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Abstract The microstructure and mechanical properties

of a Mg–1.48Gd–1.13Y–0.16Zr (at.%) alloy in the as-cast,

solution-treated, peak-aged and over-aged conditions have

been investigated by a combination of thermodynamic

calculations and experimental approaches. It is shown that

both the Mg24(Gd,Y)5 and cuboid-shaped Mg5(Gd,Y)

phases exist in the as-cast sample, which is in good

agreement with the Scheil solidification model. The former

is dissolved during solution treatment, while the latter

persists and coarsens. Subsequent artificial ageing results in

the formation of metastable b0 precipitates within the a-Mg

matrix and along the grain boundaries. The peak-aged alloy

exhibits maximum ultimate tensile strength and tensile

yield strength of 370 and 277 MPa, respectively, at room

temperature. Moreover, the strengths decrease gently from

room temperature to 250 �C with a gradual increase of

elongation. The strengthening contributions to the yield

strength are quantitatively evaluated from individual

strengthening mechanisms by using measured microstruc-

tural parameters. The modelled yield strengths are com-

pared with the experimental results and a reasonable

agreement is reached.

Introduction

The combination of low weight, good strength and cast-

ability makes Mg alloys promising engineering materials

for the automotive and aviation industries [1–3]. Among

them, magnesium alloys containing rare earth elements

(RE) have received considerable interest in recent years

due to their potential for achieving higher strength and

better creep resistance at elevated temperatures. The

notable examples include experimental and commercial

alloys based on the Mg–Gd, Mg–Gd–Y, Mg–Gd–Nd, Mg–

Gd–Zn and Mg-Y-Nd systems [4–13]. It was reported that

Mg–Gd–Y system alloys, such as Mg–10Gd–3Y–0.4Zr

(wt%) [10] and Mg–12Gd–3Y–0.5Zr (wt%) [14], exhibited

higher specific strength at both room and elevated tem-

peratures and good creep resistance than conventional Al

and Mg alloys, including WE54, whose high temperature

strength was the top of existing commercial magnesium

alloys [4, 5]. Most of these alloys are precipitation harde-

nable, and the precipitation of metastable phases contrib-

utes mainly to the strengthening of these alloys. In the Mg–

Gd–Y alloys, precipitation starts with the formation of b00

phase with a D019 structure and the key strengthening

precipitate phases are b0 and b1 [5, 8, 15]. The b0 phase has

a C base-centred orthorhombic (cbco) structure

(a = 0.64 nm, b = 2.22 nm, c = 0.52 nm) [11], and the

b1 phase has a face-centred cubic (fcc) structure

(a = 0.74 nm). During prolonged ageing, the b1 phase

transforms in situ into the equilibrium phase b, which has a

structure isomorphous to Mg5Gd (a = 2.23 nm) [6]. The

structure and morphology of these precipitate phases and

the precipitation sequence in the alloys have been well

established. It is known that the b0 phase is the most

effective for the strengthening of Mg matrix [11]. How-

ever, a systematic description of the strengthening
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mechanisms in these alloys is very limited, experimentally

and theoretically [5, 7].

The correlation between mechanical properties and

microstructures in these alloys is very complex due to the

complexity of microstructures. Strengthening is generally

factorized according to the strengthening mechanisms: (i)

grain boundary strengthening, (ii) solid solution strength-

ening by alloying elements and (iii) precipitate strength-

ening. Quantification of individual contributions requires

information on the amount of solute, grain size and the

features of precipitates (morphology, size and fraction) as a

function of thermal history for each alloy composition.

Hutchinson et al. [16] modelled these strengthening

mechanisms in the commercial alloy AZ91 (Mg–9Al–1Zn

(wt%)) and successfully rationalized the evolution of the

room temperature hardness. However, similar work on

Mg–Gd–Y system alloys is still unsatisfied. Yang et al. [7]

investigated quantitatively the individual strengthening

contributions in an Mg–9Gd–3Y–0.6Zn–0.5Zr (wt%) alloy.

It was found that the yield strength should theoretically

reach 740–770 MPa when the alloy was strengthened fully

with the precipitation of b00 and b0, which is considerably

larger than the experimental value. This disagreement was

attributed in part to the error of the required microstructural

parameters that cannot be easily obtained through experi-

mental approaches. Besides the experimental approaches,

thermodynamic calculation is a powerful tool for the

quantification, whose current capability allows accurate

prediction of the amount of solute, the mole fractions and

compositions of all the phases present in a complex multi-

component alloy [17]. Moreover, thermodynamic calcula-

tions provide an alternative to costly experimentation as a

first step of searching for most effective alloy composition,

as well as for choosing procedures of heat treatment, for

the expected high strength. While the thermodynamic

assessment of Mg–Gd–Y system has been reported [18],

calculations on practical alloys were scarce.

