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Abstract The microstructure, microsegregation, and mechanical properties of directional solidified Mg–3.0Nd–1.5Gd

ternary alloys were experimentally studied. Experimental results showed that the solidification microstructure was com-

posed of dendrite primary a(Mg) phase and interdendritic a(Mg) ? Mg12(Nd, Gd) eutectic and Mg5Gd phase. The primary

dendrite arm spacing k1 and secondary dendrite arm spacing k2 were found to be depended on the cooling rate R in the form

k1 = 8.0415 9 10-6 R-0.279 and k2 = 6.8883 9 10-6 R-0.205, respectively, under the constant temperature gradient of

40 K/mm and in the region of cooling rates from 0.4 to 4 K/s. The concentration profiles of Nd and Gd elements calculated

by Scheil model were found to be deviated from the ones measured by EPMA to varying degrees, due to ignorance of the

back diffusion of the solutes Nd and Gd within a(Mg) matrix. And microsegregation of Gd depended more on the growth

rate, compared with Nd microsegregation. The directionally solidified experimental alloy exhibited higher strength than the

non-directionally solidified alloy, and the tensile strength of the directionally solidified experimental alloy was improved,

while the corresponding elongation decreased with the increase of growth rate.

KEY WORDS: Mg–Nd–Gd ternary magnesium alloy; Directional solidification microstructures; Dendrite

growth; Microsegregation; Mechanical property

1 Introduction

Solidification behavior can be scientifically studied via

directional solidification with the liquid quenching tech-

nology, since combination of the temperature gradient

G generated by the directional solidification furnace and a

constant growth rate v provides a well-defined micro-

structure [1]. This technology has been used for different

alloys, such as aluminum alloy, nickel-based superalloy,

and a few works of magnesium alloys [2–4]. Zhang et al.

[2] and Zheng et al. [3] studied the morphology and

microsegregation of directional solidified Mg–4Al and

AX44 (Mg–4Al–4Ca, wt%) alloys, and they found that the

relationship between the primary dendritic arm spacing k1

and growth rate v can be described by the Hunt–Lu model.

Mirkovic et al. [4] analyzed the microsegregation of AZ31

and AM50 castings produced by directional solidification,

and qualitative agreement but quantitative discrepancy

between the experimental results and the calculated solute

profiles by Scheil model was observed. However, they all

mainly focus on Mg–Al-based alloys in the above

researches.

In recent years, tremendous attentions have been given

to Mg-RE alloys due to their high specific strength both at

room temperature and elevated temperature, as well as

their excellent creep resistance [5, 6]. Among them, Mg–

Nd–Gd system is one of the promising materials exhibiting

high creep resistance properties [7]. There have been

extensive researches on the microstructure and the
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mechanical properties of Mg–Nd–Gd alloys in recent

publications [8–10]. Negishi et al. [8] found that Mg–3Gd–

3Nd alloy showed remarkable age hardening response even

at 250 �C due to the formation of b00 phase with D019

crystalline structure, which reduced the creep rate and

enhanced the creep resistance. The outstanding creep

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

0.5Zr alloy at 240 �C was associated with fine grain size

[9]. Li et al. [10] studied sand-cast Mg–3.0Nd–1.5Gd–

0.25Zn–0.5Zr alloy and found that the experimental alloy

exhibited higher elevated temperature mechanical proper-

ties than ZM6 alloy (Mg–2.0–2.8Nd–0.2–0.7Zn–

0.4–1.0Zr). Obviously, Mg–Nd–Gd-based alloy is an ideal

candidate for high-temperature applications. However,

there is few works reported on the solidification of Mg–

Nd–Gd alloys under different casting conditions.

In order to explore solidification behavior of Mg–Nd–

Gd magnesium alloy, an Mg–3.0Nd–1.5Gd ternary mag-

nesium alloy was designed, and its microstructures, mi-

crosegregation behavior, and mechanical properties under

different cooling rates have been studied based on direc-

tional solidification technique.

