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Abstract
The influence of Ce microalloying (0.6 wt%) on the microstructure and strengthening mechanism of the extruded Mg–10Gd–
0.5Zr alloy were comprehensively researched and analyzed. The experimental results revealed that the addition of 0.6 wt% Ce 
excellently reduced the grain size of the as-cast alloy and increased the amount of  Mg5Gd eutectic phase. The Ce microalloy-
ing promoted the dynamic recrystallization level of the extruded alloy, reduced the number and grain size of deformed grains, 
increased the number of dynamically recrystallized grains, and transformed the basal plane < 10 1 0 > fiber texture gradually 
into < 0001 > texture. Ce microalloying promoted the dynamic precipitation of a small amount of β-Mg5Gd and α-Mg12Ce 
particles. After peak aging, the Ce microalloying improved the aging response, increased the aging hardness of the alloy, 
promoted the aging precipitation of �′ phase, and enhanced the quantity and aspect ratio of �′ phase. The incremental tensile 
yield and ultimate tensile strength of the extruded alloy resulting from Ce microalloying are 14 MPa and 11 MPa separately, 
and those of the peak-aged alloy are 53 MPa and 34 MPa respectively. The increase in yield strength of the extruded and 
peak-aged alloy is ascribed to the enhanced grain boundary strengthening and the promotion of the �′ phase precipitation 
strengthening by Ce microalloying, respectively.

Keywords Mg–10Gd–0.5Zr alloy · Ce microalloying · Texture · Strengthening mechanism · Microstructure and mechanical 
properties

1 Introduction

The growing demand for low-density metal engineering 
materials in the industry has stimulated the research enthu-
siasm for magnesium (Mg) metal. Mg used as an engi-
neering component can significantly reduce the weight of 

construction, and improve the efficiency of energy applica-
tions. However, Mg alloy has poor deformation ability and 
lower strength, which limits its wide application [1, 2, 3]. 
Among Mg alloys, Mg-Gd-based alloys have attracted much 
attention due to their excellent mechanical properties [4, 5]. 
This is due to the generation of dense β' strengthening phase 
during peak aging treatment, which makes the alloy have 
excellent strength at room and high temperatures [6, 7, 8]. 
To further improve the mechanical properties of Mg–Gd-
based alloys, alloying and severe plastic deformation (SPD) 
are two effective methods.

In recent decades, investigators found that adding Y, Sm, 
and Zn to Mg–Gd alloys can enhance the strength by pro-
moting aging precipitation, grain refinement, or forming the 
long period stacking order (LPSO) phase, and a series of 
high-performance Mg–Gd-based alloys have been developed 
[8, 9, 10, 11]. For example, Liu et al. [10] found that the 
ultimate tensile strength (UTS) of the Mg–10Gd–2Sm–0.5Zr 
alloy with Sm addition reached 347 MPa at the peak aging 
state. The UTS of the extruded Mg–10Gd–2Y–0.5Zr alloy 
with the addition of Y element reached 390 MPa after peak 
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aging treatment [8]. However, the total amount of rare earth 
alloying elements added to these high-performance Mg alloys 
is essentially more significant than 12 wt%, which not only 
raises the price but also enhances the weight of the Mg alloy.

Severe plastic deformation (SPD) is used to improve the 
mechanical properties of Mg alloys by plastic deformation 
at high strain rates with large strains in order to prepare fine-
grain alloys [12, 13, 14, 15, 16, 17]. For example, Tang et al. 
found that Mg–10Gd–4.8Y–0.6Zr alloy exhibited excel-
lent UTS (336 MPa) and elongation (21%) after 6-passes 
of multidirectional forging processing [16]. Although the 
SPD method is capable of producing fine-grained alloys, 
its complicated process, low efficiency, and high expense 
make it difficult to be widely applied industrially. Moreo-
ver, Wan et al. prepared nanocrystalline Mg–8Gd–3Y–0.4Zr 
alloy with an average grain size of 80 nm using the rotary 
swaging technique, and the tensile yield strength (TYS) and 
UTS of the alloy were 650 MPa and 710 MPa after aging 
heat treatment, respectively, which is the highest strength 
bulk Mg alloy known so far [18]. However, the technology 
is still far from industrial application and needs more effort.

Microalloying is a potential alloying method, and the con-
tent of the elements in Mg alloys generally doesn’t exceed 
1 wt% [19, 20, 21, 22]. Therefore, choosing the right micro-
alloying element will improve the mechanical properties and 
reduce the cost of Mg alloys. Microalloying elements Sr, Ca, 
Bi, Ce, La, Ag, and Mn are commonly added to Mg alloys. 
These elements have been added to Mg alloys individually or 
in combination to prepare many high-performance Mg alloys 
[19, 20, 23, 24, 25, 26, 27]. As the cheap of the light RE 
elements, the addition of trace amounts of Ce to Mg alloys 
can significantly refine the grain size, weaken the texture, 
enhance the ductility and improve the mechanical properties 
[23, 24, 28, 29].

