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Abstract Mg–8Gd–0.6Zr–xNd (x = 0, 1, 2 and 3

mass%) alloys were prepared by metal mould casting

method, and the microstructures, age hardening

responses and mechanical properties have been inves-

tigated. The microhardness of the as-cast alloys is

increased with increasing Nd content. The age hard-

ening behavior and mechanical properties are

enhanced significantly by adding Nd element. The

peak ageing hardness of the Mg–8Gd–0.6Zr–3Nd alloy

is 103, it is about 1.3 times more than that of the

Mg–8Gd–0.6Zr alloy. The aged Mg–8Gd–0.6Zr–3Nd

alloy exhibits maximum ultimate tensile strength and

yield strength, and the values are 271 and 205 MPa at

room temperature, 205 MPa and 150 MPa at 250 �C,

respectively. Which are about 2 times higher than those

of Mg–8Gd–0.6Zr alloy. The improved hardness and

strength are mainly attributed to the fine dispersiveness

of Mg5RE and Mg12RE precipitates in the alloy.

Introduction

High performance Mg alloys offer considerable advan-

tages to the automotive and aerospace industries.

However, the application of the Mg alloys is very

limited due to their low mechanical properties espe-

cially at elevated temperature. It is well know that rare

earths (RE) have a favorable effect on the mechanical

properties of the Mg alloys, such as WE and QE type

Mg alloys [1]. More recently, it was confirmed that

gadolinium (Gd) and other heavy rare earth elements

improve the heat resistance for Mg alloys with meta-

stable and stable phases at relatively elevated temper-

ature [2]. It must be noted that the equilibrium binary

phase diagram of Mg–Gd shows eutectic with a

solubility of 23.5 mass% Gd at the eutectic tempera-

ture 548 �C and 3.8 mass% Gd at 200 �C [3]. There-

fore, it is promising to develop a new kind of heat

resistance Mg alloy after suitable heat treatment.

However, the Mg–Gd binary alloy containing less

than 10 mass% Gd exhibited weak precipitation hard-

ening response during ageing of supersaturated solid

solution [4]. Furthermore, high Gd content results in

an increase in the densities and the cost, and decreas-

ing elongation of the alloys. Thus, it is necessary to add

other elements to substitute the part of Gd for

enhancing the mechanical properties. The Nd element

is considered because it forms stable Mg-rich binary

compounds which might be precipitated during ageing

at lower temperature. Some investigations have been

done on the Mg–Gd–Nd system alloys. Mg–3Gd–3Nd

(mass%) alloy showed remarkable age hardening even

at 250 �C, which is related to the b¢¢ phase with a D019

crystalline structure [5]. The outstanding creep resis-

tance property of sand-cast Mg–2.8Nd–0.3Gd–0.8Zn–

0.5Zr (mass%) alloy at 240 �C was associated with

small grain size and large an activation energy for

creep [6]. Meanwhile, it is generally believed that the

grain size of the Mg alloys is attributed to the Zr
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addition, which is important as a grain refiner because

a small amount of the dissolved Zr can provide

sufficient solute to activate the undissolved Zr particles

in nucleating Mg [7]. Therefore, in the present work,

the effect of Nd on the microstructures, age hardening

behavior and mechanical properties of the Mg–8Gd–

0.6Zr–xNd alloys were investigated.

Experimental procedures

The nominal compositions of investigated alloys

are Mg–8Gd–0.6Zr (A), Mg–8Gd–0.6Zr–1Nd (B),

Mg–8Gd–0.6Zr–2Nd (C) and Mg–8Gd–0.6Zr–3Nd

(D). The alloys were prepared from Mg–20Gd,

Mg–20Nd and Mg–30Zr master alloys (mass%) in the

graphite crucible under an anti-oxidizing flux. The

melting alloys were homogenized at 750 �C for 0.5 h

and then cast into a preheated metal mould at

approximately 720 �C, the size of ingots is 70 · 40 ·
13 mm3. The chemical compositions of obtained ingots

were listed in Table 1. The ingots were solution treated

at 525 �C for 10 h and subsequently aged at 230 �C.

The microstructures were studied by using optical

metallography. The phase compositions and morphol-

ogy were characterized by X-ray diffraction (XRD)

and transmission electron microscope (TEM), respec-

tively. The hardness was carried out by Vickers

microhardness tester, and the test load and its appli-

cation time were 25 g and 15 s. Tensile test was

performed using standard tensile testing machining at

room temperature (RT) and 250 �C with a strain rate

of 1.7 · 10–3 s–1, and the samples took 20 min to

balance the temperature before tensile test at 250 �C.

