-
ties could be achieved with the YS of 324 MPa and UTS of 
371 MPa for Mg–4Zn–0.5Ca alloy extruded at 0.01 mm/s. 
Furthermore, the type, amount and distribution of phase 
also changed during deformation process which affects the 
corrosion resistance. Wu et al. [11] reported that the cor-
rosion properties of Mg–Al–Ca alloys was improved after 
extrusion due to the broken of (Mg, Al)2Ca or Al2Ca and 
grain refinement. Cao et al. [30] pointed out that the corro-
sion resistance of Mg–Gd, Mg–Ca and Mg–Al alloys could 
be improved after hot rolling due to the more homogene-
ous microstructure as well as the less, smaller secondary 
phase. At present, there are few reports about the corrosion 
performance of Mg–Zn–Ca alloy with rare earth element. 
Herein, the corrosion behavior of Mg–4Zn–0.5Ca alloy 
containing Gd under different extrusion speeds and tem-
peratures was studied and discussed in this study.

2 � Experimental

2.1 � Material Preparation

Mg–4Zn–2Gd–0.5Ca (wt%) alloy was prepared by tradi-
tional casting method with an resistance furnace melting 
of high-purity Mg (99.95%), Zn (99.95%), Ca (99.95%) 
and Mg–30Gd master alloy under a shielding gas of CO2 
and SF6, of which the volume ration is 40:1, and then, they 
were cast into a mold with a diameter of 41 mm preheated 
to 250 °C. After that, two steps of homogenization treat-
ment were applied: firstly, the ingot was homogenized at 
430 °C for 16 h, and then, it was treated at the temperature 
to 510 °C for 20 h. The ingot for extrusion was machined 
with a diameter of 40 mm and a length of 45 mm. For 
different extrusion speeds, the ingots were extruded at 
280 °C with speed of 0.01, 0.05 and 0.1 mm/s, respec-
tively. And the ingots were denoted as 280–0.01, 280–0.05 
and 280–0.1, respectively. For different temperatures of 
extrusion, the ingots were extruded at 0.01 mm/s with tem-
perature of 320 and 360 °C, respectively. And the ingots 
were denoted as 320–0.01 and 360–0.01, respectively. The 
extrusion ratio of all extruded specimens was 16:1. Finally, 
the rods of 10 mm in diameter were obtained. The cor-
responding experimental device in this study is shown in 
Fig. 1.

2.2 � Microstructure Observation

The actual chemical compositions of Mg–4Zn–2Gd–0.5Ca 
alloy are listed in Table 1. The specimens for microstruc-
ture observation were machined parallel to the direction 
of extrusion and then ground, polished and etched. OM 
(optical microscopy, 4XC) and scanning electron micros-
copy (SEM) were used to observe the microstructure as 
well as the corrosion morphology. The average size (dDRX) 
and volume fraction (VDRX) of dynamic recrystallization 
grains and precipitates were measured using Image-Pro 
Plus 6.0 (Media Cybernetics, Bethesda, Maryland). The 
chemical composition of the phase was determined by 
XRD (X-ray diffractometer, DX-2700), SEM with EDS 
(energy-dispersive spectrometer) and TEM (transmission 
electron microscopy, JEM-2100) combined with EDS. 
The scanning range of XRD was 20°–80°, and the scan 
rate was 2°/min. The obtained results were analyzed using 
MDI Jade 6.0 software. TEM sample was ground to below 
50 µm firstly, and then, it underwent ion-thinning with an 
ion accelerating voltage of 200 kV.
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2.3 � Electrochemical Tests

Electrochemical tests were carried on at 25 ± 1 °C using a 
three-electrode system with a saturated calomel electrode 
(SCE) acting as reference electrode, a platinum electrode 
acting as counter electrode and the specimen acting as 
working electrode. Before tests, the working electrode 
was connected to a copper wire and sealed up with epoxy 
resin leaving an uncovered surface of 10 mm in diameter, 
and then it was ground, polished, washed and dried. Pre-
pared specimens were soaked in 3.5 wt% NaCl solution 
for 0.5 h to get a steady open circuit potential (OCP, V vs 
SCE). After that, electrochemical impedance spectros-
copy (EIS) measurements were accomplished within a 
frequency range of 100 k Hz–0.01 Hz accompanied by 
the amplitude of 5 mV. The corresponding EIS informa-
tion and fitted curves were obtained by ZSimpwin. Prior 
to potentiodynamic polarization test, the samples were 
immersed in 3.5 wt% NaCl solution for 60 min; polariza-
tion tests were conducted with a scan rate of 0.5 mV s−1 
from − 1.9 to − 1.3 V.