2 Experimental

2.1 Alloy Preparation

The experimental alloy was melt with pure Mg (99.98),

pure Nd (99.9), and Mg–28%Gd master alloy in an elec-

trical-resistance furnace under the protection of anti-oxi-

dizing flux. The nominal composition of the experimental

alloy is Nd 2.0–4.0, Gd 0.5–2.5, and balance of Mg in

weight percent. The melt was held at 800 �C for 30 min,

and then cooled to 760 �C and finally poured into an iron

mold preheated at 250 �C with the size of

U10 mm 9 150 mm. The cast ingots were further pro-

cessed into the samples of U7.8 mm 9 90 mm for direc-

tional solidification. The real composition was measured by

the inductively coupled plasma-optical emission spec-

trometry (ICP-OES) to be Mg–2.49Nd–1.82Gd in weight

percent.

2.2 Directional Solidification Experiments

The direction solidification was undertaken in a high-

temperature gradient Bridgman-type directional solidifica-

tion furnace with a graphite heater and quenching system

of water-cooled Ga–In–Sn liquid metals. The schematic of

the furnace is shown in Fig. 1a. A special crucible was

designed to prevent the oxidation of the alloy, as shown in

Fig. 1b. The prepared sample (U7.8 mm 9 90 mm) was

loaded in a stainless tube crucible with 10 mm outer

diameter, 8 mm inner diameter, 120 mm in length, and

sealed bottom. A thin stainless steel tube with 6 mm inner

diameter, 8 mm outer diameter, and 40 mm length, named

sulfur dioxide (SO2) generator, was inserted into the top of

the crucible for the alloy protection. An appropriate

amount of sulfur was advanced into the generator, which

was burnt at 270 �C and consume the oxygen in the cru-

cible by forming SO2 to keep the alloy under the protective

atmosphere of SO2.

The crucible was put in vacuum furnace with the graphite

heater, pumped down to 1 Pa, backfilled with high-purity Ar

gas, and then heated to 850 �C for 30 min. When the axial

temperature gradient reached 40 K/mm, the sample was

directionally solidified by moving the crucible downward at

a given speed (10–100 lm/s) for about 40 mm, and then

quenched in Ga–In–Sn liquid metals. In the analysis, the

withdrawal rate was approximately used as growth rate.

The solidified samples were cut along both the longi-

tudinal and transversal sections to investigate the quenched

interface morphology, and the solidification microstructure

was observed with Olympus PM-G3 type optical micro-

scope (OM), JEOL JSM-5800 type scanning electron

microscope (SEM), and Technai 30F type transmission

electron microscope (TEM). The transversal sections of the

completely solidified samples before etching were ana-

lyzed with EPMA-1720 in an area-scan method to examine

the microsegregation, in which 100 points within an area of

200 lm 9 200 lm were measured automatically. After

collecting the data, a mathematical treatment was applied

to obtain the concentration profiles of the alloying elements

Nd and Gd. The normalized fractions were used for plot-

ting the profiles of solute distribution. The phase analysis

was conducted in an Oxford Inca type X-ray energy dis-

persive spectroscope (EDS). The X-ray diffraction (XRD)

was performed on a X’Pert PRo MPD type instrument in

the diffraction angle (2h) range between 20� and 90�, using

CuKa (k = 0.154 nm) as radiation source. The volume

fraction of the second phase was measured by Image-Pro

Plus 6.0 (Media Cybernetics, Inc., Bethesda, MD). The

room temperature tensile properties were tested in a Zwick

150 type universal tensile testing machine with a maximum

load of 150 kN and a strain rate of 1 mm/min. The test

specimens were rectangular shape with 20 mm in length,

5 mm in width, and 2 mm in height, as shown in Fig. 2.

2.3 Determination of Dendrite Parameters

The primary dendrite arm spacing k1, as shown in Fig. 3,

was measured in 5–7 selected regions in longitudinal sec-

tions of the solidified alloy, and the average values were

calculated. The secondary dendrite arm spacing k2 was also

measured by counting the number of secondary dendrite

arms n within the length L, and get k2 = L/(n-1). Each
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value reported here was the average value of 20–30

measurements.

