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a b s t r a c t

The demand for soluble magnesium alloys with high plasticity used for sealing tools in

petroleum field is increasing. Here, the effects of Ni content (0.1, 0.2 and 0.5wt.%) on

microstructure, mechanical properties and corrosion rate of Mg-2Gd alloy were studied.

The volume fraction of LPSO phases and the average grain size (a-Mg) increased and

decreased with the increase of Ni content, respectively. After adding Ni, the texture

changed from the rare earth texture to the basal fiber texture, and the strength, hardness

and corrosion rate were increased with an acceptable decrease in elongation: the ultimate

tensile strength/elongation/corrosion rate of the Mg-2Gd alloy and Mg-2Gd-0.5Ni alloy were

191 MPa/23.1%/15.2 mm$y-1, 287 MPa/18.1%/499.9 mm$y-1, respectively. Therefore, the

addition of Ni effectively improved the strength and degradation rate of the Mg-2Gd alloy,

which was mainly due to the grain refinement, the enhancement of basal fiber texture and

the appearance of LPSO phases.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Due to the high specific strength, magnesium (Mg) alloys have

beenwidely applied in aerospace, military industry, electronic

3C and automobile industry after decades of research and
(D. Zhang).

by Elsevier B.V. This is
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development. In the process, researchers took a number of

steps to improve the corrosion resistance of Mg alloys, such as

heat treatments [1,2], alloying [3e5], surface treatments [6e10]

and hot deformation [11e13]. However, it is important to note

that Mg alloys can be used as degradable materials in specific

areas such as unconventional oil and gas exploitation due to
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Table 1 e Actual chemical compositions of the as-cast
Mg-2Gd-xNi alloys.

Alloys Actual Compositions (wt.%)

Mg Gd Ni Fe Si Mn

Mg-2Gd Bal. 2.40 e 0.02 0.01 0.01

Mg-2Gd-0.1Ni Bal. 2.40 0.08 0.02 0.02 0.01

Mg-2Gd-0.2Ni Bal. 2.30 0.22 0.01 0.02 0.01

Mg-2Gd-0.5Ni Bal. 2.30 0.53 0.01 0.02 <0.01
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their rapid corrosion rate. Moreover, the high specific

strength, specific stiffness and excellent machinability of Mg

alloys are not possessed by many dissolvable materials. In oil

and gas exploitation fields, the use of dissolvable metals as

temporarily sealing tools can greatly improve efficiency and

reduce construction costs by allowing the tool to dissolve and

fail downhole, eliminating the need for drilling, milling and

recovery.

Alloying is an effective method to regulate the strength,

plasticity and corrosion rate of Mg alloys. For example, the

corrosion rate of extruded AZ61 alloys containing 0.1-0.5 wt.%

Ca was more than 2 times faster than that of AZ61 alloys [14].

The strength and elongation (EL) of Mg alloys with low Zn

content were improved by adding Y element [15]. The

extruded Mg-7Li-3Al-0.4Ca alloy had good comprehensive

mechanical properties and good corrosion resistance after

adding proper amount of Ca element [16]. The addition of Cu

increased the strength and EL, but accelerated the corrosion of

Mg-2Zn alloy due to the increase of intermetallic compounds

[17]. Rare earth (RE) elements have a good strengthening effect

on Mg alloys, among which Mg-Gd alloys have been widely

studied in the past period of time. As one of the common RE

elements, Gd can promote the dynamic recrystallization,

refine grain size and improve mechanical properties and

corrosion resistance ofMg alloys. Yu et al. [18] investigated the

effect of Gd element on the high strain-rate rolled Mg-5.5Zn-

0.6Zr alloys and found that the addition of a small amount

of Gd element changed the phase composition of the alloys,

refined the grains and promoted dynamic recrystallization

during high strain rate rolling, which strengthened the alloys.

Jafari et al. [19] found that the tensile strength of Mg-3Y-0.5Zr

alloy increased when Gd element content was less than 10%,

but when Gd content reached 12%, the strength and EL of the

alloys decreased due to the increase of the size and volume

fraction of the second phase particles. In order to meet the

requirements of subsequent processing, the materials used to

make sealing tools should have high plasticity. Therefore, the

strength and EL of Mg-Gd alloys with suitable Gd contentmeet

the requirements of temporarily sealing tools, but it is still

necessary to add another element to increase the corrosion

rates, such as Cu, Ni, Fe, Co, etc.

In recent years, there have been several studies on soluble

Mg alloys. For example, in search of materials for the prepa-

ration of degradable fracturing ball, Zhang et al. [20] added 4

wt.% Cu to high strength Mg-3Zn-1Y and found that the

corrosion rate increased by 38 times. Chen et al. [21] also

investigated the effect of Cu on the mechanical and corrosion

properties of as-cast Mg-17 A l-3Zn and found that alloys

containing 5 wt.% Cu had the highest strength and fastest

corrosion rate. In addition, Wang et al. [22] found that by

leading in a certain amount of long period stacking ordered

(LPSO) phase, the corrosion rate of Mg97.5Ni1Y1.5 alloy

reached 6675.32 mm/a at 93 �C. Moreover, Liu et al. [23] sug-

gested that with the gradual substitution of Ni for Zn, the

mechanical properties of the alloy were improved and the

alloy had high plasticity due to solution strengthening.