There are few studies on the effects of Ce microalloy-
ing on the microstructure and mechanical properties of 
Mg–Gd–Zr alloys. In this paper, we choose Mg–10Gd–0.5Zr 
alloy as the target alloy, expecting to substitute the expen-
sive Gd element with a trace amount of Ce, observe the 
modification of Ce microalloying on the microstructure of 
Mg–10Gd–0.5Zr alloy, study its effect on the mechanical 
properties, and analyze the strengthening mechanism. Our 
work is expected to promote the industrial production of 
high-performance Mg–Gd–Zr alloys by exploring a simple 
and low-cost method of Ce microalloying.

2  Material and Methods

The nominal  components  of  the target  ingot 
are  Mg–10Gd–0.5Zr  (marked GK al loy)  and 
Mg–10Gd–0.6Ce–0.5Zr (marked GK-0.6 alloy). The 

actual chemical compositions tested by ICP-AES are sum-
marized in Table 1.

The raw materials containing pure Mg (99.9 wt%), 
Mg-30 wt% Gd, Mg-30 wt% Ce, and Mg-30 wt% Zr were 
melted in a resistance furnace with a protective atmos-
phere (mixed  CO2 and  SF6 gas) at 720 °C for 20 min. 
Pouring the melt into a steel die. A cylindrical billet 
with a height of 40 mm and a diameter of 49 mm was 
processed by electrical discharge machining (EDM). 
The billet was made homogenized treatment at 525 °C 
for 12 h and then quenched in hot water. Then, it was 
preheated at 490 °C for 1 h and backward extrusion was 
conducted to form an extruded bar with a diameter of 
16 mm. The extrusion ratio is about 9:1. The extrusion 
bars were quenched in hot water after the extrusion. The 
extruded GK and GK-0.6 samples were subjected to iso-
thermal aging treatment at 225 °C with different hold 
times.

Microstructure of the alloy observed by field emis-
sion scanning electron microscope (FE-SEM, JSM-7800) 
equipped with a backscatter diffraction probe (EBSD, 
Oxford Instrument Nordlys) and metalloscope (Zeiss 
Axio Vert A1). A transmission electron microscope 
(JEM-2100) and X-ray diffractometer (XRD, Bruker D8) 
was used for phase identification and structure analysis. 
The transversal method is used for grain size statistics. 
The EBSD sample is electropolished and argon polished. 
EBSD data were collected in steps of 0.7 μm and sub-
jected to analysis using Aztec software. TEM samples 
were produced by electrolysis double-jet, and the size of 
the precipitated phase was observed by Digital Micro-
graph software. Ten pictures were selected to calculate 
the quantity density and aspect ratio of aging precipi-
tates, and the number density per unit area was estimated 
using the formula number/area. The dog-bone-like tensile 
specimens were machined by EDM along the extrusion 
direction of the bar. The gauge length of the tensile speci-
men is 15 mm, and the thickness and width are 2 mm and 
3 mm, respectively. The tensile test was carried out on 
the AG-1250KN testing machine at 25 °C. The tensile 
rate is 1 mm/min. Each specimen is tested three times and 
calculated the average values.

Table 1  Actual and nominal compositions (wt%) of the target alloys

Alloys Nominal composition Gd Ce Zr Mg

GK Mg–10Gd–0.5Zr 10.36 – 0.29 Bal
GK-0.6 Mg–10Gd–0.6Ce–0.5Zr 10.00 0.51 0.22 Bal
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3  Results and Discussion

3.1  Microstructure of as‑Cast and Homogenized GK 
and GK‑0.6 Alloys

The optical Microscope (OM) microstructure of as-cast 
GK and GK-0.6 alloys are displayed in Fig. 1. The mor-
phology of the GK alloy with coarse dendritic grain, and 
the approximate average grain size (AGS) is 130 μm. After 
Ce microalloying, the coarse grain reduces significantly, 
and successive eutectic phases appear between grains. The 
average size of the grains is approximately 48 μm. This 
is because the maximum solid solubility of Ce in the Mg 
is merely 0.74 wt% at 590 °C, and it sharply diminishes 
to almost zero with the decrease in temperature [30, 31]. 
A mass of Ce atoms tends to concentrate at the tip of the 
solid–liquid boundary during solidification, giving rise to 
component undercooling, which increases the undercool-
ing degree. Therefore, the quantity of grains increases, and 
the size of grains decreases during solidification. Figure 1c 
and d show the backscatter SEM morphology of as-cast 
GK and GK-0.6 alloys. The GK alloy shows a typical as-
cast microstructure. After adding 0.6 wt% Ce, many inter-
metallic particles appear at the grain boundary, which is 
consistent with the characteristics in the OM images.