In this research, thermodynamic calculations and

experimental investigations were performed for the quan-

tification of yield strength. The microstructure and

mechanical properties of a Mg–1.48Gd–1.13Y–0.16Zr

(at.%) alloy at different steps of processing were examined.

Thermodynamic calculations were performed to predict

solidification and phase equilibria. The individual

strengthening mechanisms were quantitatively related to

the microstructures and phase constituents.

Experimental procedures

The alloy was prepared from high purity Mg ([99.95%),

Gd ([99%), Y ([99%) and a Mg–30Zr (wt%) master alloy

by melting in an electric resistance furnace at about 780 �C

under protection with an anti-oxidizing flux. The melt was

poured into a mild steel mould preheated to 200–300 �C.

The actual chemical composition of the alloy was deter-

mined to be Mg–1.48Gd–1.13Y–0.16Zr (at.%) or Mg–

8.57Gd–3.72Y–0.54Zr (wt%) by using inductively coupled

plasma atomic emission spectroscopy (ICP). In this paper,

the atomic percentage is used for all the alloy compositions

unless specified otherwise. Specimens cut from the cast

ingot were solution treated at 525 �C for 6 h, quenched into

hot water at *70 �C and then subsequently aged at 225 �C

for various periods of time.

Vickers hardness testing was performed using 500 g

load and a holding time of 15 s. Not fewer than 10 mea-

surements were taken in each alloy. The samples for tensile

tests had a gauge length of 5 mm, width of 3 mm and

thickness of 2 mm. Tensile tests were performed at an

initial stain rate of 1.0 9 10-3 s-1 and at temperatures

between room temperature and 300 �C. For tests at ele-

vated temperatures, specimens were heated up to the

selected temperature within 10 min and were soaked for

5 min before testing. The temperature was controlled

within ±2 �C. Three specimens were used for each test

condition to ensure the reproducibility of data.

The constituent phases of the alloy in different condi-

tions were identified by X-ray diffraction (XRD) (Rigaku

D/max 2400 X-ray diffractometer) with Cu Ka radiation.

Microstructures were observed by optical microscope

(OM), scanning electron microscope (SEM, Philips XL30

ESEM-FEG/EDAX) and transmission electron microscope

(TEM, FEI TECNAL 20) operating at 200 kV. Samples for

optical microscopy were etched in a solution of 5 vol.%

HNO3 in ethanol after mechanical polishing to reveal grain

boundaries. The mean grain size, d, was measured by the

linear intercept method using the equation d = 1.74 L,

where L is the linear intercept grain size determined by

optical microscopy. No chemical etching was applied to

specimens for SEM investigations. Compositions of phases

were analysed by energy dispersive X-ray spectrometry

(EDS) in the SEM mode. Thin foil specimens for TEM

were prepared by punching 3 mm diameter discs, followed

by dimple grinding and Ar? ion milling in a precision ion

polishing system (PIPS, Gatan) operating at 4.5 kV

accelerating voltage and *8� incident angle.

Predictions of microstructure

To determine the microstructure characteristics of the alloy

in different states, all the thermodynamic calculations in

this work were done with the Pandat software package

(CompuTherm, LLC, Madison, WI). In this approach, the

Gibbs free energies of individual phases are modelled as a

function of composition, temperature, critical magnetic
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temperature and sometimes pressure and the results are

collected in a thermodynamic database. It enables the

calculation of multi-component phase diagrams and

tracking of individual alloys during heat treatment or

solidification by the calculation of phase constituent and its

composition [17–19].

Due to the limited reliable concentration range

(\1 wt%) for Gd and Y in the commercially available

database PanMg for magnesium alloys, the thermodynamic

descriptions of the Mg–Gd–Y alloy system developed by

Guo et al. [18] were employed for all the calculations in

this work. The Gibbs energy functions of element i

(i = Mg, Gd, Y), GHSERi, in its standard element refer-

ence (SER) state were taken from the SGTE (Scientific

Group Thermodata Europe) compilation of Dinsdale [20].

Four phases were included in this study, namely liquid, hcp

(Mg), Mg5Gd and Mg24Y5. The liquid and hcp phases were

treated as substitutional solutions, and the intermetallic

compounds Mg5Gd and Mg24Y5 were described using the

sublattice model. The thermodynamic parameters describ-

ing the Gibbs energies of the Mg5Gd and Mg24Y5 phases as

a function of composition and temperature are given in

Table 1. This thermodynamic description has been criti-

cally evaluated from the experimental information

available in the literatures, although, certainly, this ther-

modynamic description at the present stage needs further

improvement. It should be noted that Zr addition was

excluded from the calculation because it had little effect on

the phase evolution and only used for grain refinement

[19].