Therefore, Ni is a kind of element which can improve the

mechanical properties and accelerate the corrosion of Mg

alloy. The addition of Ni to Mg-RE alloys promotes the for-

mation of LPSO structures, and Mg alloys containing LPSO
phases with excellent mechanical properties have received

extensive attention in recent years [24e29]. We studied the

effect of Cu content on the properties of the Mg-2Gd alloy and

developed candidate materials for sealing tools in our previ-

ous works [30,31]. However, the amount of Ni is relatively high

that increase the cost of the materials in the existing studies,

and there are few reports about the addition ofminor Ni in the

Mg-Gd alloy. Therefore, the effects of a minor amount of Ni

addition on the microstructure, mechanical properties and

corrosion behavior of Mg-2Gd-xNi (x ¼ 0, 0.1, 0.2, 0.5 wt.%)

alloys were systematically studied.
2. Experimental procedures

The raw materials of the ingot included pure Mg (99.98 wt.%),

Mg-30Gd (wt.%) master alloy and pure nickel powder (99.5

wt.%). The entire smelting process was carried out under a

mixed protective atmosphere of CO2 and SF6, where the vol-

ume ratio of CO2 and SF6 was 10:1. Firstly, a crucible con-

taining pure Mg andMge30Gd intermediate alloy was put into

the resistance furnace to preheat to 400 �C, and then heated to

720 �C to melt the alloys. After the alloys were melted into

liquid, Ni powder was added and stirred to ensure uniform

composition. The liquids were solidified by water cooling and

processed into a cylindrical ingot with a diameter of 80 mm.

The actual compositions of the as-cast alloy were tested by X-

ray fluorescence spectrometer (XRF, XRF-1800CCDE), and the

test results were shown in Table 1. Then the ingots were ho-

mogenized at 420 �C for 2 h and cooled in air. Finally, the in-

gots were extruded into a 16 mm bar at 450 �C at a speed of 2

mm$s-1.

2.1. Microstructure characterization

Specimens for observing the morphology and microstructure

under scanning electron microscope (SEM, Quattro S) were

grinded with SiC metallographic sandpaper to 1200 grit under

water and etched with 3% HNO3þC2H5OH solution. The

identification of the second phases were confirmed by the

energy dispersive spectrometer (EDS, OXFORD) and the pha-

ses of different alloys were analyzed by X-ray diffractometer

(XRD, Rigaku D/max-2500 P C), which with Cu target and a

scanning rate of 4�/min on the scanning angles from10� to 90�.
The electron probemicroanalyzer (EPMA, JXA-8530 F Plus) was

used to analyze the distribution of various elements. The

samples parallel to the extrusion direction (ED) were per-

formed electron backscatter diffraction (EBSD) on field emis-

sion SEM (JEOL JSM-7800 F), and the grain orientation of the

https://doi.org/10.1016/j.jmrt.2022.08.051
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Fig. 1 e The microstructures of the as-extruded Mg-2Gd-xNi (x ¼ 0, 0.1, 0.2, 0.5) alloys: (aed) SEM images of alloys, (e) the

morphology in a high magnification and corresponding EDS mapping of the Mg-Gd-Ni ternary phases in (d).
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alloys were analyzed by Channel 5 software. Transmission

electron microscope (TEM, Talos F200S) with selected area

electron diffraction (SAED) and EDSwas also applied to further

investigate the microstructure of alloys.

2.2. Mechanical properties test

A tensile specimen with a gauge length of 35 mm, a diameter

of 10 mm at both ends and a diameter of 5 mm in the middle

was processed. Samples were stretched with a uniform uni-

directional displacement at a speed of 3 mm$min-1. The

samples for compression test were machined to a cylinder 15

mm high and 6 mm diameter with a compression rate of 1.5
mm/min. Tensile and compression tests were performed on

electronic universal testing machine (SANS CMT-5105). The

Micro-Vickers hardness of the alloys were obtained by testing

60 s with a hardness tester (HXS-1000AY) at a load of 50 g. At

least 3 samples were used for each test.

2.3. Weight loss measurement

Surfaces of the samples were sealed by resin and only a sur-

face with an area of 2 cm2 was exposed. The tested samples,

polished to 1200 grit with SiC sandpaper, were immersed in a

3.5% wt. NaCl solution at 25 ± 1 �C. At least 3 samples of each

ingredient were tested. After immersing for 48 h, samples

https://doi.org/10.1016/j.jmrt.2022.08.051
https://doi.org/10.1016/j.jmrt.2022.08.051
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were immersed in chromic acid (200 g/L CrO3þ10 g/L AgNO3)

for 5-10 min to remove corrosion products. The mass loss of

different samples was measured and the corrosion rates were

calculated by the following formula (1):

Vd ¼KDw
Art

(1)

Where Vd is the corrosion rate in mm/y, k is a constant which

value is 8.76 � 104, Dw is the mass loss of the sample before

and after immersion in g, A is the exposed area in cm2, r is the
Fig. 2 e EPMA element mappings of (a) Mg-2Gd alloy and (b) Mg-

of the Mg-Gd phase; (d) HAADF-STEM images of the Mg-Gd-Ni
density of thematerial in g$cm-3, t is the time of immersion in

NaCl solution in h, this experiment takes 48 h.