The XRD patterns of as-cast GK and GK-0.6 alloys are 
shown in Fig. 2. There is the peak of the α-Mg matrix, and 
no peaks of other intermetallic compounds are observed 
in the GK alloy. After Ce microalloying, in addition to 

the peak of Mg, the peak of the β-Mg5Gd (FCC structure, 
a = 2.22 nm [32]) appears in the GK-0.6 alloy. Further-
more, a particular peak appears near 28°, which neither 
belongs to the β-Mg5Gd phase nor belong to any Ce-con-
taining intermetallic phase. Zheng and Peng et al. [33, 34] 
considered that the particular peak was the  GdH2 phase 
(FCC structure, a = 0.53 ~ 0.56 nm). The  GdH2 phase was 
easy to appear in Mg alloy during casting and thermal 
treatment. Zhu et al. [35] suggested that hydrogen atoms 
participated in the decomposition of Mg–Gd eutectic 

Fig. 1  OM and backscatter 
SEM micrographs of the cast 
GK a, c and GK-0.6 alloy b, d 

Fig. 2  XRD patterns of the as-cast GK and GK-0.6 alloys
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compounds, which may produce the RE hydride during 
the casting process and thermal treatment.

After Ce microalloying, a mass of the eutectic compound 
is generated at the grain boundary. To comprehensively 
study the crystalline structure of the compound, the cast 
GK-0.6 alloy was characterized by TEM. Figure 3 displays 
the BF-TEM morphology and the corresponding selected 
area electron diffraction (SAED) patterns of the eutec-
tic phase of the alloy. Two black eutectic compounds are 
generated at the grain boundaries, which appear similar to 
triangles (Fig. 3a) and reticulations (Fig. 3c), respectively. 
The corresponding SAED patterns show that the eutectic 
phase of both forms is a β-Mg5Gd phase. There is no found 
 Mg12Ce phase in the GK-0.6 alloy. Therefore, Ce microal-
loying significantly promotes the generation of the β-Mg5Gd 
eutectic compound in the GK-0.6 alloy.

After homogenization treatment of the as-cast GK and 
GK-0.6 alloys, the dendrites of the alloys disappeared and 

exhibited equiaxed grains (Fig. 4). As seen in Fig. 4b, the 
microstructure of the homogenized alloy was significantly 
refined after Ce microalloying, and its average grain size 
(AGS) reduced from 121.3 to 77.8 μm.

3.2  Microstructure of Extruded GK and GK‑0.6 
Alloys

Figure 5 is the longitudinal SEM images of extruded GK 
and GK-0.6 alloys and the corresponding element and point 
EDS mappings; After extrusion, there are extrusion stringers 
dispersed along the extrusion direction in GK alloy. These 
stringers are second-phase particles that are diffusely distrib-
uted during extrusion (Fig. 5a). Based on element mappings 
and point EDS analysis, these particles are mainly Zr-rich 
insoluble particles and a small of amount Gd-rich inter-
metallic particles. Larger particles (labeled A) and smaller 
particles (labeled D) in Fig. 5a are mainly Gd-rich phases, 

Fig. 3  BF-TEM a, c and cor-
responding SAED patterns b, d 
of as-cast GK-0.6 alloy

Fig. 4  OM micrographs of the 
GK a and GK-0.6 alloys b after 
homogenized treatment
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probably the unfused β-Mg5Gd phase and  Gd2H phase, while 
the fine particles (labeled B) contain a high concentration of 
Zr, which are insoluble Zr particles; The proportion of Gd in 
the completely solid solution grains (labeled C) is about 1.5 
at%, indicating that most of Gd are uniformly dissolved into 
the grains of GK alloy. Compared with GK alloy, the num-
ber of the extruded stringers along the extrusion direction 
increases significantly in GK-0.6 alloy (Fig. 5i). Similar to 
GK alloy, these second phases are mainly composed of Gd-
rich and Zr-rich particles, possibly unfused Zr-rich particles, 
and the β-Mg5Gd phase or  GdH2 phase.

OM micrographs of the transverse and longitudinal sec-
tions of the two the extruded alloys are demonstrated in 
Fig. 6. Both alloys possess bimodal structure, which con-
sists of a great deal of small recrystallized grains and large 
deformed grains with a strip shape. The deformed grains in 
GK alloy are larger in size and number, and with a volume 
fraction of about 27%. After Ce microalloying, the propor-
tion of recrystallized grains is markedly improved, and 
the grain size and the number of deformed grains is obvi-
ously decreased, with a volume fraction of about 15%. This 

indicates that Ce microalloying can prominently promote the 
recrystallization of the extruded GK alloy.