Results

Characterization of the alloy in the as-cast state

Typical microstructures of the Mg–1.48Gd–1.13Y–0.16Zr

alloy in the as-cast condition are shown in Fig. 1. These

reveal that the as-cast alloy consists mainly of the a mag-

nesium phase (a solid solution of Mg containing Gd and Y)

as the matrix (arrow 1 in Fig. 1b) and non-equilibrium

eutectics (arrows 2 and 3 in Fig. 1b). Some zirconium

cores (arrow 4 in Fig. 1a) are observable, which contribute

to the grain refinement. With careful TEM investigation, no

precipitates can be detected within the a-Mg matrix phase

of the as-cast sample. By XRD analysis (Fig. 2), two

phases are identified, namely a-Mg and Mg24(Gd,Y)5,

where Gd probably substitutes for Y [19]. TEM analysis

(inset in Fig. 1b) indicates that arrow 2 corresponds to the

Mg24(Gd,Y)5 phase, which is a body-centred cubic (bcc)

crystal structure with a = 1.126 nm. Isolated cuboid-

shaped particles varying in size from 0.5 to 1 lm are fre-

quently observed in association with Mg24(Gd,Y)5, as

shown in Fig. 1b (arrow 3). It was identified as the

Mg5(Gd,Y) phase by TEM analysis as shown in Fig. 1c,

which is an fcc crystal structure with a = 2.223 nm.

Figure 1 shows the SEM and TEM micrographs of those

phases, and their estimated chemical compositions are

given in Table 2. These phases are non-equilibrium ones

that form as a result of relatively high solidification rates

under practical casting conditions. EDS analysis reveals

that under non-equilibrium casting conditions, up to

0.83 at.% Gd and 0.67 at.% Y can be dissolved in the

matrix. The volume fraction of the eutectic compounds is

about 7 vol.% determined by quantitative metallographic

analysis of the as-cast sample.

Figure 3 shows the Pandat simulation of the solidification

pathway of the Mg–1.48Gd–1.13Y–0.16Zr alloy, in partic-

ular the fraction liquid presents as a function of temperature.

Each arrow on the liquid fraction curves of Fig. 3 indicates

the appearance of a new phase. It can be seen that the equi-

librium solidification calculation indicates no secondary

phases form, whereas Scheil calculation (assuming no dif-

fusion in the solid) shows that the Mg24(Gd,Y)5 and

Mg5(Gd,Y) phases should form through the eutectic reac-

tions. This demonstrates that this as-cast alloy followed more

closely the Scheil conditions by comparing Fig. 1 with

Fig. 3. For the as-cast alloy solidified from superheated melt,

the assumption with the Scheil model is generally safe, given

the very short solidification time in the permanent mould in

Table 1 Thermodynamic parameters of the Mg5Gd and Mg24Y5 phases in the Mg–Gd–Y system [18]

Phase Sublattice model Gibbs energy description

Mg5Gd Mg5(Gd, Y) G
Mg5Gd
Mg:Gd ¼ 5GHSERMg þ GHSERGd � 60521:6þ 11:2668T

G
Mg5Gd
Mg:Y ¼ 5GHSERMg þ GHSERY � 38549:2þ 7:9020T

Mg24Y5 Mg24(Gd, Mg, Y)4Y

G
Mg24Y5

Mg:Mg:Y ¼ 28GHSERMg þ GHSERY � 5932:0

G
Mg24Y5

Mg:Y:Y ¼ 24GHSERMg þ 5GHSERY � 202101:8þ 7:2306T

G
Mg24Y5

Mg:Gd:Y ¼ 24GHSERMg þ 4GHSERGd þ GHSERY � 248763:1þ 19:9258T

0L
Mg24Y5

Mg:Mg;Gd;Y:Y ¼ �50000:0

In SI units (Joule, mole of the formula units and Kelvin)
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the casting process. The entire calculated solidification

pathway, with primary L?a-Mg (arrow 1), secondary L?
a-Mg ? Mg24(Gd,Y)5 (arrow 2) and finally Liquid?
a-Mg ? Mg24(Gd,Y)5 ? Mg5(Gd,Y) (arrow 3) is in good

agreement with the microstructure of this alloy shown in

Fig. 1a and b. Therefore, the results confirm the validity of

the thermodynamic calculations. The corresponding molar

fraction of the Mg24(Gd,Y)5 and Mg5(Gd,Y) phases at the

end of Scheil solidification are 4.68 and 1.95 mol.%,

respectively. The small amount of the Mg5(Gd,Y) phase

could not be detected by XRD (Fig. 2) but was in fact found

and identified by TEM analysis of the alloy in the as-cast

state, as shown in Fig. 1c.