2.4. Electrochemical measurement

The potentiodynamic polarization (PDP) and electrochemical

impedance spectroscopy (EIS) test were carried out in 3.5 wt.%

NaCl solution using electrochemical workstation (Versa Stu-

dio). A typical three-electrode system was applied, where the

reference electrode was a saturated calomel electrode (SCE),
2Gd-0.5Ni alloy, (c) HAADF-STEM images and EDS mapping

phase and corresponding SAED patterns.

https://doi.org/10.1016/j.jmrt.2022.08.051
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the platinum plate was the counter electrode (CE), and the

samplewith an exposed surface area of 1 cm2was theworking

electrode (WE). The samples ground with SiC sandpaper to

1200 grit were soaked in the solution for 1 h to obtain a stable

open circuit potential (OCP), and the scanning speed was 1

point/s. The perturbation amplitude of the electrochemical

impedance spectroscopy (EIS) was 5mV, the frequency setting

range was 100 kHz to 10 mHz, the scanning speed was 1 mV/s,

and then the results were analyzed by ZsimpWin software. As

for the polarization curves, the potential was set from -0.3 V to

0.5 V, and the scanning speed was 1 mV$s-1. The test results

were analyzed by CView software to obtain corrosion poten-

tial (Ecorr) and corrosion current density (Icorr).
Fig. 3 e (a) XRD patterns of the as-extruded Mg-2Gd-xNi (x ¼ 0, 0

to 40�.
3. Results

3.1. Microstructures

Fig. 1(aed) showed the SEM morphologies of the as-extruded

alloys. It can be seen that all as-extruded Mg-2Gd-xNi (x ¼ 0,

0.1, 0.2, 0.5) alloys exhibited equiaxed grains. Clearly, the

addition of Ni element effectively reduced the average grain

sizes of the alloys and thus showed an obvious effect on grain

refinement: the average grain size of Mg-2Gd, Mg-2Gd-0.1Ni,

Mg-2Gd-0.2Ni and Mg-2Gd-0.5Ni was 18.3 ± 1.0 mm, 12.5 ± 0.7

mm, 9.3 ± 0.7 mm and 3.6 ± 0.3 mm, respectively. In addition,
.1, 0.2, 0.5) alloys; (b) The magnification of Fig. 3 (a) from 33�

https://doi.org/10.1016/j.jmrt.2022.08.051
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according to SEM and EPMA images in Fig. 2, there were a

small amount of bright second phases composed ofMg and Gd

in Mg-2Gd alloy. When Ni was added, a new kind of second

phase appeared in the Mg-Gd-Ni alloys, and the proportion of

the second phase increased with the increase of Ni content.

The morphologies of the second phases observed under high

angle annular dark field-scanning transmission electron mi-

croscope (HAADF-STEM) were shown in Fig. 2(c and d). As

shown in Fig. 2 (c), one of the second phaseswas regular block.

The element distribution mapping showed that it was

enriched in Gd, and such Gd-rich phases were confirmed as

Mg5Gd phases by Mg-Gd binary phase diagram and XRD re-

sults (Fig. 3). The second phases with irregular shape and

enrichment of Gd and Ni were observed by SEM as shown in

Fig. 1 (e). The XRD patterns of the as-extruded Ni containing

alloys showed that the Mg-Gd-Ni alloys were mainly

composed of a-Mg, Mg5Gd and LPSO phases, so it was specu-

lated that the phases containing Mg; Gd and Ni were LPSO

phases. Moreover, the HAADF image of the LPSO phase and

corresponding SAED pattern were obtained as shown in Fig. 2

(d). Five extra diffraction points were observed at n/6 of the

(0002) Mg diffraction spot, indicating that the LPSO phase had

an 18R structure [32]. It should be noted that, the laminar

traces as shown by the arrows in Fig. 1 were observed in Ni-

containing alloys after corroding by picric acid. According to

the laminar morphology of LPSO phase, it was then supposed

that thosemarks were related to the shedding of LPSO phases.

Fig. 4 showed the orientation diagram, {0001} pole figures

(PF) and inverse pole figures (IPF) of the as-extruded Mg-2Gd-

xNi (x ¼ 0, 0.1, 0.2, 0.5) alloys. It can be seen from the {0001} PF

that Mg-2Gd alloy exhibited preferred orientation of <11-21>//
ED, known as typical RE texture, which was characterized by

the polar axis located between extrusion direction (ED) and

transverse direction (TD). Similar to SEM results, the grain

sizes of the alloys were obviously refined with the increase of

Ni content. At the same time, the increase of Ni content

increased the number of blue and green grains in the orien-

tation diagram, which indicated that there were more grains
Fig. 4 e Orientation maps, pole figures and inverse pole figures
present the orientation of <-12-10>//ED or <01-10>//ED. The

polar axial rotated to TD in PF indicated that the extrusion

texture was weakened. According to the gradually increasing

texture strength of IPF, it can also be found that the addition of

Ni element in Mg-2Gd alloy weakened the RE texture and

strengthened the extrusion texture.