Results and discussion

Microstructures

Figure 1 shows the optical microstructures of the

as-cast alloys. It can be seen that the alloys are mainly

composed of the coarse continuous network grain

boundaries and the matrix, and it is found that the

intercrystalline spacing of the alloys is about 20–50 lm.

The XRD patterns of the as-cast alloys are shown in

Fig. 2. The results reveal that (A) alloy is mainly

composed of a-Mg solid solution and a little amount of

Mg5Gd compound, (B) and (C) alloys consist of a-Mg

solid solution and a small amount of Mg5RE

(RE = Gd/Nd), but Mg41RE5 (RE = Nd/Gd) peaks

are observed in (D) alloy with the exception of a-Mg

and Mg5RE phases. The microstructures of the aged

alloys at peak ageing hardness are shown in Fig. 3.

Comparing to the as-cast state, all the alloys are mainly

composed of fine network grain boundaries, and some

dispersed precipitates are observed clearly in the

matrix. The grain size of the alloys is about 40–100 lm.

Age hardening behavior

Figure 4 shows the age hardening behavior for the

alloys. The water quenched hardness (QHv) of the (A)

alloy is 71, and it exhibits the weak age hardening

response during isothermal ageing. Further increasing

Nd content, it can be found that the QHv and PHv are

improved clearly. The (D) alloy shows highest QHv

and PHv in the investigated alloys, and the QHv is 81

and it takes more than 40 h to reach the PHv of 103.

The PHv is almost 1.3 times higher than that of the (A)

alloy.

The phase compositions of the (D) alloy by using

XRD analysis at different ageing time are shown in

Fig. 5. It identifies that the alloy is mainly composed of

a-Mg and Mg3RE (RE = Gd/Nd) phases after aged for

1 h, and a-Mg, Mg3RE and Mg12RE phases after aged

for 40 h, and a-Mg and Mg5RE phases after aged for

200 h. The TEM image and electron diffraction pattern

of the (D) alloy after aged for 40 h is shown in Fig. 6. It

can be seen that the quadrate-like precipitates ran-

domly distribute in the a-Mg matrix. According to the

XRD result (Fig. 5b) and the electron diffraction

pattern, we can confirm the quadrate-like precipitate

is stable b-Mg5RE phase of fcc crystalline structure.

Different compounds were considered to precipita-

tion hardening in Mg alloys containing RE. The

increasing hardness of Mg–Nd binary alloy is mainly

due to formation of plate shaped GP zones and

precipitate on prismatic planes of the Mg matrix [8].

The improved ageing hardness of Mg–15Gd binary

alloy is in part associated with the b¢ metastable phase

[4]. However, the strengthening factors are more

complicated in ternary Mg-RE alloys. It has been

reported that b¢-Mg12NdY and b-Mg14Nd2Y were

contributed to precipitation strengthening in WE54

and WE43 alloys [9, 10]. b¢¢-Mg3RE and b¢-Mg15RE3

phased coexisted and both are of benefit to peak

Table 1 Chemical compositions of the investigated alloys
(mass%)

Alloys Gd Nd Zr Mg

(A) 7.9 – 0.58 Bal.
(B) 7.8 0.7 0.48 Bal.
(C) 7.8 1.8 0.50 Bal.
(D) 7.9 3.1 0.55 Bal.
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hardness in Mg–10Gd–3Y–0.45Zr (mass%) alloy [11,

12]. In our investigated alloys, the results of phase

compositions indicate that the (D) alloy exhibits

distinctly three-stage decomposition sequence as

following:

a-MgðSSSSÞ � b00ðMg3REÞ�b0ðMg12REÞ � bðMg5REÞ:

Furthermore, the ageing curves illustrated that the

increasing Nd content improved the QHv and PHv for

the investigated alloys. The improvement of the QHv

is mainly ascribed to solid solution strengthening, The

increase of PHv is mainly attributed to precipitation

hardening, it is reasonable to confirm that the b¢-
Mg12RE and b-Mg5RE precipitates observed at peak

aging hardness of the alloys are associated with the

enhancement of the PHv. This strengthening mecha-

nism of age hardening behavior for the investigated

system alloys is similar to the WE type alloys.