2.4 � Immersion Tests

The as-extruded Mg–4Zn–2Gd–0.5Ca alloys were immersed 
in 3.5 wt% NaCl solution and sustained for 148 h at 25 ± 1 °C. 
The specimens for immersion test were machined parallel to 
the direction of extrusion with a 5 mm radius and 5 mm thick-
ness and sealed with epoxy resin and then ground to 4000#, 
polished and weighted. Hydrogen evolution and weight loss 
experiments were performed simultaneously. An inverted 
funnel and an acid burette were placed above the specimen 
soaked in the beaker to record the produced hydrogen vol-
ume and recorded every 4 h; then, the hydrogen evolution 
rate [HER, ml/(cm2·h)] was calculated. After immersion, the 
corrosion products formed on the surface were washed away 
using 200 g/L CrO3 + 10 g/L AgNO3, and then, the specimens 
were dried and weighted again. The weight loss Δm can be 
translated into corrosion rate Cw (mm/year) using the follow-
ing formula [11]:

here Cw was the corrosion rate (mm/year); Δm was the 
weight loss (mg); A was the exposed area of the specimens 
(cm2); t was the immersion time (day).

(1)Cw =
2.1Δm

At
,

Fig. 1   Schematic for the experimental device in this study

Table 1   Actual chemical 
compositions of Mg–4Zn–2Gd–
0.5Ca alloy (wt%)

Zn Gd Ca Mg

4.2 2.1 0.3 Balance
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3 � Results

3.1 � Microstructures of As‑Extruded Mg–4Zn–2Gd–
0.5Ca Alloy

Figure 2 depicts the OM, the DRXed rate and the DRXed 
grain size of as-extruded Mg–4Zn–2Gd–0.5Ca alloy parallel 
to extrusion direction (ED) at different extrusion speeds and 
temperatures. It can be obviously seen that the as-extruded 
alloy consists of unDRXed area with strip distribution along 

the extrusion direction and DRXed regions with fine grains 
in the low magnification map of Fig. 2a–e. The dDRX is only 
0.31 µm when extruded at 0.01 mm/s, 280 °C; however, 
VDRX is only 49.4%. The VDRX and dDRX increase gradually 
and the strip distribution in unDRXed area decreases with 
increasing the extrusion speed and temperature.

The XRD results (Fig. 2l) show that the as-extruded 
alloy consists of α-Mg, W phase (Mg3Zn3Gd2) and I 
phase (Mg3Zn6Gd). The SEM morphology of as-extruded 
Mg–4Zn–2Gd–0.5Ca alloy parallel to the extrusion direction 

Fig. 2   OM of as-extruded Mg–4Zn–2Gd–0.5Ca alloy: a, g 280 °C, 0.1 mm/s, b, h 280 °C, 0.05 mm/s, c, i 280 °C, 0.01 mm/s, d, j 320 °C, 
0.01 mm/s, e, k 360 °C, 0.01 mm/s, f VDRX and dDRX of the Mg–4Zn–2Gd–0.5Ca alloy, l XRD pattern of as-extruded Mg–4Zn–2Gd–0.5Ca alloy
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at different extrusion speeds and temperatures is presented in 
Fig. 3. Distinctly to observed in Fig. 3a, c, e, g, i, the second-
ary phase distributed in strips along extrusion direction and 
the EDS results (Table 2) display the secondary phase con-
taining Mg, Zn and Gd; the Zn/Gd ratio is about 3:2 which is 
close to W phase. Combining with the XRD analysis, it can 
be determined that the secondary phase is W phase. Besides 
that, the spherical precipitate distributed within the grain 
boundaries and at grain interiors of the DRXed region can be 
seen at the high magnification in Fig. 3b, d, f, h, j. Figure 4 
presents the TEM result of the as-extruded 360–0.01 alloy, 
and the spherical precipitate can also be seen in Fig. 4a. The 
EDS analysis for the precipitate marked by arrow in Fig. 4b 
shows that the main elements contain Mg, Zn and Gd; the 
Zn/Gd ratio is about 6 which is close to I phase. Combin-
ing with the XRD analysis, it can be determined that the 
spherical precipitate is I phase. It is worth noting that the 
Vpre of I phase increases with increasing extrusion speed 
and temperature.