3 Results and Discussion

3.1 Primary and Secondary Dendrites

Figure 4 shows OM microstructures of longitudinal and

transversal section of the experimental alloy quenched

during directional solidification under the temperature gra-

dient G of 40 K/mm and the growth rates v of 10, 40, and

100 lm/s, respectively. It is seen that a(Mg) phase presents

dendrite morphology along longitudinal section and typical

six petaloid morphology on the transversal section. With the

increase of the growth rate, both k1 and k2 become smaller

and more developed corresponding to a higher cooling rate.

It is well known that both k1 and k2 have significant

effects on the mechanical properties [2, 3], which are

mainly determined by cooling rate R. Lots of theoretical

models [11–14] were developed to evaluate k1 and k2 at

various directional solidification rates, but most of them are

in similar format as follows:

k1 ¼ k1v�a; ð1aÞ

k2 ¼ k2v�b; ð1bÞ

where k1 and k2 are the material-dependent coefficients

related to alloy composition, liquidus slope, and distribu-

tion coefficient, and a and b are called the growth rate

Fig. 1 The Bridgman-type directional solidification furnace: a schematic structure of the furnace, b the structure of the crucible

Fig. 2 Specimen for tensile tests used in this study (unit in mm)

Fig. 3 Measurements of k1 and k2 on the longitudinal section
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exponents related to undercooling and temperature gradient

during solidification.

Meanwhile, the cooling rate R can be calculated from v

by multiplying G [1],

R ¼ G� v: ð2Þ

Thus, Eq. (1a, b) can be modified as follows for

directional solidified samples,

Fig. 4 OM microstructures of the directionally solidified Mg–2.49Nd–1.82Gd alloy under the temperature gradient of 40 K/mm at the growth

rates of 10 lm/s a, b, 40 lm/s c, d, and 100 lm/s e, f, respectively (a, c, e longitudinal sections; b, d, f transverse sections)
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k1 ¼ k1ðR=GÞ�a; ð3aÞ

k2 ¼ k2ðR=GÞ�b; ð3bÞ

Figure 5 shows the variations of k1 and k2 with different

cooling rates R. Through linear regression analysis, k1 and k2

can be described at the temperature gradient G of 40 K/mm

as follows:

k1 ¼ 8:0415� 10�6 R�0:279; ð4aÞ

k2 ¼ 6:8883� 10�6 R�0:205; ð4bÞ

where R is in K/s, k1 and k2 in m.

According to theoretical models [11–14], k1 was pro-

portional to v-1/4 and k2 proportional to v-1/3. When G was

constant, k1 should be proportional to R-1/4 and k2 should

be proportional to R-1/3. Our experimental results of the

cooling rate exponent value of k1 are slightly higher than

that of the theoretical model, while the cooling rate expo-

nent value of k2 is lower than the theoretical values. The

reasons for the deviation may be as follows: (1) The the-

oretical models are proposed for binary alloy and devel-

oped on some assumption, such as non-interaction between

alloying elements, which are not true for ternary alloy, (2)

Some experimental errors, such as solidification parameter

errors and spacing measurement errors, may also cause the

deviation of experimental results from ideally designed

values. However, the results are close to the theoretical

predications.

3.2 Interdendritic Phases

Figure 6 shows XRD analysis results of the experimental

alloy prepared by directional solidification with the various

growth rates at the fixed temperature gradient 40 K/mm,

and only a(Mg), Mg12Nd, and Mg5Gd phases have been

detected. SEM microstructures of the experimental alloy at

the growth rates of 10, 40, and 100 lm/s are given in

Fig. 7. It is seen that the interdendritic phase can be clas-

sified into two types, one with white rectangular-like shape

marked as A and the other with a gray lamellar morphology

marked as B in Fig. 7b, d, and f, which was further ana-

lyzed by selected area electron diffraction (SAED) as

shown in Fig. 8. It is confirmed that the white phase A is

Mg5Gd with face centered cubic (FCC) crystalline struc-

ture, and the gray phase B is Mg12Nd with tl26 crystalline

structure. The orientation relationship between

Mg12Nd phase and the matrix is identified to be ½01�12�a==
½137�Mg12Nd.