Characterization of the solution-treated alloy

Figure 4 shows the optical and SEM microstructures of the

Mg–1.48Gd–1.13Y–0.16Zr alloy after the solution treat-

ment at 525 �C for 6 h. The eutectic Mg24(Gd,Y)5 com-

pound has almost completely dissolved into the matrix,

resulting in a relatively uniform a magnesium solid solu-

tion. XRD pattern (Fig. 2) further confirms the dissolution

of the Mg24(Gd,Y)5 phase. This can be understood from the

calculated equilibrium phase diagram of the Mg–1.48Gd–

xY (at.%) alloy system, as shown in Fig. 5a, where the

dashed line indicates the composition investigated. The

corresponding phase fraction and concentration in a-Mg at

equilibrium as a function of temperature for the Mg–

1.48Gd–1.13Y(–0.16Zr) alloy are shown in Fig. 5b and c,

respectively. The solubility limits of Gd and Y in Mg are

relatively large at the solution treatment temperature of

525 �C (Fig. 5c), where all the second phases should dis-

solve into the Mg matrix resulting in a single phase

microstructure (Fig. 5b). However, about 1 vol.% cuboid-

shaped particles (i.e. the black particles in Fig. 4a) are not

dissolved but coarsen, as shown in a high-magnification

backscattered electron micrograph (Fig. 4b). In addition,

the average grain size of the Mg–1.48Gd–1.13Y–0.16Zr

alloy is about 61 lm (inset in Fig. 1a) in the as-cast con-

dition and grows up to 108 lm (Fig. 4a) after the solution

treatment.

Fig. 1 a, b SEM images of the as-cast Mg–1.48Gd–1.13Y–0.16Zr

alloy and c TEM micrograph showing the cuboid-shaped particles

together with diffraction pattern of zone axis [111]. Semi-quantitative

chemical compositions of the phases marked by the numbers on the

images are shown in Table 1

Fig. 2 X-ray diffraction patterns of the Mg–1.48Gd–1.13Y–0.16Zr

alloy in the as-cast and solution-treated conditions
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Age hardening behaviour and peak-aged microstructure

Figure 6 shows a hardness curve of the Mg–1.48Gd–

1.13Y–0.16Zr alloy during ageing at 225 �C. Prior to

ageing, the initial hardness of the solution-treated alloy is

82 Hv. As can be seen in Fig. 6, the hardness starts to

increase rapidly after an incubation period of about 1 h.

The peak hardness (129 Hv) attains at about 24 h. Further

ageing leads to a rapid decrease in hardness. For micro-

structural investigation, ageing times of 24 and 168 h were

selected which correspond to peak and over-aged condi-

tions, respectively.

The optical microstructure of aged samples is similar to

that of solutionized one and the grain size does not change

during ageing. Figure 7a and b presents a TEM bright field

image and corresponding selected area electron diffraction

(SAED) pattern of precipitates in a sample aged at 225 �C for

24 h, with the incident electron beam approximately parallel

to [0001]a. It can be observed in Fig. 7a that the micro-

structure contains a high number density of plate-shaped

precipitates, uniformly dispersed within the a-Mg matrix.

The SAED pattern of the [0001]a zone axis, Fig. 7b, shows

extra diffraction spots at 1/2 distance of f1100gaor

f2110gawith the ones surrounding them. Such a diffraction

feature is typical in Mg–RE alloys containing a cbco struc-

ture phase, namely b0, with lattice parameters a = 2 9

aa-Mg = 0.64 nm, b = 8 9 dð1010Þa�Mg= 2.22 nm, c =

ca-Mg = 0.52 nm, being in agreement with other studies on

these alloys [8, 9]. The orientation relationship between the

b0 phase and the matrix implied by SAED is [001]b0//[0001]a,

(100)b0//ð2110Þa: The results indicate that the b0 plates form

on the f1100ga or f2110ga prismatic planes of a-Mg and the

Table 2 Estimated chemical compositions of non-equilibrium structure constituents present in the as-cast Mg–1.48Gd–1.13Y–0.16Zr alloy

Number in Fig. 1 Phase Fraction (vol.%) Element [at.%] (wt%)

Gd Y Zr Mg

1 Matrix 93 [0.83] (5.06) [0.67] (2.30) – Balance

2 Mg24(Gd,Y)5 6 [7.83] (32.92) [3.97] (9.46) – Balance

3 Mg5(Gd,Y) 1 [23.94] (45.18) [39.45] (42.34) – Balance

4 Zr core &0 [0.55] (3.30) [0.47] (1.61) [1.04] (3.65) Balance

Fig. 3 Simulation of the solidification pathway of the Mg–1.48Gd–

1.13Y–0.16Zr alloy by Pandat and the thermodynamic descriptions of

Guo et al [18]

Fig. 4 Microstructures of the Mg–1.48Gd–1.13Y–0.16Zr alloy in the

solution-treated condition. a Optical image showing the grain size and

b SEM image showing the cuboid-shaped phase
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angle between the habit plane of the precipitate plates and

(0001)a slip plane is 90�. The cross-section of the prismatic

plates intersected in the slip plane is approximately

rectangular in shape, defined by the mean planar thickness tp
(=15 nm) and the mean planar diameter dp (=31 nm), as

shown in the inset in Fig. 7a [21].