3.2 � Electrochemical Measurements

Figure  5 shows the OCP curve of as-extruded 
Mg–4Zn–2Gd–0.5Ca alloy immersed in 3.5 wt% NaCl solu-
tion for 0.5 h. The OCP of all the alloys increases drasti-
cally in the first 200 s and then grows a little bit obtaining 
a relatively stable value after immersion for about 30 min. 
Generally speaking, the increase in the OCP potential value 
indicates the formation of the corrosion layer over the time 
[32]; the more positive value means the higher fraction cor-
rosion layer formed [33]. But only OCP value is not suffi-
cient to explain the corrosion resistance of the alloy.

Figure 6 displays the EIS diagrams of Nyquist and Bode 
plots. The Nyquist plot (Fig. 6a) consisted of three well-
defined flat semicircle loops, and the diameters are differ-
ent indicating the same corrosion mechanism, but different 
corrosion rates. The three loops correspond to the high-fre-
quency capacitive loop, middle-frequency capacitive loop 
and low-frequency inductive loop, respectively, which is 
relative to the wave crest and wave trough (Fig. 6c). Ordinar-
ily speaking, the high-frequency capacitive loop represents 
the charge transfer process and the specimens begin to dete-
riorate; the middle-frequency capacitive loop attributed to 
the generation and diffusion of porous film of the alloy, and 
the porous film is probably Mg(OH)2 [34, 35]; the induc-
tive loop indicates the Cl− penetrates the porous film and 
infiltrate the substrate.

As for the Mg–4Zn–2Gd–0.5Ca alloy extruded at 280 °C 
with different speeds, the diameter of the semicircle loops 
decreases with increasing the extrusion rate, which is related 
to the worse corrosion performance of the alloy. The Bode 
plots (Fig. 6b) of extrusion alloy at 0.01 mm/s are higher 
than others, which are corresponding well with the Nyquist 

plots. As for the specimen extruded at different tempera-
tures, the corrosion resistance is the best when the extrusion 
temperature is 280 °C. And the corrosion resistance of the 
alloy decreases with the increase in the extrusion tempera-
ture, and the difference of corrosion resistance for the alloy 
extruded at 320 °C and 360 °C is negligible.

To better elucidate the corrosion feature of as-extruded 
Mg–4Zn–2Gd–0.5Ca alloy, the fitted circuit model is shown 
in Fig. 6d. Where Rs, Rct, Rf and RL stand for the solution 
resistance, charge transfer resistance, film resistance and 
induction resistance, respectively. CPE represents the con-
stant phase element that replaces the electric double-layer 
capacitor, and L represents the inductance. The relevant 
electrochemical data are listed in Table 3. Where Rct is a 
measure of the corrosion rate, and its value is inversely pro-
portional to corrosion rate [34]; it is noted that the value 
of Rct for the specimen extruded with 0.01 mm/s at 280 °C 
reached up 1278 Ω cm2 which is the largest of the alloy; 
that is to say, the specimen for 280–0.01 has the optimal 
corrosion resistance, which becomes worse with increasing 
extrusion rate and temperature.