Fig. 5 Variation of the primary dendrite arm spacing k1 a and the secondary dendrite arm spacing k2 b with the cooling rate R for Mg–2.49Nd–

1.82Gd alloy under G = 40 K/mm

Fig. 6 XRD analysis results of Mg–2.49Nd–1.82Gd alloys
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It should be pointed out that Mg12Nd phase dissolves up

to 5.47 wt% Gd according to EDS analysis. Earlier

research [15, 16] showed that Mg12(Nd, Gd) phase is

associated with improved mechanical properties, and the

creep properties of Mg–Nd–Gd alloys during high-tem-

perature exposure compared to Mg12Nd phase were formed

in Mg–Nd-based alloy, because dissolution of a certain

amount of Gd in Mg12Nd phase could arouse lattice

Fig. 7 SEM microstructures of transversal section and phase identification results of directional solidified Mg–2.49Nd–1.82Gd alloys under

constant temperature gradient 40 K/mm at different growth rates: a, b 10 lm/s; c, d 40 lm/s; e, f 100 lm/s
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distortion and enhance the performance of Mg12Nd

compound.

3.3 Microsegregation

Microsegregation is another important factor determining

the mechanical properties because it can lead to the

increase of non-equilibrium phases in solidification struc-

ture [17]. Figure 9 shows BSE image and EMPA maps of

Mg, Nd, and Gd in the experimental samples prepared with

the growth rates of 10 and 100 lm/s. As expected, Nd and

Gd mainly distributes on the grain boundaries. Figure 10

shows the measured concentration profiles of the elements

Nd and Gd as a function of the solid fraction at the growth

rates of 10 and 100 lm/s, respectively. Both Nd and Gd

concentrations within a(Mg) matrix increase gradually as

the solidification progresses until the formation of eutectic

near the end of solidification, where abrupt increase in Nd

and Gd concentrations is observed.

This is mainly because the solubility of Nd and Gd is

different in the liquid and solid phases [18]. For the

experimental alloy with the value of solute redistribution

coefficient being less than one, the solutes, such as Nd and

Gd, rejected from the solid–liquid interface and developed

a solute-rich region in the liquid in front of the solidifica-

tion interface. With the development of solidification pro-

cess, the concentration of the solutes increased in the

remaining liquid. Finally, the interdendritic compounds,

such as Mg12Nd or Mg5Gd, were formed, when the con-

centration of solute-rich region reached eutectic composi-

tion. As a result, the solute content was low in the first

formed a(Mg) and then further increases with development

of solidification process.

It is also noted from Fig. 10 that microsegregation of Gd

depends more on the growth rate in the final microsegre-

gation, compared with Nd. This is likely due to the large

back diffusion of Gd in a(Mg), which makes less Gd in the

remaining liquid with higher growth rate. The concentra-

tion profiles of the elements Nd and Gd calculated by

Scheil model coupled with Thermo-Calc software [19] are

also given in Fig. 10. It is seen that there are appreciable

discrepancies between the experimental results and the

calculated ones, which is mainly due to the back diffusion

within a(Mg) matrix, being unconsidered in Scheil model.