Mechanical properties

Figure 7 shows the typical stress–strain curves of the

as-cast alloys at RT. The results demonstrated that the

(A) alloy exhibits inferior tensile strength, and the

strength was improved notably when added a small

amount of Nd. The mechanical properties including

ultimate tensile strength (UTS), yield strength (YS)

and elongation (e) of the as-cast alloys at RT and

250 �C are listed in Table 2. The UTS and YS are

increased monotonically with increasing Nd content.

The (D) alloy exhibits highest strength, the UTS and
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Fig. 2 X-ray diffraction patterns of the as-cast alloys
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YS are 250 MPa and 158 MPa at RT, 210 MPa and

138 MPa at 250 �C respectively. But the largest e is

observed while by adding 1 mass% Nd. The UTS, YS

and e of the aged alloys at PHv are presented in

Table 3. Comparing to the as-cast state, the UTS, YS

and e of (A) alloy shows a little change, the (B), (C)

(a) alloy 
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and (D) alloys improved with increasing Nd content.

The (D) alloy exhibits highest UTS and YS, the value

are 271 MPa and 205 MPa at RT, 205 MPa and

150 MPa at 250 �C, respectively, which are about 2

times higher than that of (A) alloy.

The above results indicate that addition of Nd

element to the Mg–8Gd–0.6Zr alloy can improve the

mechanical properties, which may be explained from

the following factors. Considering the solid solubility of

Gd at RT in Mg is low [3], which is reduced by adding

other rare earth elements. Adding Nd to the Mg–8Gd–

0.6Zr quasi-binary alloy, the solubility limit of Gd will

shift largely to lower the concentration with decreasing

temperature. In addition, the added Nd element itself

has a significant age hardening due to the very little

solid solubility in Mg. Consequently, the supersaturated

solid solution formed readily and the following aged

response was improved correspondingly. Furthermore,

the dispersed strengthening phases of the b¢(Mg12RE)

and b(Mg5RE) precipitates increase with increasing Nd

amount for the investigated Mg–8Gd–0.6Zr–xNd al-

loys, which are associated with the improvement of

mechanical properties. This phenomenon is also ob-

served in Mg–Dy–Nd or Mg–Y–Nd alloys [13, 14], the

addition of Nd to the Mg–Dy and Mg–Y binary alloys

distinctly decreases the solubility of Dy and Y in the a-

Mg matrix and enhances the age behavior.

Conclusions

The addition of Nd could improve the hardness and the

age hardening behavior of the Mg–8Gd–0.6Zr alloy

significantly. The Mg–8Gd–0.6Zr–3Nd alloy exhibits a

maximal peak ageing hardness (103), it is about 1.3

1µm

(a) (b)

β-Mg5RE

Fig. 6 TEM image and electron diffraction pattern of aged (D)
alloy at 230 �C for 40 h, (a) Selected area image, (b) b-Mg5RE
phase parallel to [122] zone axes

Table 2 The mechanical properties of as-cast alloys

Alloys Vickers
hardness
(Hv)

UTS
(MPa)

YS
(MPa)

e (%)

RT 250 �C RT 250 �C RT 250 �C

(A) 62 141 107 82 74 6.2 11.0
(B) 71 201 189 126 98 11.7 16.6
(C) 76 221 182 137 106 8.2 12.5
(D) 87 250 210 158 138 7.5 11.3
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Fig. 7 Relationship between the strain and stress of the as-cast
alloys at RT

Table 3 The peak ageing hardness and tensile properties of aged
alloys

Alloys PHv UTS (MPa) YS (Mpa) e (%)

RT 250 �C RT 250 �C RT 250 �C

(A) 76 155 100 81 74 6.4 9.8
(B) 81 198 183 131 80 8.2 12.4
(C) 87 242 190 172 130 8.0 13.0
(D) 103 271 222 205 150 7.8 12.5
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times more than that of the Mg–8Gd–0.6Zr alloy. The

mechanical properties increased monotonically with

increasing Nd content, the aged Mg–8Gd–0.6Zr–3Nd

alloy exhibits maximum ultimate tensile strength and

yield strength, the values are 271 MPa and 205 MPa at

room temperature, and 205 MPa and 150 MPa at

250 �C, respectively, which are about 2 times higher

than that of Mg–8Gd–0.6Zr alloy. The improvement of

age hardening and strength is contributed to the b¢-
Mg12RE and b-Mg5RE precipitates.
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