With continued ageing for 168 h, the SAED pattern

indicates that the over-aged microstructure still contains

predominantly metastable b0 precipitates, which grow to

* 66 nm in diameter and * 17 nm in thickness, as shown

in Fig. 7c (B//[0001]a).

In addition to the b0 precipitates predominantly dis-

persed within the a-Mg phase matrix, precipitates are also

observed along the grain boundaries, as shown in Fig. 8.

The SAED pattern corresponding to Figs. 7a and 8 is the

same, as shown in Fig. 7b, which indicates that the grain

boundary also contains the metastable b0 phase.

Tensile mechanical properties

The results from room temperature tensile tests of the as-

cast, solution-treated, peak-aged and over-aged alloy are

presented in Fig. 9 and Table 3. Table 3 also includes the

true yield strength, i.e. accounting for the cross-sectional

area reduction. Compared to the as-cast Mg–1.48Gd–

1.13Y–0.16Zr alloy, solution treatment results in a great

enhancement in elongation accompanied by a relatively

small increase in ultimate tensile strength (UTS). However,

its tensile yield strength (TYS) decreases. Further ageing

leads to a significant enhancement in UTS and TYS. Spe-

cifically, the peak-aged alloy exhibits the highest strength

and the UTS and TYS are 370 and 277 MPa, respectively.

Unfortunately, the peak-aged alloy displays a considerable

decrease in ductility; this strengthening effect and loss in

ductility are believed to be due to b0 precipitation, as will

be discussed in the following section. In spite of the limited

Fig. 5 a Calculated equilibrium phase diagram of the Mg–1.48Gd–

xY (at.%) alloy system. The dashed line corresponds to the alloy in

this study (Mg–1.48Gd–1.13Y). b Calculated phase fraction (wt%)

and c Gd and Y concentrations (at.%) in a-Mg at equilibrium as a

function of temperature for the investigated alloy

Fig. 6 Ageing hardening response of the solution-treated alloy at

225 �C
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ductility, the results indicate that it is possible to obtain a

desirable strength enhancement in the Mg–1.48Gd–1.13Y–

0.16Zr magnesium alloy after appropriate heat treatment.

Moreover, the over-aged sample shows slightly lower

strength and elongation than the peak-aged sample.

The effect of temperature on the strength and elongation

of the peak-aged Mg–1.48Gd–1.13Y–0.16Zr samples are

shown in Fig. 10. It is noted that the alloy shows a high

strength of more than 310 MPa and the strength declines

slowly from room temperature to 250 �C. This is mainly

due to the presence of thermal stable b0 precipitates within

the matrix and along the grain boundaries. As the tem-

perature further increases to 300 �C, the strength steeply

decreases to 184 MPa while the elongation of the alloy

remarkably increases to 33%.

Fig. 7 a TEM bright field image taken along the [0001]a zone axis

and b the corresponding SAED pattern recorded from a peak-aged

(24 h) sample. c [0001]a TEM bright field image recorded from the

over-aged sample; inset shows the corresponding SAED pattern

Fig. 8 Grain boundary in the peak-aged Mg–1.48Gd–1.13Y–0.16Zr

alloy showing finely distributed precipitate formed during the ageing

process

Fig. 9 Typical nominal stress–strain curves at room temperature for

the Mg–1.48Gd–1.13Y–0.16Zr alloy in various conditions
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Discussion

Strengthening mechanisms

Rare earth elements (RE) are the most effective elements to

improve the strength of magnesium alloys. The strength-

ening mechanisms for alloys in different conditions may

typically be divided into (i) strengthening due to eutectics

(hereafter denoted as second phase strengthening, rsp), (ii)

solid solution strengthening (rss), (iii) grain boundary

strengthening (rgb) and (iv) precipitation strengthening

(rppt) [5, 7, 16]. A possible expression of the yield strength

(rys) of an alloy can be approximated as a sum of these

contributions: rys = rgb ? rss ? rsp ? rppt. The mod-

elled yield strength is expected to give a closer represen-

tative value of the true yield strength than the nominal one

(Table 3). Combining the data obtained from experiments

and thermodynamic calculations, the magnitude of indi-

vidual contributions can be quantitatively estimated.

Grain boundary strengthening rgb

The grain size contribution to the yield strength can be

evaluated using the well known Hall–Petch relation. A

value of 11 MPa from Hauser et al. [22] is used for the

intrinsic lattice resistance to basal slip [16], r0:

rgb ¼ r0 þ kd�1=2; ð1Þ

where d is the grain size of the material and k is a

parameter that describes the relative strengthening contri-

butions of grain boundaries. A k value of 188 MPa lm1/2,

taken from a previous study [23], was used in this study.