Fig. 8 Transversal section TEM microstructures and SAED patterns of directional solidified Mg–2.49Nd–1.82Gd alloys under constant

temperature gradient 40 K/mm at the growth rate 40 lm/s: a TEM-BF image, b SAED of the phase A, c TEM-BF image, d SAED of the phase

B, e local enlarger of SAED boxed by dash line in d
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Fig. 9 EPMA backscatter images and Mg, Nd, and Gd element distribution maps of Mg–2.49Nd–1.82Gd alloy after directional solidification

under the growth rate of 10 and 100 lm/s at G = 40 K/mm
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3.4 Mechanical Properties

The nominal stress–nominal strain curves for the direc-

tionally solidified and non-directionally solidified experi-

mental alloy under the same cooling rate of 1.6 K/s are

shown in Fig. 11. The ultimate tensile strength (UTS) and

elongation to failure were 124 MPa and 17% for the

directionally solidified alloy and 78 MPa and 8% for the

non-directionally solidified alloy, respectively. The direc-

tionally solidified alloy exhibited 59% higher in ultimate

tensile strength (UTS) and 112% higher in elongation than

the non-directionally solidified alloy. Clearly, the direc-

tional solidification technology can improve the mechani-

cal properties of the experimental alloy significantly. This

is because the directional solidification technology realized

sequence solidification in whole casting process, which

decreases the amount of solidification defects, such as

shrinkage porosity and shrinkage cavity.

A comparison of the mechanical properties of the as-cast

experimental alloys after directional solidification under

the growth rates of 10, 40, and 100 lm/s at G = 40 K/mm

has also been done subsequently, shown in Fig. 12. It is

showed that the variation of the growth rate has a signifi-

cant impact on the mechanical properties of the experi-

mental alloy. The tensile strength is improved from

103 MPa with the growth rate of 10 lm/s to 138 MPa with

the growth rate of 100 lm/s. The strength of the experi-

mental alloy increases by 34%, and the corresponding

elongation decreases by 57%.

Fig. 10 Microsegregation of alloying elements in Mg–2.49Nd–1.82Gd alloy: a element Nd, b element Gd

Fig. 11 The nominal stress–nominal strain curves for the direction-

ally solidified and non-directionally solidified experimental alloy

under the same cooling rate of 1.6 K/s

Fig. 12 Mechanical properties of the as-cast experimental alloy

under the temperature gradient of 40 K/mm at the growth rate of 10,

40, and 100 lm/s, respectively
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The main reason for the improvement of the tensile

strength and reduction of elongation is the finer micro-

structure and the smaller size of the second phase due to the

increase of growth rate (cooling rate). It can be seen from

Fig. 5, both k1 and k2 become smaller with the increase of

the cooling rate, and based on the Hall–Petch relationship,

the strength of the experimental alloy would be improved

[20]. Meanwhile, the average size and the volume fraction

of interdendritic decreases with the increase of the cooling

rate, thus the crack source should be reduced on some

extent [2, 3]. Furthermore, Mg12(Nd, Gd) compounds

contained a certain amount of Gd, which could arouse

lattice distortion and enhance the performance of Mg12(Nd,

Gd) compounds [15, 16]. Otherwise, a certain amount of

Nd and Gd dissolved in a(Mg), which would improve the

mechanical properties of a(Mg) matrix.

4 Conclusions

(1) The directionally solidified Mg–3.0Nd–1.5Gd alloy is

mainly consisted of a(Mg) dendrite, interdendritic

a(Mg) ? Mg12(Nd, Gd) eutectic, and Mg5Gd phase.

(2) a(Mg) primary dendrite arm spacing k1 and the

secondary dendrite arm spacing k2 are depended on

the cooling rate R in the form k1 = 8.0415 9 10-6

R-0.279 and k2 = 6.8883 9 10-6 R-0.205 under a

constant temperature gradient G of 40 K/mm at the

cooling rates R between 0.4 and 4 K/s.

(3) There are significant discrepancies for the solute

profiles of elements Nd and Gd between the calcu-

lated results using Scheil model and the experimental

ones determined by EPMA because of back diffusion

of alloying elements within a(Mg) matrix, being

unconsidered in Scheil model. And microsegregation

of Gd depends more on the growth rate, compared

with Nd.

(4) The directionally solidified experimental alloy exhib-

its higher strength than the non-directionally solidi-

fied alloy. And the tensile strength of the directionally

solidified experimental alloy is improved, while the

corresponding elongation decreases with the increase

of the growth rate.
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