3.2. Mechanical properties

Fig. 5 showed the tensile and compressive curves, the me-

chanical properties obtained from the stressestrain curves

were shown in Table 2. The tensile yield strength (TYS), ulti-

mate tensile strength (UTS), compressive yield strength (CYS)

and compressive ultimate strength (CUS) of the alloys were

improved after Ni addition. Compared with Mg-2Gd alloy, the

UTS of Mg-2Gd-0.1Ni, Mg-2Gd-0.2Ni and Mg-2Gd-0.5Ni alloys

were increased by about 11%, 25% and 50%, respectively. This

indicated that Ni can improve the strength of Mge2Gd alloy

significantly. Meanwhile, the EL ofMg-2Gd-0.5Ni alloy reached

18.1%, which met the requirement of high plasticity (15%) for

Mg alloys used for sealing tools. The tensile fracture mor-

phologies of the as-extruded alloys were observed, as shown

in Fig. 6. Obvious dimples could be seen on the fracture sur-

face of all the alloys, indicating the plastic fracture. The

appearance of dimples indicated that micro-pores nucleated,

aggregated and grown up during plastic deformation, and the

size and number of dimples can reflect the plasticity of the

alloy to a certain extent. As shown in the figure, there are

many deep dimples with large diameter on the fracture sur-

face of the nickel-free alloy. With the increase of Ni content,

the number and size of dimples decrease, indicating the

decreased plasticity. Fig. 7 showed the Micro-Vickers hard-

ness of alloys. In accordance with the trend of strength vari-

ation, the addition of Ni increased the hardness of the alloys.

The linear relationship between the hardness (y) and the Ni

content (x) can be roughly expressed as y¼ 29.3xþ 42.8, which

means that every addition of 1wt.%Ni led to an increase about

29.3 HV in hardness.
of the as-extruded Mg-2Gd-xNi (x ¼ 0, 0.1, 0.2, 0.5) alloys.

https://doi.org/10.1016/j.jmrt.2022.08.051
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Fig. 5 e Mechanical properties of the as-extruded alloys: (a) tensile curves, (b) compressive curves.
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3.3. Corrosion behavior

Fig. 8(a) showed the macroscopic morphologies without

corrosion products of the extruded alloys after soaking in

3.5wt.%NaCl solution for 48 h at room temperature and Fig.

8(b) showed the corresponding 3D morphologies of different

alloys. There were some matrixes on the surface of Mg-2Gd

without being corroded and the corrosion form of the alloys

was mainly pitting corrosion. With the extension of immer-

sion time, the corrosion area spread to the whole surface, and

the metallic luster disappeared. The weight loss rate can be

used to quantify the corrosion rate of different alloys. The

corrosion rate Vd of Mg-2Gd alloy was 15.2 mm$y-1. When 0.1

wt.% Ni was added, the Vd of Mge2Gd alloy reached 67.6

mm$y-1, increasing by four times. The Vd of Mg-2Gd-0.5Ni was

as high as 499.9 mm$y-1, proving that Ni can increase the

corrosion rate of Mge2Gd effectively. The same conclusion

can be drawn from the change of samples’ thickness. The

thickness reduction of alloys increasedwith the increase of Ni

content: the thickness reductions of Mg-2Gd, Mg-2Gd-0.1Ni,

Mg-2Gd-0.2Ni, Mg-2Gd-0.5Ni alloy were 21, 607, 1515, 2195

mm, respectively.

In order to further study the corrosion process of the alloys,

the surface morphologies of the samples soaked in 3.5 wt.%

NaCl solution for 10min and 1 h were observed through SEM.

As shown in Fig. 9, part of the surface of Mg-2Gd-0.5Ni alloy

did not show obvious corrosion trace and remained smooth

and flat after soaking for 10 min. By contrast, the other part

exhibited distinct pitting corrosion, as highlighted by the red
Table 2 e Mechanical properties of the as-extruded
alloys.

Alloys CYS/MPa UCS/MPa TYS/MPa UTS/MPa EL/%

Mg-2Gd 84 348 111 191 23.1

Mg-2Gd-0.1Ni 104 369 142 212 20.8

Mg-2Gd-0.2Ni 121 410 168 239 19.1

Mg-2Gd-0.5Ni 171 489 234 287 18.1
arrows in Fig. 9(b and c), indicated the occurrence of local

corrosion on the surface of the alloy. This is mainly because

the anodic reaction and the cathodic reaction occurred in

different regions due to the uneven microstructure of the al-

loys. The area shown by the blue arrow in Fig. 9 (b) indicated

that filiform corrosion occurred inMg-2Gd-0.5Ni alloy. Edward

et al. [33] reported that the pitting and filiform corrosion of

extruded Mg alloys were prone to occur in chloride aqueous

solution, and the occurrence of filiform corrosion was related

to the dynamic evolution of local anode and local cathode

positions [34]. In addition, the part marked by the yellow ar-

rows in Fig. 9 (c) was similar to the layered corrosion trace

observed in Fig. 1, and it was supposed that the presence of

such kind of trace was related to the corrosion of LPSO phases.