Solid solution strengthening rss

The solid solution strengthening term includes the substi-

tutional strengthening from both Gd and Y atoms in the

matrix. Preceding studies [23, 24] on Mg–RE single phase

alloys have clearly shown that the solid solution strength-

ening effect due to multiple alloying additions in Mg–Gd–

Y ternary alloys can be evaluated as:

Drss ¼ C
1=n
Gd XGd þ C

1=n
Y XY

� �n

ð2Þ

where n = 2/3, XGd and XY are the atomic fraction of solute,

CGd (1168 MPa (at.%) -2/3) and CY (1249 MPa (at.%) -2/3)

are the binary alloy strengthening rates. This model has been

found suitable to predict the yield strength of solid solution

alloys for a series of Mg–Gd–Y alloys [23].

Precipitation strengthening (Orowan mechanism) rppt

The microstructural investigation (Figs. 7 and 8) of this alloy

indicates that most of the particles in the aged Mg–Gd–Y

alloy are the plate-shaped b0 phase that forms on the pris-

matic planes of a-Mg. Nie [21] reported the effect of the

shape and orientation of precipitates on Orowan strength-

ening in Mg alloys. According to his results, the plate-like

precipitates which form on the prismatic planes, f1010gMgor

ð2110ÞMg, are more effective for Orowan strengthening than

spherical particles, plates on the basal planes and rods. If the

prismatic plates are assumed to have an ideal arrangement at

the centre of each surface of a triangular volume in the matrix

phase (inset in Fig. 7a [21]), then the increase in strength due

to the prismatic precipitate plates is described as

rOrowan ¼
MGb

2p
ffiffiffiffiffiffiffiffiffiffiffi
1� t
p

0:931
ffiffiffiffiffiffi
dptp

f

q
� 0:5dp � 0:886tp

� �

� ln

ffiffiffiffiffiffiffiffi
dptp

p
b

ð3Þ

Table 3 Tensile properties of

the Mg–1.48Gd–1.13Y–0.16Zr

alloy at room temperature

Temper TYS (MPa) UTS (MPa) Elongation (%)

True Nominal Nominal Nominal

As–cast 177 159 231 5.2

Solution-treated 134 126 258 16.6

Peak-aged at 225 �C for 24 h 304 277 370 4.5

Over-aged at 225 �C for 168 h 285 261 336 3.3

Fig. 10 Average strength and elongation of the peak-aged Mg–

1.48Gd–1.13Y–0.16Zr alloy as a function of temperature
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where M is the Taylor factor, G is the shear modulus of the

magnesium matrix phase, b is the magnitude of the Burgers

vector for basal slip in hcp Mg, t is the Poisson’s ratio, f is

the volume fraction of particles, dp and tp are, respectively,

the mean planar diameter and thickness of precipitates in

the slip plane.

Strengthening due to eutectics rsp

In contrast with precipitation strengthening, the quantita-

tive model on the effect of the eutectic phases was

unknown. Therefore, rsp was determined by subtracting

other strengthening contributions from the total yield

strength.

Evaluation of strengthening contributions

The values of all the parameters [7, 16, 22–25] involved in

the following calculations are presented in Table 4.

The as-cast Mg–1.48Gd–1.13Y–0.16Zr alloy consists

mainly of the a-Mg solid solution and eutectic compounds

(Fig. 1). Therefore, in as-cast alloy, solid solution

strengthening (rss), second phase strengthening (rsp) and

grain boundary strengthening (rgb) contribute to the total

strength. The calculated contribution of grain boundary

strengthening (rgb) to the strength is approximately

35 MPa for the as-cast Mg–1.48Gd–1.13Y–0.16Zr alloy

with an average grain size of 61 lm. The concentrations of

Gd and Y in the as-cast a-Mg matrix are shown in Table 2

and the solid solution strengthening can be estimated to be

about 73 MPa according to Eq. 2. A 7% volume fraction of

eutectic compounds results in about rsp = rys - rgb

- rss = 177 – 35 - 73 = 69 MPa, where the value of rys

is measured from tensile tests. The eutectics are complex in

shape with large aspect ratios and are prone to fracture at

local stress concentrations during tensile test, just like the

Mg17Al12 compound in Mg–Al alloys [26]. The micro-

cracks form easily by the fracture of eutectic compounds as

shown in Fig. 11. Hence, the as-cast alloy has the lowest

tensile strength, being about 231 MPa (see Fig. 7 and

Table 3).

In the case of the solution-treated alloy, the calculated

contribution of grain boundary strengthening to the

strength is approximately 29 MPa for the alloy with an

average grain size of 108 lm. If all the alloying elements

are assumed to dissolve into the matrix, the yield strength

of solution-treated alloy in that case can be calculated to be

rys = rgb ? rss = 29 ? 106=135 MPa, which is in good

agreement with the experimental value (134 MPa in

Table 3).

As can be seen from Figs. 7 and 8, the peak-aged

microstructure contains predominantly the metastable b0

phase within the matrix and along the grain boundaries.