The potentiodynamic polarization curves of as-extruded 
Mg–4Zn–2Gd–0.5Ca alloy immersed in 3.5 wt% NaCl 
for 1 h are depicted in Fig. 7a. Due to negative difference 
effect (NDE), values of corrosion current density (icorr) are 
obtained by cathode extrapolation. The corrosion potential 
(Ecorr) and corrosion current density (icorr) are presented in 
Table 4. Generally, the anodic part mainly produces the fol-
lowing reaction:

The cathode region of the polarization curve mainly pro-
duces the following reaction:

In case of the alloy at different extrusion speeds, the dif-
ference of the Ecorr is very small indicating that the alloys 
extruded at different conditions have similar thermodynamic 
characteristic. However, obvious shift to right of cathode 
branch is observed indicating the value of icorr increases with 
increasing extrusion rate; the alloy with the rate of 0.1 mm/s 
at 280 °C exhibits the highest icorr of 20.90 µA/cm2, which is 
about three times higher than that in 0.01 mm/s at 280 °C, 
suggesting that the 280–0.1 alloy has a poor corrosion resist-
ance. Song et al. [33] revealed that icorr is more precise in 
explaining the corrosion resistance than the Ecorr. The Ecorr 
merely represent the thermodynamic characteristic rather 
than the corrosion kinetics. Similarly, in case of the alloy at 
different extrusion temperatures, the thermodynamic charac-
teristic is similar and the icorr increases slightly with increas-
ing extrusion temperature. It is worth noting that all the 

(2)Mg−2e− → Mg2+.

(3)2H2O + 2e− → H2 + 2OH−.
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alloys show an inflection point at the anode branch, which 
indicates that the surface film is generated on the alloy. 
When the potential reaches the film breakdown potential, the 
protective film starts to break up and pitting corrosion occurs 
[36]. Overall, the alloy with extrusion temperature of 280 °C 
at 0.01 mm/s has the best corrosion resistance, and the cor-
rosion resistance of specimen extruded at 320 °C is not far 
different from that of the specimen extruded at 360 °C.

The polarization resistance, Rp, is a parameter that char-
acterizes corrosion and its reciprocal varies directly as the 
corrosion rate. Rp was calculated by the equivalent circuit 
from the following formula:

And the 1/Rp of the Mg–4Zn–2Gd–0.5Ca alloy immersed 
in 3.5 wt% NaCl for 40 min is depicted in Fig. 7b. The 
280–0.01 alloy presents the lowest value level of 1/Rp than 
others. To put it differently, the corrosion rate decreased 
with decreasing extrusion speed and extrusion temperature.

3.3 � Immersion Measurements

In order to determine the results obtained by electrochemical 
measurements, the weight loss and hydrogen evolution tests 
were conducted, respectively. Figure 8a, b presents the HER 
and Cw calculated by immersion measurements by immers-
ing in 3.5 wt% NaCl solution for 148 h, respectively. The 
general trend is coinciding with those obtained by potentio-
dynamic polarization and electrochemical impedance tests. 
The corrosion rate of the 280–0.01 alloy is the lowest with 
7.4 mm/year, showing up the best corrosion resistance. It 
has been shown that the HER is relatively stable at the first 
60 h and then improves greatly, which indicates that porous 
film generated on the surface is destroyed and chloride ion 
penetrates the porous film into the substrate and induces the 
corrosion degree to be aggravated.

(4)Rp = Rs +
Rct

(

Rf + RL

)

Rct + Rf + RL

.

Fig. 3   SEM microstructures of as-extruded Mg–4Zn–2Gd–0.5Ca 
alloy: a, b 280 °C, 0.1 mm/s, c, d 280 °C, 0.05 mm/s, e, f 280 °C, 
0.01 mm/s, g, h 320 °C, 0.01 mm/s, i, j 360 °C, 0.01 mm/s

◂

Table 2   EDS analysis results of as-extruded Mg–4Zn–2Gd–0.5Ca 
alloy (at.%)

Positions Elements Possible compounds

Mg Zn Gd Ca

A 42.7 35.0 22.2 0.0 W phase (Mg3Zn3Gd2)
B 27.0 54.8 18.2 0.0 W phase (Mg3Zn3Gd2)
C 52.6 27.0 20.2 0.1 W phase (Mg3Zn3Gd2)
D 24.8 55.7 19.5 0.0 W phase (Mg3Zn3Gd2)
E 25.3 54.0 20.2 0.0 W phase (Mg3Zn3Gd2)
F 25.5 52.2 22.3 0.0 W phase (Mg3Zn3Gd2)
G 27.6 53.9 18.4 0.0 W phase (Mg3Zn3Gd2)
H 27.9 53.1 19.0 0.0 W phase (Mg3Zn3Gd2)
I 29.5 51.5 18.2 0.8 W phase (Mg3Zn3Gd2)
J 29.6 50.5 19.9 0.0 W phase (Mg3Zn3Gd2)