3.4. Electrochemical measurements

Fig. 10 showed the PDP curves of different alloys and the

Nyquist curves as well as the equivalent circuit diagram of EIS

test. The corresponding fitting results were shown in Table 3.

The Icorr of the Mg-Gd-Ni alloy was higher than that of the

Mge2Gd alloy, and the Icorr increased with the increase of Ni

content. The Icorr of Mg-2Gd, Mg-2Gd-0.1Ni, Mg-2Gd-0.2Ni and

Mg-2Gd-0.5Ni alloywere (1.23± 0.4)� 10�4 A$cm-2, (2.51± 0.05)

� 10�4 A$cm-2, (5.58 ± 0.6)� 10�4 A$cm-2 and (2.01 ± 0.1)� 10�3

A$cm-2, respectively.

The Nyquist curves of all alloys consisted of the high-

frequency capacitance loop and the low-frequency induc-

tance loop. The high-frequency capacitance loop is related to

the double electric layer composed of alloy and solution,

which is controlled by the charge transfer process. The

appearance of low-frequency inductance loop is due to local

corrosion such as pitting corrosion, which is related to the

diffusion of corrosion products. The radius of the high-

frequency capacitor circuit in the Nyquist curve reflects the

corrosion resistance: the larger radius reflects better corrosion

resistance. Therefore, it can be concluded from the figure that

the corrosion resistance of Ni-containing alloys with smaller

high-frequency capacitance loop radius were worse than that

of the Mg-2Gd alloy.

https://doi.org/10.1016/j.jmrt.2022.08.051
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Fig. 6 e Fracture surface (SEM micrographs) of the as-extruded alloys.

j o u r n a l o f ma t e r i a l s r e s e a r c h a nd t e c hno l o g y 2 0 2 2 ; 2 0 : 3 7 3 5e3 7 4 93742
EC and corresponding fitting results were further analyzed.

Rs in the EC represents the solution resistance between the

WE and the RE, and depends only on the conductivity of the

test medium. Rct and CPEdl are used to describe the high-

frequency capacitance loop, representing the charge transfer

resistance and the double electric layer on the electrolyte/

substrate surface, respectively. RL and L represent resistance

and inductance respectively, RL and L in series represent the

rupture of protective film during the reaction process, and are

used to describe the low-frequency inductance loop. EC fitting

results showed that Rs values of different alloys were almost

the same. The equivalent circuit data showed that the addi-

tion of Ni significantly reduced the Rct, indicating that the

charge transfer rate of the alloys increased and the corrosion

resistance of the alloys decreased with more Ni content,

which was consistent with the EIS results.
Fig. 7 e Micro-Vickers hardness of the as-extruded alloys.
4. Discussion

4.1. Microstructure

4.1.1. Grain refinement
The grain size of extruded Mge2Gd alloy was refined by Ni

addition. That was because LPSO phases formed in the alloys

after Ni addition, the volume fraction and number of LPSO

particles increased with the increasing content of Ni. The

presence of the second phase hindered the expansion of grain

boundaries and limited the grains growth, resulting in the

reduction of grain size. In addition, the second phases larger

than 1 mm produced a particle-stimulated nucleation (PSN)

effect. Robson [35] studied the effect of large particles (diam-

eter >1 mm) on DRX of the MgeMn alloy and reported that the

LPSO phase with the larger size promoted DRX through PSN,

leading to the decrease of the grain size.

4.1.2. Modified texture
It is well established that the addition of different alloying

elements can affect the grain orientation of wrought Mg al-

loys. Stanford et al. [36] found that the extruded texture of the

alloy was weakened due to the incorporation of Gd atoms into

thematrix, and the alloy exhibited the preferred orientation of

<11-21>//ED and good plasticity. Due to strain and solute

dragging effect, Gd can inhibit DRX by solute segregation to-

wards grain boundary in clusters, which can weaken the

recrystallization texture, leading to the formation of RE

texture [37,38]. Similar phenomenon was also found in Mg-

1.5Zn [39,40]. The addition of Ni changed the texture of Mg-

2Gd because the radius of the Ni atom is smaller than that of

Mg and Gd. The solution of Ni would induce extension strain,

which was similar with the solution of Zn [41] and Cu [30].

After the addition of Ni, Gd atoms segregated near the Mg

atoms to reduce strain generation, which resulting in the

https://doi.org/10.1016/j.jmrt.2022.08.051
https://doi.org/10.1016/j.jmrt.2022.08.051


Fig. 8 e (a) Optical morphologies and (b) three-dimensional reconstruction images of alloys after 48 h immersion.
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weakening of the strain and the solute dragging effects of Gd

atoms at grain boundaries, thus weakening the formation of

RE texture and promoting the formation of basal fiber texture.

4.2. Mechanical properties

4.2.1. Strengthening mechanisms
Generally, the strengthening methods of metals mainly

include solid solution strengthening, fine grain strengthening,

texture strengthening, second phases strengthening and

aging strengthening. The strength of the alloys in this work
Fig. 9 e SEM images of as-extruded Mg-2Gd-0.5Ni alloy im
dependsmainly on the grain size, texture type and the second

phases, since the aging treatment was not carried out in this

study.