The alloying elements of Gd and Y are portioned between

two phases: the magnesium-based solid solution and the

precipitates. The concentrations of Gd and Y in the matrix,

as well as the fraction of nanoscale precipitates, are not

easy to be determined by analytical electron microscopy

alone. In this case, the solute concentrations and the frac-

tion of precipitates are estimated according to the

Table 4 Parameters and values used in the thermodynamic calculations

Parameter Description Value used Reference

r0 Intrinsic lattice strength in hcp Mg 11 MPa [16, 22]

k Hall–Petch parameter 188 MPa lm1/2 [23]

d hcp Mg matrix grain size 61, 108 lm This work

CGd Solid solution strengthening rate of Gd in Mg 1168 MPa (at.%)-2/3 [23]

CY Solid solution strengthening rate of Y in Mg 1249 MPa (at.%)-2/3 [24]

M Taylor factor 3 [25]

G Shear modulus of hcp matrix 16.6 [7]

b Burgers vector for basal slip in hcp Mg 0.32 nm [16, 25]

t Poisson’s ratio 0.35 [7]

Fig. 11 Longitudinal section of the tensile-tested as-cast Mg–

1.48Gd–1.13Y–0.16Zr alloy showing the fragmentation of the

eutectic Mg24(Gd,Y)5 phase (stress axis is horizontal)
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calculated equilibrium phase diagram due to the fact that

the aged alloy approaches thermal equilibrium [8]. As seen

in Fig. 5c, the concentrations of Gd and Y in the solid

solution at 225 �C are about 0.87 and 0.91 at.%, respec-

tively, resulting in rss = 82 MPa. According to the density

(g/cm3) of Mg (1.74) [27], Mg24(Gd,Y)5 (2.39) [28] and

Mg5(Gd,Y) (3.03) [29] and the equilibrium weight fraction

of Mg24(Gd,Y)5 (1.35 wt%), Mg5(Gd,Y) (7.49 wt%) phase

at 225 �C (Fig. 5b), the volume fraction of Mg24(Gd,Y)5

and Mg5(Gd,Y) are 1.01 and 4.44 vol.%, respectively.

Given that the residual cuboid-shaped Mg5(Gd,Y) phase is

about 1 vol.% (Fig. 4), the volume fraction of the precip-

itates is assumed to be 4.45 vol.%. Therefore, the precip-

itation strengthening contribution is calculated to be

200 MPa according to Eq. 3. The same procedure has been

applied to the over-aged sample and rppt = 156 MPa has

been obtained.

The magnitudes of the individual strengthening contri-

butions for the Mg–1.48Gd–1.13Y–0.16Zr alloy in various

conditions are summarized in Table 5. As can be seen, in the

peak-aged condition, the maximum strengthening due to the

Orowan mechanism of precipitates is *200 MPa. The

modelled yield strength is calculated by linearly summing

the contributions described in ‘‘Grain boundary strengthen-

ing rsp’’ through ‘‘Strengthening due to eutectics rsp’’ and is

compared with the experimental values in Table 5. Good

agreement, with an error of 0.7–6.3%, has been obtained.

Strengthening due to b0 precipitates

One of the outstanding features of the Mg–1.48Gd–1.13Y–

0.16Zr alloy is the possibility to show a substantial

strengthening effect during the decomposition of the

supersaturated magnesium solid solution (see Fig. 5b). The

superior strength and thermal stability until 250 �C

obtained in the peak-aged Mg–1.48Gd–1.13Y–0.16Zr alloy

are attributed to the thermally stable precipitate b0 phase

(Figs. 7 and 8) which is a metastable version of the b phase

(similar composition, Mg5RE [8]). The plate-shaped b0

precipitates, which form on the prismatic planes of the

magnesium matrix, are vertical to the basal plane of a-Mg,

providing the most effective obstacles to basal dislocation

slip [21]. The better thermal stability of the b0 phase in

Mg–Gd–Y–Zr alloys was also suggested to be responsible

for the superior creep resistance to WE54 [9, 10, 30].

TEM analysis reveals that the b0 phase is likely to

maintain its crystal structure and morphology from the

peak-aged through the over-aged conditions. Equation 3

describes the increase in strength due to the prismatic

precipitates as observed in the aged alloy. In the present

case, f, G, t, b remain constant, while the diameter of the

precipitates has been increased from 31 nm in the peak-

aged condition to 66 nm in the over-aged alloy. Thus, the

decrease in the hardness (Fig. 6) and strength (Fig. 9) can

be attributed to the coarsening of the particles and the

decreased number density of precipitates in the over-aged

alloy compared to the peak-aged alloy.