Figure 7 displays the inverse pole figure (IPF) maps of 
two the extruded alloys. To research the influence of Ce 
microalloying on the recrystallization, grain orientation 
spread (GOS) was applied to split grains into deformed 
grains (GOS ≥ 2°) and dynamically recrystallized (DRXed) 
grains (GOS < 2°) [36, 37]; The size (length, width) and 
the number of deformed grains decrease sharply, but the 
number of fine DRXed grains increase apparently after Ce 
microalloying.

Therefore, the dynamic recrystallization (DRX) process 
of the extruded alloy can be well promoted by Ce microal-
loying, which corresponds with the results of Fig. 6. Iman-
doust et al. [38] believed that the Ce element has a stronger 
tendency to promote dynamic recrystallization than the Gd 
element. The addition of 0.6 wt% Ce resulted in a large 
number of broken particles during extrusion, which helped 
to provide nucleation sites for dynamically recrystallized 
grains, further promoting dynamic recrystallization through 
particle stimulated nucleation (PSN) mechanism [23, 39]. 

Fig. 5  SEM micrographs, and element and the point EDS mappings of extruded GK and GK-0.6 alloy
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Fig. 6  OM images of transverse 
a, b and longitudinal sections 
c, d of extruded GK a, c and 
GK-0.6 b, d alloys

Fig. 7  IPF maps of the extruded GK and GK-0.6 alloys
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Hui et al. [40] found that the addition of Ce promoted the 
DRX of the extruded ZK60 alloy through a PSN mecha-
nism. It was also suggested that the local stress concentra-
tion around the Mg–Zn–Ce particles in the coarse deformed 
grains increased during extrusion, and generating the stor-
age energy reached the threshold for triggering DRX and 
increasing the volume fraction of DRXed grains.

Figure 8 demonstrates the extruded GK alloy has a < 10 
1 0 > // extruded direction (ED) fiber texture that appeared 
commonly in extruded Mg-RE alloy, and the texture inten-
sity is 4.0. The extruded GK alloy has a prominent bimodal 
structure. Its coarse deformed grains have an intense < 10 1 
0 > //ED fiber texture and its texture intensity is up to 11.7, 
while the DRXed grains possess a comparatively weak 
and random texture, and the texture intensity is only 1.8; 
Moreover, the Ce microalloying significantly promotes the 
dynamic recrystallization, and the < 10 1 0 > //ED texture of 
the GK alloy progressively changes into a weak < 0001 > //
ED abnormal texture of the GK-0.6 alloy, and the texture 
strength decreases from 4.0 to 3.2.

The initial grains in the GK-0.6 alloy rotate continuously 
during extrusion deformation, gradually producing coarse 
deformed grains with strong < 10 1 0 > //ED orientation, 
some of the deformed grains with smaller grain sizes pro-
duce < 0001 > //ED reorientation. This causes the deformed 
grains of the alloy to exhibit < 10 1 0 > and < 0001 > dou-
ble-fiber textures, and the texture strength is reduced from 
11.7 to 4.9. After Ce microalloying, the fine DRXed grains 
of the alloy shows a < 0001 > //ED abnormal orientation, 
and the texture strength increase from 1.8 to 3.0. There-
fore, the Ce microalloying promotes the DRX process of 
Mg–10Gd–0.5Zr alloy, transforms the < 10 1 0 > //ED fiber 
texture to < 0001 > //ED texture, and weakens the texture.

Abnormal < 0001 > //ED texture in hot-extruded Mg-RE 
alloy has also been reported [41, 42, 43, 44]. Lyu et al. [41] 
believed that the < 0001 > //ED orientation of the extruded 
MMg–7Y–5Sm–0.5Zn–0.3Zr alloy was related to the high 
RE concentration and large strain; Alizadeh et al. [42] 
considered that when the RE element concentration and 
extrusion ratio are large, the extruded Mg–9Gd–4Y–0.4Zr 
alloy produced an unusual < 0001 > //ED texture, and pro-
posed that the large extrusion ratio provided the energy 
required for the DRX process. And the high RE concen-
tration promoted the non-basal slip and the solute drag to 
make the DRXed grains grow preferentially, and finally 
formed the < 0001 > //ED texture. The DRXed grains 
of the Mg–6Gd–4Y–0.5Zn–0.5Zr alloy showed obvi-
ous < 0001 > //ED texture through continuous dynamic 
recrystallization (CDRX) mechanism and non-basal slip at 
high extrusion temperature and extrusion ratio [43]. It sug-
gested that static recrystallization and preferential growth 
are not responsible for this abnormal texture, which is 
related to the DRX process facilitated by non-basal slip. 
Kim et al. [44] found that the extruded binary Mg–Gd 
alloys formed < 0001 > //ED texture when the Gd concen-
tration was extended to 15 wt%. It is inferred that the high 
concentration of RE atoms at the grain boundary led to the 
abnormal orientation. To sum up, in this paper, the DRXed 
grains of the GK-0.6 alloy form an obvious < 0001 > //ED 
abnormal texture, and the texture strength increased from 
1.8 to 3.0 after Ce microalloying. The trace Ce signifi-
cantly promotes the development of this abnormal texture. 
The atomic radius of Ce and Gd atoms are 0.182 nm and 
0.180 nm, which are much greater than the atomic radius 
of Mg with 0.16 nm, and Ce’s atomic radius is also greater 
than that of Gd. Hence, the large radius and small diffusion 