4.2.1.1. Solid solution strengthening. Contribution of the solid

solution strengthening to strength can be evaluated by the

following formula [42]:

sss ¼
 X

i

k1=n
i ci

!n
mersed in 3.5wt.% NaCl solution for 10min and 1 h.
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Fig. 10 e (a) PDP curves, (b) Nyquist plots, and (c) the equivalent circuit of the as-extruded Mg-2Gd-xNi alloys in 3.5wt.% NaCl

solution.
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where sss is the solid solution strengthening of all elements, ki
is the strengthening constant of certain element, ci is the

concentration of the element and n is a constant. Due to the

low solid solubility of Ni in the a-Mg, the solid solution

strengthening was mainly attributed to Gd. cGd was about

0.0031 (that is 0.31 at. %), kGd and nwere 1168MPa (at.%)-2/3 [43]

and 2/3 [44,45], respectively. As a consequence, the sss was

about 24.8 MPa.

4.2.1.2. Fine grain strengthening. The relationship between

the strength increment caused by grain refinement and the

grain size in polycrystalline materials at room temperature

satisfies the Hall-Petch formula:

sHP ¼ s0þKd-1/2

Where s0 is a constant (11 MPa), numerically equivalent to

the yield strength of a single crystal, K is a constant (220 MPa

mm1/2) [46], indicating the degree of influence of grain bound-

ary on strength, d is the average grain size (18.3 mm for theMg-

2Gd alloy and 3.6 mm for the Mg-2Gd-0.5Ni alloy). As a result,

the calculated results of the Mg-2Gd alloy and the Mg-2Gd-

0.5Ni alloy were 62.4 MPa and 127.0 MPa, respectively. The

reduction of grain size resulted in the increase of grain

boundaries, and the pile up of dislocation at grain boundaries

would obstruct the slip, resulting in higher strength [47].

4.2.1.3. Texture strengthening. The change of texture type

significantly affected the mechanical properties of Mg alloys.

The addition of Ni transformed the RE texture into basal fiber

texture, and the effect of this change on the activation of basal

slip can be explained by the Schmidt factor (SF) of {0001} <11-
20> basal slip. The SF of the Mg-2Gd alloy and the Mg-2Gd-

0.5Ni alloy were shown in Fig. 11. In the mechanism of
Table 3 e EIS fitted data of Mg-2Gd-xNi alloys.

Alloys Rs (U$cm
2) Qdl (mU

�1$cm�2$s�1)

Mg-2Gd 19 3.7 � 10�5

Mg-2Gd-0.1Ni 19 1.6 � 10�4

Mg-2Gd-0.2Ni 20 7.4 � 10�4

Mg-2Gd-0.5 N 19 2.5 � 10�4
metal plastic deformation, SF can be used to evaluate the

degree of activation of base slip. As shown in the graph, the

average SF of the Mg-2Gd alloy was about 0.34, which was

because SF of most grains was greater than or equal to 0.3.

Compared with Mg-2Gd, there were more grains with low SF

in the Mg-2Gd-0.5Ni alloy. The average SF of the Mg-2Gd-0.5Ni

alloy was about 0.20. The smaller the average SF is, the more

grains with hard orientation, which leads to the more diffi-

culties to activate the base slip. Therefore, the Ni-containing

alloys showed a higher yield strength.

Combined with fine grain strengthening, the strength

increment can be calculated by the following formula [48]:

ss-t¼(0.3/mt) sHP

Where ss-t is the strength increment, mt is the average SF.

The calculate results of Mg-2Gd and Mg-2Gd-0.5Ni were 55.1

MPa and 190.0 MPa, respectively.

4.2.1.4. Second phase strengthening. The longitudinal SEM

images of the as-extruded alloys without and with Ni were

shown in Fig. 12. It can be seen that with the addition of 0.5

wt.% Ni, there were more and larger second phases along ED

in the Mg-2Gd-0.5Ni alloy. So the strengthening effect of the

second phases in this work cannot be ignored. Furthermore,

the addition of Ni promoted the formation of LPSO phases.

Previous study [32] showed that LPSO phases could form

deformation kinking and pin dislocation during plastic

deformation, which can hinder the movement of dislocation

effectively. In addition, LPSO phases can bear the load trans-

ferred by a-Mg grains during plastic deformation, thus

improving the strength of the alloys [49]. The hardness of the

alloy increased with Ni addition, which also indicated that

LPSO phases are strengthening phases, which can improve
ndl Rct (U$cm
2) L (H$cm�2) RL (U$cm

2)

0.83 188 597 125

0.70 91 497 69

0.80 32 27 34

0.85 9 62 9
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Fig. 11 e Schmid factor of {0001} <11e20> for Mg-2Gd and

Mg-2Gd-0.5Ni alloys.
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the strength of the alloys. The strength increment of the

second phase strengthening can be calculated by the

following formula in this work [30]:

ssp ¼ sTYS-sss-ss-t

Where sTYS is the tensile yield strength. The calculate re-

sults of Mg-2Gd and Mg-2Gd-0.5Ni were 31.1 MPa and 19.2

MPa, respectively.