Increasing temperature to 300 �C leads to a rapid

decrease in strength (Fig. 10). This is considered to be the

result of the recovery effect of the aged Mg–Gd–Y alloy

during exposure at a higher temperature. A typical [0001]a
TEM micrograph of the specimens after tensile testing at

300 �C is shown in Fig. 12. It is obvious that some of the

precipitates have disappeared, and as a result, the volume

fraction significantly decreases. This is consistent with the

results of Rokhlin and Nikitina [31], who observed that a

significant recovery effect after ageing in Mg–12wt.%Y

and Mg–24wt.%Gd alloys took place as a result of the

precipitate instability at a higher temperature. This process

can be easily understood according to the equilibrium

phase diagram. For the Mg–1.48Gd–1.13Y–0.16Zr alloy,

the calculated solubility limit of Gd in a-Mg increases from

*0.87 at.% at 225 �C to 1.31 at.% at 300 �C, while the

solubility limit of Y increases from 0.91 at.% at 225 �C to

1.10 at.% at 300 �C (Fig. 5c). The relatively larger solu-

bilities at 300 �C result in the partial dissolution of the

precipitates.

Furthermore, the prismatic precipitate plates are thought

to be less effective obstacles to dislocations gliding on the

non-basal plane or cross slip activated at an elevated

temperature, because they are not perpendicular to the slip

planes any more so that the effective area as obstacle to

Table 5 Individual strengthening contributions (MPa) in the Mg–1.48Gd–1.13Y–0.16Zr alloy at room temperature

Alloy condition As-cast Solution-treated Peak-aged Over-aged

Solid solution strengthening, rss 73 106 82 82

Grain boundary strengthening, rgb 35 29 29 29

Second phase strengthening, rsp 69 0 0 0

Precipitation strengthening, rppt 0 0 200 156

Calculated yield strength, rys – 135 311 267

Experimental yield strength, rys 177 134 304 285

Error (%) – ?0.7 ?2.3 -6.3
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dislocation slip decreases [5]. It is probably another reason

why the strength of the alloy steeply decreases at temper-

atures above 250 �C.

Application of the thermodynamic calculations

The thermodynamic assessment of the Mg–Gd–Y system

contributes to a better understanding of the above

strengthening mechanisms in the investigated alloy and to

the development of new heat treatable alloys. The aim of

this discussion is to emphasize the applicability of ther-

modynamic calculations in predicting the alloy micro-

structure during a heat treatment process and the impact of

the treatment on the alloy properties.

The alloy composition was chosen as Mg–1.48Gd–1.13Y–

0.16Zr (at.%), having in view the purpose of this study,

namely the abilities: (i) to undergo a rapid and thorough dis-

solution of the solute atoms during a solution treatment and (ii)

to precipitate a large number of RE-based precipitates during

an ageing treatment. The solution treatment at 525 �C that will

lead to a single-phase material is generally selected according

to the equilibrium phase diagram.

Some quite satisfactory results have been obtained from

the thermodynamic calculations for the Mg–Gd–Y alloy.

The phases presented in the as-cast structure of the studied

alloy are in good agreement with those expected by the

thermodynamic calculation. The calculation predicted no

RE-containing compound in the microstructure of the

solution-treated alloy where a single phase material can be

obtained. Indeed, this correlates well with the dissolution

of the Mg24(Gd,Y)5 phase. However, as shown above, the

cuboid-shaped phase with a higher RE content (Table 2)

was detected in the alloy studied. This is probably because

the diffusivity of RE in Mg is significantly low [32], which

is not taken into account in the calculation. Indeed, the

crystal structure of the cuboid-shaped phase and its exact

phase composition range are still under dispute [5, 33].

Further work is needed to clarify this discrepancy.

Conclusions

The phase constituent and microstructure evolution of a

Mg–1.48Gd–1.13Y–0.16Zr (at.%) alloy during solidifica-

tion, solution treating and age hardening are predicted

qualitatively and quantitatively based on computational

thermodynamics. This includes choosing the alloy

composition and various heat-treatment routes, which is

aimed at obtaining a significant improvement in the

alloy strength. The thermodynamic predictions are con-

firmed experimentally through detailed microstructure

investigations.

The heat-treatment routes selected by thermodynamic

calculation result in a significant improvement in the alloy

hardness and strength. The typical ultimate tensile strength,

tensile yield strength and elongation of the peak-aged alloy

are 370, 277 MPa and 4.5%, respectively. The high strength

at temperatures lower than 250 �C is mainly attributed to the

high number density of the plate-shaped b0 precipitates

within the matrix and along the grain boundaries. A signifi-

cant decrease in strength at 300 �C is mainly attributed to the

recovery effect which leads to a significant dissolution of the

b0 precipitates. For ageing treatments up to 168 h at 225 �C,

the microstructure shows the coarsening of the plated-shaped

b0 precipitates and a decrease in the number density of the

precipitates, resulting in a slight decrease in the hardness and

strength of the over-aged sample.

The strength of the alloy in different conditions is

determined by a combination of grain boundary strength-

ening, solid solution strengthening due to Gd and Y atoms

and precipitation strengthening due to the b0 phase and

strengthening by the eutectic compounds. According to

both the thermodynamic predictions and the experimental

measurements, the individual strengthening contributions

are quantified. The modelled yield strength is compared

with experimental results and a reasonable agreement is

reached.
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