Fig. 4   TEM image of as-extruded 360 °C 0.01 mm/s Mg–4Zn–2Gd–0.5Ca alloy, and b the corresponding EDS of the precipitate pointed by the 
yellow arrow in a 
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3.4 � Cross‑Sectional Corrosion Morphology

The cross-sectional images of extruded Mg–4Zn–2Gd–0.5Ca 
alloys immersed in 3.5 wt% NaCl for 148 h removing the 
corrosion product are given in Fig. 9. Through long-term 
immersion, the result shows that the overall corrosion of 
the 280–0.01 alloy is the shallowest. The corrosion is more 
serious with increasing extrusion speed and temperature, 
and the corrosion surface of the 280–0.1 alloy is the most 
uneven, which is consistent with the results obtained from 
the EIS, polarization and immersion tests.

4 � Discussion

According to above electrochemical measurements and 
immersion tests, the as-extruded 280–0.01 alloy dem-
onstrates the best corrosion resistance, and the corrosion 
resistance deteriorates with increasing extrusion speed 

Fig. 5   OCP curves of as-extruded Mg–4Zn–2Gd–0.5Ca alloy 
immersed in 3.5 wt% NaCl solution for 30 min

Fig. 6   EIS of as-extruded Mg–4Zn–2Gd–0.5Ca alloy immersed in 3.5 wt% NaCl solution for 40 min. a Nyquist diagrams, b Bode plots of fre-
quency versus Z and c Bode plots of frequency versus phase angle, d equivalent circuit of as-extruded Mg–4Zn–2Gd–0.5Ca alloy. Where the Rs 
represents the solution resistance; CPE represents the constant phase element; Rct represents the charge transfer resistance; Rf represents the film 
resistance; L represents the inductance; and RL represents the induction resistance
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and extrusion temperature. Generally speaking, corrosion 
behavior of magnesium alloy strongly depends on its micro-
structure, such as grain size, the type and quantity of sec-
ondary phase, texture, etc. Consequently, Fig. 10 describes 
the curves of corrosion rate of Mg–4Zn–2Gd–0.5Ca alloy 
under different extrusion conditions with Vpre, VDRX and 
dDRX. It can be seen that the corrosion resistance of the 
alloy increases with the decrease in extrusion rate at 280 °C. 
However, the Vpre, VDRX and dDRX show a downward trend. 
This is mainly attributed to the reduction of precipitates, 

which reduces the chance of galvanic corrosion between 
the matrix and the precipitates. Besides, the decrease in 
VDRX and dDRX can help to reduce the corrosion rate of the 
Mg–4Zn–2Gd–0.5Ca alloy. Furthermore, when the extru-
sion rate is 0.01 mm/s, with increase in extrusion tempera-
ture, the Vpre, VDRX and dDRX in the matrix increase, and the 
corrosion resistance of the alloy decreases. In other words, 
the alloy has the optimum corrosion resistance when the 
values of the Vpre, VDRX and dDRX in the matrix are all low. 
In addition, compared with the results of Cao et al. [37], the 
corrosion resistance of Mg–4Zn–2Gd–0.5Ca alloy (7.4 mm/
year) extruded at 280 °C–0.01 mm/s is obviously improved 
than that of Mg–4Zn–2Gd–0.5Ca alloy treated by 6 passes of 
MDF (10.6 mm/year). At the same time, the corrosion resist-
ance of Mg–4Zn–2Gd–0.5Ca alloy (7.4 mm/year) extruded 
at 280 °C–0.01 mm/s increased by 57.23%, compared with 
that of Mg–15.24Gd–4.75Zn alloy (17.3 mm/year) treated 
with T4 [38].