Fig. 13 summarized the contribution of various strength-

ening mechanisms for yield strength in this study. It can be

seen that grain refinement and texture modification played

the most important role in increasing the strength of the al-

loys. Nevertheless, it should be noted that the above calcula-

tion methods are not very rigorous, because some constant

values are selected based on existing studies, and other

possible reinforcement mechanisms, such as dislocation

reinforcement, have not been discussed.

4.2.2. EL
Gd element can adjust the lattice constant of Mg alloys and

change its stacking fault energy, so that the slip system is
Fig. 12 e Longitudinal SEM images of the as-extru
more easily activated, resulting in higher plasticity of Mg-2Gd

[50]. But the EL of the alloy decreased due to that the increase

of the volume fraction of the second phase when Ni was

added. This may be due to local stress concentration and

microcracks were generated near the second phases during

plastic deformation. The crack propagation leaded to fracture

of the material in the subsequent deformation process [51].

Nevertheless, all alloysmaintained a high EL ofmore than 15%

in this work.

4.3. Corrosion behavior

4.3.1. The effect of second phases on corrosion behavior
As mentioned above, the corrosion rates of Ni-containing al-

loys were greatly accelerated, which was largely related to the

increase in the number of the second phases. The second

phases mainly influence the corrosion behavior of Mg alloys

through the following two aspects: (i) there is a potential dif-

ference between the second phases and a-Mg matrix, which

leads to the formation of corrosive galvanic cells and the

micro-galvanic corrosion, (ii) the second phases with different

morphologies and distributions have different hindrance ef-

fects on corrosion ions entering matrix [52].

The main anodic and cathodic reactions in Mg alloy

corrosion were shown in formula (2) and (3). Yin et al. [53]

found that the continuous distribution of the second phases in

the alloys can act as corrosion barriers to protect the Mg ma-

trix from corrosion. Zhao [54] also investigated the effect of

Mg17Al12 (b phase) on the corrosion properties of AZ91 alloy.

The b phase can act as corrosion barriers to protect the Mg

matrix or as cathodes to accelerate the corrosion of the alloys,

depending on the amount and distribution of b phases in the

matrix. The second phases of alloys, especially Mg-2Gd-0.5Ni,

were distributed depressively, so they cannot hinder the ion

invasion into the matrix. In the process of corrosion reaction,

LPSO and Mg5Gd phases acted as micro-galvanic cathodes to

accelerate the dissolution of anode matrix. This phenomenon

was also observed by Shi et al., who found that in Mg-Gd al-

loys, the matrix near the second phases was more severely

corroded [55]. Therefore, with the addition of Ni content, the

increase of the number of second phases leaded to the in-

crease of the number of corroded galvanic cells, and the

corrosion rate was accelerated.
ded alloys: (a) Mg-2Gd and (b) Mg-2Gd-0.5Ni.
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Fig. 13 e Strength increment of various strengthening

mechanisms for the as-extruded Mg-2Gd and Mg-2Gd-

0.5Ni.
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Mg-2e�/Mg2þ (2)

2H2Oþ2e�/H2þ2OH� (3)

4.3.2. The effect of grain size on corrosion behavior
Grain size is an important factor affecting the corrosion rate

of Mg alloys. However, the effect of grain size on the corro-

sion rate of Mg alloys has always been controversial. Some

researchers pointed out that the corrosion resistance of Mg

alloys would be significantly improved after grain refinement

[56,57]. Zeng et al. [58] believed that grain refinement accel-

erated the formation of surface films and reduced micro-

galvanic corrosion reaction. However, Song et al. reported

that the corrosion resistance of pure Mg with finer grains in

3.5wt.%NaCl solution was worse [59]. Comparably, a similar

phenomenon was observed in equal channel angular press-

ing (ECAP) AZ91D alloy [60]. Yang et al. observed clear grain

boundaries on the surface of Mg alloy after soaking in 3.5

wt.%NaCl solution for 2 h, and believed that grain boundaries

accelerated the corrosion of Mg alloy [61]. Thematerials used

in this study were the as-extruded alloys. In the process of

hot deformation such as extrusion, the microstructure

evolution of the alloys was affected by dislocation, which

distorted the lattice at the grain boundary, so it was more

prone to corrode at the grain boundaries. Thus, the corrosion

resistance of the alloy decreased with the grain refinement,

which was similar to the findings of many studies [17,31].

Therefore, grain boundaries, as an important defect in

polycrystals, have a vital influence on the corrosion behavior

of metal materials. Similar to the Hall-Petch formula, Ralston

et al. [62] proposed the relationship between grain size and

Icorr:

Icorr ¼ A þ B d�1/2
Where A and B are constants related to the materials, and

d is the average grain size. In this work, the formula can be

rewritten as:

Pw ¼ A þ B d�1/2

Where Pw is the corrosion rate (mm$y-1) obtained by weight

loss tests. Obviously, the value of Icorr or Pw is negatively

correlated with grain size when B is positive. When B is

negative, alloys with smaller average grain size show lower

Icorr or Pw. The phenomenon observed in this work shows that

B should be positive, so grain refinement will accelerate the

corrosion rate of alloys.