Fig. 8  IPF of the extruded GK and GK-0.6 alloys



3197Metals and Materials International (2023) 29:3190–3203 

1 3

rate of Ce and Gd atoms, leading to the RE solutes being 
aggressively segregated at the grain boundaries. The solute 
drag effect hinders grain boundary migration and disloca-
tion movement, gradually activating non-basal slip and 
producing an < 0001 > //ED abnormal texture.

As seen from the XRD patterns of the extruded GK and 
GK-0.6 alloys (Fig. 9), both alloys exhibit mainly strong 
diffraction peaks of the Mg matrix, while the intensity 
of the (0002) and (10 1 0) plane diffraction peaks change 
dramatically after Ce microalloying. The intensity of the 
(10 1 0) peak of extruded GK alloy is the largest, while 
that of the (10 1 0) peak of the extruded GK-0.6 alloy 
decreases sharply, and that of the (0002) peak increases. The 

diffraction intensities of (0002) and (10 1 0) planes of the 
two alloys after normalization are compared using Eqs. (1) 
and (2), which also reveals a change in the texture of the 
extruded alloy after Ce microalloying [45], which is also 
consistent with the conclusion in Fig. 8.

After Ce microalloying, besides the diffraction peak of 
the Mg matrix, there are other diffraction peaks with very 
low intensity on the XRD pattern of the GK-0.6 alloy. These 
may be the peaks of β-Mg5Gd and  Mg12Ce phases after 
analysis. These weak diffraction peaks do not appear in the 
XRD pattern of the GK alloy, indicating that some new com-
pounds were produced after the addition of Ce.

Figure 10 demonstrates the BF-TEM morphology of the 
extruded GK and GK-0.6 alloys. Figure 10a and b indicate 
that there are no dynamically precipitated nanoparticles 
found inside grains of the GK alloy. A few nano-spherical 
precipitated particles are produced adjacent to the grain 
boundaries of the extruded GK-0.6 alloy. The size of the 
nano-precipitate is about ~ 500 nm. A litter number of nano-
precipitates with a size of about 100–200 nm also appear 
inside grains. Li and Zhang et al. [23, 46] indicated that 
there are two types  Mg12RE phases in Mg-RE-based alloys, 
namely α-Mg12RE (bct structure, a = 11.33 Å and c = 5.96 Å) 

(1)
I(

1010

)

A

I
(0002)A

= 2.5

(2)
I(

1010

)

B

I
(0002)B

= 0.64

Fig. 9  XRD patterns of the extruded GK and GK-0.6 alloys

Fig. 10  BF-TEM morphology 
and SAED patterns of extruded 
GK a, b and GK-0.6 c, d alloys
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and β-Mg12RE (bct structure, a = 10.33 Å and c = 77.50 Å). 
Using SAED analysis of these precipitated particles, it is 
found that the nanoparticles in the extruded GK-0.6 alloy are 
β-Mg5Gd and α-Mg12Ce phase particles, which correspond 
with the XRD patterns in Fig. 9. Therefore, it is inferred 
that Ce microalloying promotes dynamic precipitation, and 
a small amount of β-Mg5Gd and α-Mg12Ce nanoparticles 
are precipitated inside the grain and at the grain boundary.

3.3  Microstructure of Extruded GK and GK‑0.6 
Alloys During Peak Aging

The curves of the extruded alloy isothermal aging at 225 °C 
are demonstrated in Fig. 11. After Ce microalloying, the 
hardness value of the extruded alloy increases rapidly from 

74.8 HV to 80 HV. Both alloys reach peak aging at 20 h 
simultaneously. At the peak aging, the hardness value of 
the GK-0.6 alloy (111.3 HV) is higher than that of the GK 
alloy (105.7 HV.) The Ce microalloying promotes the aging 
precipitation and increased the age-hardening response.