To  a n n o u n c e  t h e  c o r r o s i o n  fe a t u r e  o f 
Mg–4Zn–2Gd–0.5Ca alloy, its surface morphology is 
immersed in 3.5 wt% NaCl for 40 min removing the cor-
rosion product as given in Fig. 11. After short time immer-
sion, the mechanism of corrosion under different extrusion 

Table 3   EIS data parameters obtained from EIS analysis of as-extruded Mg–4Zn–2Gd–0.5Ca alloy immersed in 3.5 wt% NaCl solution for 
40 min

Materials Rs (Ω) CPE1 
(10−6snΩ−1cm−2)

n1 Rct (Ω cm2) CPE2 (10−5 
snΩ−1cm−2)

n2 Rf (Ω cm2) RL (Ω cm2) L(H)

280–0.1 5.745 8.49 0.948 33.9 7.9 0.22 225.2 490.6 541.7
280–0.05 6.476 10.63 0.937 823.7 411.9 0.24 382.4 6.87 × 1010 4.63 × 103

280–0.01 5.346 9.47 0.935 1278 197.1 0.14 292 4.41 × 109 3.78 × 104

320–0.01 9.316 13.77 0.929 803.9 261.3 0.63 1464 538.6 3086
360–0.01 10.54 11.61 0.935 954.1 361.7 0.43 0.01 413.8 1.26 × 104

Fig. 7   a Potentiodynamic polarization curves and b 1/Rp of as-extruded Mg–4Zn–2Gd–0.5Ca alloy immersed in 3.5 wt% NaCl solution for 1 h

Table 4   Corrosion potential (Ecorr), cathodic slope (βc) and corro-
sion current density (icorr) obtained from polarization curves of as-
extruded Mg–4Zn–2Gd–0.5Ca alloy immersed in 3.5 wt% NaCl solu-
tion for 1 h

Materials Ecorr (V vsSCE) βC (mv/dec) icorr (µA/cm2)

280–0.1 − 1.546 − 151.31 ± 38.47 20.90 ± 9.51
280–0.05 − 1.557 − 129.12 ± 1.24 11.40 ± 2.83
280–0.01 − 1.522 − 121.34 ± 3.77 6.35 ± 2.14
320–0.01 − 1.469 − 118.99 ± 1.27 8.42 ± 0.28
360–0.01 − 1.489 − 112.02 ± 11.33 7.55 ± 4.04
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parameters is the same, all of which showing two kinds of 
corrosion morphology. Some show the uniform corrosion 
morphology, as shown by the yellow arrows in Fig. 11a, d, 

g. The other corrosion morphology is galvanic corrosion, as 
depicted in Fig. 11b, e, h. Abundant shallow corrosion pits 
on the surface and on corroded α-Mg substrate around the 

Fig. 8   Immersion test result a hydrogen evolution rate plot and b weight loss of as-extruded Mg–4Zn–2Gd–0.5Ca alloy immersed in 3.5 wt% 
NaCl solution for 148 h

Fig. 9   Section corrosion morphology of as-extruded Mg–4Zn–2Gd–0.5Ca alloy immersed in 3.5 wt% NaCl solution for 148 h: a low magnifica-
tion; b high magnification
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phase in high magnification map of Fig. 11c, f, i are shown 
by yellow arrows and white arrows, respectively. This may 
be caused by the stringer-shape dispersed W phase and pre-
cipitated I phase.

During the period of corrosion, the standard electrode 
potential of W phase and I phase is higher than α-Mg 

substrate [21] and the site where the potential is lower acts 
as anode with respect to the higher potential; galvanic cou-
ple generates between the phase and α-Mg substrate, and 
substrate is preferentially corroded as the anode. Corrosion 
continually propagates along the horizontal direction, and 
the phase will fall off when the surrounding α-Mg substrate 
is sufficiently dissolved, leading to the formation of circular 
corrosion pits.