4.3.3. The effect of crystal orientation on corrosion behavior
The corrosion behavior of Mg alloys would be also affected by

crystal orientation. For example, Song et al. suggested that

grain orientation was the metallurgical factor affecting the

corrosion properties of pure Mg [63]. Xin et al. studied the

corrosion rate of AZ31 alloy with different textures in 3.5 wt.%

NaCl solution and found that the corrosion rate of the alloy

was accelerated when the texture strength of (0001) decreased

or the texture strength of (10-10), (11-20) increased, indicating

that the corrosion resistance of different atomic planes was

different [64]. Fu et al. found through calculation that

comparedwith (10-10) and (11-20), the surface energy of (0001)

was lower, so the dissolution rate was theoretically slower

[65]. This theory was also confirmed by Song et al., who found

that rolled surfaces consisting mainly of (0001) were more

resistant to corrosion than cross sections [66]. Therefore, the

corrosion rate of the crystal face should be (10-10) > (11-20) >
(0001). It can be seen from the IPF that there were more grains

close to (0001) perpendicular to ED in Mge2Gd, so it has the

best corrosion resistance. The addition of Ni changed the

texture type of the alloys, resulting in more (10-10) or (11-20)

exposed to NaCl solution. At the same time, the texture

strength also increased with the increase of Ni content, so the

corrosion rate was accelerated.

4.4. Corrosion rate

The corrosion rates obtained by immersion test and electro-

chemical measurement had the same law in this work, and

the corresponding formula could be used to calculate the

corrosion rate of the two test results. As mentioned above, Pw
can be calculated by formula (1), while the corrosion rate Pi
obtained by electrochemical test can be calculated by formula

(4) [31]:

Pi ¼ 22.85Icorr (4)

Where the unit of Pi is mm$y-1, and Icorr is the corrosion

current density obtained by polarization curve fitting, and the

unit is mA$cm2. Although the corrosion rates of immersion

test and electrochemical test increased after Ni addition, the

values obtained by the two tests were quite different. The Pi of

Mg-2Gd was 2.8 mm$y-1 (45.9 mm$y-1for Mg-2Gd-0.5Ni), while

the Pw of Mg-2Gd was 15.2 mm$y-1 (499.9 mm$y-1for Mg-2Gd-

0.5Ni). The reason why Pi was much lower than Pw was that

the corrosion rates increase with soaking time in most Mg

https://doi.org/10.1016/j.jmrt.2022.08.051
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alloys containing second phases, so the initial corrosion rate

was relatively low [67]. The polarization curves were

measuredwithin a short time after immersion in the solution,

which could not reflect the whole corrosion process, resulting

in a smaller Pi.

Moreover, the addition of Ni increased the gap between Pw
and Pi. The Pw of Mg-2Gd was about 5 times bigger than the Pi,

while the Pw of Mg-2Gd-0.5Ni was 11 times that of the Pi,

indicating that the addition of Ni reduced the accuracy of

electrochemical measurement. That was probably because:

(i) a large amount of hydrogen was produced in the process of

corrosion reaction in the solution, and part of the hydrogen

was adsorbed on the metal surface or dissolved into the

matrix or even formed hydride (MgH2) [68]; (ii) or some of the

corroded surfaces were isolated by escaping hydrogen,

causing the corrosion rate be underestimated. As the addi-

tion of Ni in this study dramatically increased the corrosion

rates of the alloys and produced more hydrogen during im-

mersion. A large amount of hydrogen cannot escape in time,

which affected the surface state of the samples, and the

electrochemical test was very sensitive to the surface of the

samples, so the accuracy of the electrochemical test was

reduced.
5. Conclusion

In this work, different contents of Ni (0.1, 0.2, 0.5 wt.%) were

added to high plastic Mg-2Gd alloy. The effects of Ni alloying

on the microstructure, mechanical properties and corrosion

behavior of the materials were investigated. The following

conclusions were obtained:

(1) LPSO phases appeared in the alloys after the addition of

Ni. Mg-Gd-Ni alloys had finer grains and more second

phases compared with Mg-2Gd. The grain size

decreased from 18.3 mmof Mg-2Gd to 3.6 mm of Mg-2Gd-

0.5Ni with the increase of Ni content. Due to that the

strain field of grain boundary caused by Ni atoms and

the solute drag effect of Gd atoms, the crystal orienta-

tion transferred from RE texture (<11-21>//ED) to basal

fiber texture (<01-10>//ED).

(2) The addition of Ni increased the strength and hardness

of the alloys due to grain refinement, texture modifi-

cation and increase of the second phases. The TYS of

the alloys increased from 191 MPa of Mg-2Gd to 287 MPa

of Mg-2Gd-0.5Ni. The EL of the alloy had decreased due

to the generation of LPSO, but the ELwas still above 15%.

(3) The immersion test and electrochemical test in 3.5wt.%

NaCl solution at room temperature showed that the

addition of Ni significantly increased the degradation

rate of Mg-2Gd alloy. The weight loss rate and Icorr
increased from 15.2 mm$y-1 and (1.23 ± 0.4) � 10�4

A$cm-2 inMg-2Gd to 499.9mm$y-1 and (2.01 ± 0.1)� 10�3

A$cm-2 in Mg-2Gd-0.5Ni, respectively. This was mainly

due to the more severe micro-galvanic corrosion be-

tween the second phases and a-Mg matrix in Ni-

containing alloys.
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