Figure 12 exhibits BF-TEM microstructures of the alloys 
after peak aging observed from  [0001]Mg and [11 2  0]Mg 
axes. A great quantity of plate-like nanoparticles are gener-
ated after peak aging, which are determined to be β' phase 
(cbco structure, a = 0.65 nm, b = 2.27 nm, c = 0.52 nm) [32]. 
In general, the �′ phase is the strengthening phase of the Mg-
Gd-based alloy [47]. After peak aging treatment, �′ phase 
is also precipitated in the GK-0.6 alloy. Compared with the 
GK alloy, �′ phase has a higher number density per unit 
area in the GK-0.6 alloy. Moreover, after Ce microalloying, 
the average basal plane diameter and thickness of the plate-
like �′ phase decreased at the same time as observed from 
the  [0001]Mg axis, and the size of the thickness direction 
dropped more sharply, resulting in the decrease of the mean 
area of single �′ particles on the {0001}Mg. The �′ particle 
produces on three {11 2 0} prismatic planes exhibits a trian-
gular arrangement on the {0001}Mg, and the angle is about 
120°[32]. Therefore, all variants of the �′ phase on the three 
prismatic are observed under the  [0001]Mg axis, as shown 
in the inset in Fig. 12d and h, with a more complex electron 
diffraction patterns.

Statistical analysis of the �′ phase was carried out 
after peak aging. It is found that the aspect ratio of the 
�′ phase increase from 3.2 to 3.6 after Ce microalloying 
(Fig. 13a). The number density of �′ phase of the GK alloy 
is about 3.3 ×  1014/m2 (Fig. 13b). The quantity of �′ phase 
enhanced sharply after Ce microalloying, and the area 
density increased to about 8.7 ×  1014/m2 (Fig. 13b). There-
fore, the Ce microalloying significantly enhances the aging Fig. 11  Isothermal age hardening curves of the GK and GK-0.6 alloys

Fig. 12  BF-TEM images a, c, e, g and the corresponding SAED patterns b, d, f, h of GK a, b, c, d and GK-0.6 e, f, g, h alloy at peak aging
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response of the alloy, and visibly facilitates the precipita-
tion of the �′ phase. The solid solubility of Gd in Mg is 
comparatively large, with a maximum value of 23.49 wt% 
at 548 °C, and reduces gradually with decreasing tempera-
ture [32]. The solid solubility of Ce in the Mg is very small, 
with a maximum value of 0.74 wt% at 590 °C, and decreases 
sharply with decreasing in temperature [30, 31, 48]. The lat-
tice distortion of the alloy is significantly increases after Ce 
microalloying, and the concentration gradient of RE solute 
in the grain of the extruded GK-0.6 alloy is significantly 
higher than that of the GK alloy, which provides a greater 
driving force for the aging precipitation process and allows 
the formation of a denser �′ particles during aging treatment. 
Due to the large concentration gradient of RE solute atoms 
in extruded GK-0.6 alloy, the Gd and Ce atoms only need 

to move a small distance to meet the concentration required 
for nucleation and growth of the �′ phase during the peak 
aging when the �′ phase rich in (Gd, Ce) elements is formed. 
Therefore, the �′ phase in GK-0.6 alloy is smaller in size and 
larger in quantity. This is the reason why Ce microalloying 
improves the aging ability of the GK-0.6 alloy.

3.4  Mechanical Properties and Strengthening 
Mechanism

Figure 14 displays the tensile mechanical properties of the 
GK and GK-0.6 alloys in the extruded (a) and peak-aged 
(b) state. After Ce microalloying, the TYS and UTS of the 
alloy are obviously enhanced, while the elongation (El) 
decreases. The mechanical properties calculated from the 

Fig. 13  Aspect ratio a and number density b of �′ particles in GK and GK-0.6 alloys

Fig. 14  Stress–strain curves of extruded a and peak-aged b GK and GK-0.6 alloys
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tensile curves of the two alloys in the extruded and peak-
aged states, including TYS, UTS, and El, are shown in 
Table 2. The addition of 0.6 wt% Ce increased the TYS and 
UTS of the extruded alloy by 14 MPa and 11 MPa, respec-
tively, while the TYS and UTS of the alloy in the peak-aged 
state increased by 53 and 34 MPa, respectively.

The fracture behavior is usually associated with the 
microstructure of the fracture surface. Figure 15 shows sec-
ondary electron SEM images of the tensile fracture surface 
of the GK and GK-0.6 alloys in the extruded and peak-aged 
state. Micro-cracks, cleavage planes, and tear ridges are 
observed in both extruded GK and GK-0.6 alloys, which 
indicate the quasi-cleavage brittle fracture characteristics. 
After peak aging treatment, the number of cleavage planes 
and tear ridges decreased significantly and the number of 
micro-cracks increased for both alloys, showing cleavage 
brittle fracture. However, the number of microcracks in the 
GK-0.6 alloy is larger than that in the GK alloy, which sig-
nificantly reduces the elongation of the peak-aged GK-0.6 
alloy.