Nevertheless, it should be note that the degree of DRX 
strongly depends on extrusion conditions. The DRX is 
incompletely in present extrusion conditions, the micro-
structure of which contains both the unDRXed regions 
and DRXed regions, as described in Fig. 2. As compared 
with the DRXed regions, the basal plane texture is much 
stronger in the unDRXed regions [39]. It has been verified 
that the Mg alloys with strong basal plane texture usu-
ally possess the lower corrosion rate for the reason that 
the basal plane owns stronger atomic bonding and higher 
atomic coordination [40]. On the contrary, the W phase 
and I phase are mainly distributed in the DRXed region 
and the corrosion occurred preferentially at this place. 
Besides, the precipitated I phase in unDRXed regions is 
far less than that in the DRXed regions. That means the 

Fig. 10   Curves of corrosion rate of Mg–4Zn–2Gd–0.5Ca alloy under 
different extrusion conditions with Vpre, VDRX and dDRX

Fig. 11   Corrosion morphologies of as-extruded Mg–4Zn–2Gd–0.5Ca alloy immersed in 3.5 wt% NaCl solution for 40  min: a–c 280  °C, 
0.1 mm/s; d–f 280 °C, 0.01 mm/s; g–i 360 °C, 0.01 mm/s



373Microstructure and Corrosion Behavior of the As‑Extruded Mg–4Zn–2Gd–0.5Ca Alloy﻿	

1 3

unDRXed regions may have much more Gd content than 
the DRXed regions. According to Ref [41], the dissolution 
of rare earth elements can form a more stable protective 
film, which increases the difficulty of corrosion reaction to 
some extent and increases the corrosion resistance. Owing 
to above reasons, the corrosion resistance of unDRX 
regions is better than that of the DRXed region in present 
Mg–4Zn–2Gd–0.5Ca alloy.

To better reveal corrosion behavior about the as-extruded 
Mg–4Zn–2Gd–0.5Ca alloy, the schematic illustration is 
presented in Fig. 12. The corrosion mechanism concern-
ing Mg–4Zn–2Gd–0.5Ca alloy containing a large amount of 
unDRXed regions is presented in Fig. 12a. In Stage I, the W 
and I phases are distributed in DRXed region, wherein the W 
phase is striped along the extrusion direction. The corrosion 
preferentially occurs in the DRXed region, and the galvanic 
couples are formed between phase and α-Mg substrate. In 
stage II, the potential of α-Mg substrate is lower than the 
phase, and the substrate acts as anode and the phase is cath-
ode; galvanic corrosion occurs, and α-Mg near the phase 
dissolves preferentially, as revealed by the black arrows. In 
stage III, more and more Cl− penetrates into the substrate 
and corrosion continues to propagate around the phase, and 
the area of corrosion increases gradually, resulting in the 
falling off of the W and I phases.

Accompanied with increasing extrusion rate and tem-
perature, the degree of DRX in Mg–4Zn–2Gd–0.5Ca alloy 
increases obviously, and the corrosion behavior containing 
a large amount of DRXed regions is described in Fig. 12b. 

Due to the existence of a great deal of precipitate, galvanic 
corrosion acts a dominant part in the procedure of corrosion.

5 � Conclusions

1.	 With the decrease in extrusion speed, the Vpre, VDRX 
and dDRX of Mg–4Zn–2Gd–0.5Ca alloy decrease, and 
the corrosion rate also decreases. With the increase 
in extrusion temperature, the values of Vpre, VDRX and 
dDRX increase, and the corrosion resistance of the alloy 
decreases.

2.	 When the extrusion rate is 0.01 mm/s and the extrusion 
temperature is 280 °C, the alloy has the best corrosion 
resistance, and the corrosion rate is 7.37 mm/year.

3.	 The main factors affecting the extruded Mg–4Zn–2Gd–
0.5Ca alloy are Vpre, VDRX and dDRX. The lower pre-
cipitated phase reduces the chance of galvanic corrosion 
between matrix and precipitated phase. Moreover, the 
decrease in VDRX and dDRX increases the basal texture of 
the alloy surface, which makes the corrosion slow and 
uniform.

4.	 The corrosion of extruded Mg–4Zn–2Gd–0.5Ca alloy 
occurs preferentially on the magnesium matrix around 
W and I phases in the DRXed zone. With the further 
corrosion, the corrosion continues to spread along the 
phase, and the corrosion area gradually increases. Gal-
vanic corrosion plays a leading role in the corrosion 
process.

Fig. 12   Schematic illustrations of corrosion mechanism for the as-extruded Mg–4Zn–2Gd–0.5Ca alloy: a less DRXed region; b more DRXed 
region
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