The strengthening mechanism of extruded alloys is 
mainly grounded on dispersion strengthening ( Δ�ds ) of 
dynamically precipitated particles and RE element (Gd, 
Ce) solution strengthening ( Δ�ss ), and grain bound-
ary strengthening ( Δ�gbs ). Due to the small number of 
dynamically precipitated β-Mg5Gd and α-Mg12Ce nano-
particles generated in the GK-0.6 alloy after extrusion, 
the dispersion strengthening effect of the nanoparticles 
on the alloy can be ignored. The concentration of the Gd 
element in GK and GK-0.6 alloys is almost the same, and 
Gd has the same solution strengthening effect on GK and 
GK-0.6 alloys. Although the solid solubility of Ce in Mg 
is extremely small, its strengthening on GK-0.6 alloys is 
related to the atomic fraction of Ce in the alloy. Consider-
ing the solid solubility of Ce in Mg, the atomic fraction of 
Ce in the extruded GK-0.6 alloy was estimated to be 0.014 
at%. Therefore, the TYS of the extruded alloy increased by 
solution strengthening ( Δ�ss ) of Ce atom after Ce microal-
loying is calculated by the following formula [49]:

where m is Taylor orientation factor, which is a constant, 
and m equals 5. n is a constant, and n = 2/3. B is the sol-
ute strengthening rate, it equals 39.5 MPa (at.)−2/3. C is the 
atomic concentration of Ce. After Ce microalloying, the 
increase in yield strength ( Δ�ss ) of the extruded alloy is 
estimated to be 11 MPa due to solution strengthening.

Grain boundary strengthening ( �gbs ) is a meaningful 
approach to promote the strength of Mg alloys by imped-
ing the dislocation movement through grain boundaries. 

Δ�ss = mBnC
n

Table 2  Mechanical properties of GK and GK-0.6 alloys in the 
extruded and peak-aged states

Alloy Process state TYS/MPa UTS/MPa El/%

GK Extrusion 135 224 21.0
GK-0.6 149 235 18.2
GK Extrusion + T5 214 284 12.7
GK-0.6 267 318 8.0

Fig. 15  SEM images of fracture 
surface of the extruded a, b and 
peak aging c, d of the GK a, c 
and GK-0.6 b, d alloys
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The TYS of the alloy contributed by the grain bound-
ary strengthening mechanism is estimated using the 
Hall–Petch relationship as follows [50]:

where d is the average grain size, and k is the Hall–Petch 
constant [51]. Since Mg alloy has low symmetry, few slip 
systems, and a large k constant, the grain boundary strength-
ening is very effective [52, 53]. The extruded GK and 
GK-0.6 alloys show bimodal structures, so both deformed 
and fine recrystallized grains contribute to grain boundary 
strengthening. The yield strength increased by grain bound-
ary strengthening ( Δ�gbs ) estimate using this equation as 
follows [54]:

where funDRX and fDRX are the proportion of deformed 
(unDRXed) grains and DRXed grains of the extruded alloys, 
respectively. The �unDRX and �DRX are the contributions 
of deformed grains and DRXed grains to grain boundary 
strengthening, respectively. The contributions of DRXed 
grains ( Δ�DRX ) and deformed grains ( Δ�unDRX ) to yield 
strength were estimated by the following formula:

where dunDRX and dDRX are the average grain sizes of 
deformed grains and DRXed grains, and k is a constant. It 
is generally 188 MPa μm1∕2 in wrought magnesium alloys 
[51, 55, 56]. Table 3 lists the contribution to the TYS of each 
alloy by grain boundary strengthening. Therefore, the calcu-
lated grain boundary strengthening values of the extruded 
GK and GK-0.6 alloys are 68 and 74 MPa severally. That is, 
the grain boundary strengthening produced by Ce microal-
loying increases the TYS of the extruded alloy by 6 MPa.
Therefore, the sum of the contribution to the TYS of the 
extruded alloy by the solution strengthening ( Δ�ss ) and grain 
boundary strengthening ( Δ�gbs ) after Ce microalloying is 

(3)�gbs = �
0
+ kd−1∕2

(4)Δ�gbs = funDRXΔ�unDRX + fDRXΔ�DRX

(5)Δ�unDRX = kunDRXd
−1∕2

unDRX

(6)Δ�DRX = kDRXd
−1∕2

DRX

about 17 MPa, which corresponds to the increment of the 
experimental value (14 MPa).

Many dense �′ nanoparticles appear in both GK and 
GK-0.6 alloys after peak aging. Due to the small number of 
dynamically precipitated β-Mg5Gd and α-Mg12Ce nanopar-
ticles, the contribution of the nanoparticles to the strength of 
the aged alloy is negligible, and only the strengthening of β' 
on the GK and GK-0.6 alloy is considered. After Ce microal-
loying, the number density of �′ phase enhances rapidly, and 
its size (diameter and thickness) decreases, while the aspect 
ratio increases. The �′ precipitated in the {11–20} prismatic 
plane contribute to the yield strength of the peak-aged alloys 
through the Orowan precipitation strengthening ( Δ�ps ) mech-
anism. Nie et al. revised the Orowan mechanism of the pre-
cipitated phase in the prismatic plane as follows [57]:

where Δ�GKps and Δ�GK−0.6ps are the yield strengths of GK 
and GK-0.6 alloys contributed by the Orowan mechanism 
of �′ phase, b is the Burgers vector (b = 0.32 nm [29, 58]), 
ν is the Poisson ratio (ν = 0.35 [56]), G is the Mg’ shear 
modulus (G = 16.6 GPa [29]), and dt and tt are the aver-
age length and thickness of the cross-section between β' 
particles and the basal plane, respectively. In this paper, f 
is the volume fraction of �′ phase, which is estimated at 
2.76 ×  10−2 and 2.85 ×  10–2 in GK and GK-0.6 alloys in the 
peak-aged state, respectively. The dt and tt of �′ particles of 
the GK and GK-0.6 alloys are estimated to be about 49 nm 
and 5 nm, and 33 nm and 3 nm respectively. Therefore, the 
contribution of the prismatic plane �′ particles to the yield 
strengths of the GK and GK-0.6 alloys in the peak-aged state 
through the Orowan mechanism is estimated to be 58 and 
105 MPa, respectively. That is, the calculated incremental 
yield strength of the peak-aged alloy after Ce microalloying 
is 47 MPa, which corresponds reasonably well to the exper-
imental incremental yield strength (53 MPa). Moreover, 
Nie et al. [57] found that the aspect ratio of the precipitate 
influences the strength of the alloy. When the aspect ratio 

(7)

Δ�ps =
Gb

2�
√

1 − �

�

0.825

�

dttt

f
− 0.393dt − 0.886tt

�
× ln

0.886
√

dttt

b

Table 3  Calculated values of grain boundary strengthening for 
extruded GK and GK-0.6 alloys

Alloy Regions Grain boundary strengthening

d/μm Δσ/MPa f/% Δ�gbs/MPa

GK DRX 6.4 74 73 68
unDRX 14.1 50 27

GK-0.6 DRX 6.0 77 85 74
unDRX 9.8 60 15 Fig. 16  Schematic diagram of the arrangement of the �′ phase of the 

peak-aged alloy



3202 Metals and Materials International (2023) 29:3190–3203

1 3

is enhanced, the �′ particles on the prismatic plane form 
approximately a closed triangular space (Fig. 16). In this 
closed space, it is difficult for dislocations to escape from the 
space and cannot continue to move, which further increases 
the strength of the alloy.

4  Conclusions

The 0.6 wt% Ce was added into Mg–10Gd–0.5Zr alloy, the 
effect of Ce microalloying on the strength and ductility of 
wrought Mg–10Gd–0.5Zr alloy was comprehensively inves-
tigated, and the strengthening mechanism of Ce microalloy-
ing was analyzed and discussed. The following conclusions 
are reached:

(1) The addition of 0.6 wt% Ce to the as-cast Mg–10Gd–
0.5Zr alloy obviously reduced the grain size and 
increases the amount of the β-Mg5Gd eutectic phase.

(2) Ce microalloying significantly promoted the dynamic 
recrystallization of the extruded Mg–10Gd–0.5Zr alloy, 
reducing the size and number of deformed grains, and 
producing the dynamic precipitation of small amounts 
of β-Mg5Gd and α-Mg12Ce particles.

(3) Ce microalloying weakened the texture of the extruded 
Mg–10Gd–0.5Zr alloy and transformed the fiber tex-
ture of < 10 1 0 > // ED into a weak < 0001 > // ED 
abnormal texture.

(4) The incremental yield strength and ultimate tensile 
strength of the extruded alloy resulting from Ce microal-
loying are 14 MPa and 11 MPa respectively, and those of 
the peak-aged alloy are 53 MPa and 34 MPa respectively. 
The increase in yield strength of the extruded and peak-
aged alloys is ascribed to the enhanced grain boundary 
strengthening and the promotion of the �′ phase precipi-
tation strengthening by Ce microalloying, respectively.
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