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A new ternary compound, Mg15 − xZnxSr3 with extensive solid solubility in the Mg–Zn–Sr system was observed
and studied using electron probe microanalysis (EPMA), scanning electron microscopy SEM, and X-ray tech-
niques. The solid solubility limits of this compound were found to be Mg15 − xZnxSr3 (0.24 ≤ x ≤ 10.58, at.%) at
300 °C using a diffusion couple and several equilibrated alloys. Analysis of the X-ray diffraction (XRD) patterns
was carried out by Rietveld method. XRD data has shown that this solid solution crystallizes in the hexagonal
P63/mmc (194) space groupwith theNi11Si4Sc3 prototype. The lattice parameters decrease linearlywith decreas-
ing Mg content indicating substitutional solid solubility. The fractional atomic occupancy of the 6h, 6g, 4f, 2b and
12k sites of this compound are function of Mg content.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Magnesium-based alloys are widely used in the automotive and
aeronautic industries because magnesium is the lightest structural
material with a density of about 1.80 g/cm3. This interest in magnesium
alloys arises from their lowdensity, potentially high strength/weight ra-
tios, good processing properties, and near complete recycling potential
[1–4]. Actually, their high strength-to-weight ratio makes them even
more attractive than steels [5] and plastics in many applications. The
Mg–Zn series is the first hardenable Mg-based alloys developed for
structural materials [6–9]. The solid solubility of Zn in the Mg (hcp)
phase and the considerable amount of secondary precipitates in the
Mg matrix can produce a very good age-hardening effect [10]. Unfortu-
nately, theMg–Zn series has the same problem as theMg–Al series (but
not the AE series), that is, poor mechanical properties at elevated tem-
peratures which restrict their applications [2]. Recently, strontium has
drawnmuch attention [11–14] as an important additive inMg-based al-
loys for improving relatively high temperature mechanical properties.
According to Baril et al. [14], the micro-alloying of strontium in magne-
sium alloys (e.g., Mg–Zn,Mg–Al based alloys) permits to obtain superior
mputational Thermochemistry
creep performance and excellent high-temperature properties. More-
over, Hirai et al. [15] reported that by adding Sr, high strength and
improved creep resistance could be obtained for cast AZ91 magnesium
alloy. For Nakaura et al. [16], Sr additions can also help to reduce the
hot-cracking effect of Ca containing Mg–Al based alloys. Recently, Mg–
Zn–Sr alloys were found to have a low degradation rate and moderate
mechanical properties, which makes them potential biodegradable
alloy candidates [17,18].

In the ternary Mg–Zn–Sr system, the phase diagrams of the three
bounding binaries (Mg–Zn [19], Mg–Sr [20] and Zn–Sr [21]) have
been satisfactorily investigated; thefinal accepted versions of each bina-
ry phase diagram are shown in Fig. 1. The phase diagram of the Mg–Zn
binary system shows 5 intermetallic compounds, Mg2Zn11, MgZn2,
Mg2Zn3, Mg12Zn13, and Mg51Zn20, and two terminal solid solutions,
hcp (Mg) and hcp (Zn). It is worth noting that theMg51Zn20 compound
is only stable between 325 and 342 °C. The phase diagram of the Mg–Sr
binary system consists of 7 phases: hcp (Mg), fcc (Sr), bcc (Sr), Mg17Sr2,
Mg38Sr9, Mg23Sr6, and Mg2Sr. For the Zn–Sr binary system, 4 stoichio-
metric compounds are known to exist, ZnSr, Zn2Sr, Zn5Sr, and Zn13Sr,
plus three terminal solid solutions with limited solid solubility. Aljarrah
et al. [22] extrapolated the Mg–Zn–Sr ternary system within the
CALPHADmethod [23] based on the binary thermodynamic parameters
without considering the presence of ternary compounds and solid solu-
bility of each binary compound. Experimental data on the Mg–Zn–Sr
ternary system could not be found in the literature.
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Fig. 1. The reported experimental binary phase diagrams [12–14] of the Mg–Zn–Sr system along with the nominal compositions of key samples prepared in the present work.
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Since Sr is promising as an important alloying element for Mg-based
alloys (such as theMg–Zn andMg–Al series), a thorough understanding
of the phase equilibria in theMg–Zn–Sr ternary system ismuch needed.
In this paper, the isothermal section at 300 °C is studied by a diffusion
couple and several equilibrated key samples, as described in the follow-
ing section. To this end, the solid solubility and crystal structure of the
new Mg15 − xZnxSr3 ternary solid solubility limits at 300 °C is studied
in the present work for the first time using EDS, EPMA, X-ray, and
Rietveld techniques,which is a part of awider thermodynamic database
Table 1
Compositions of equilibrium phases in the Mg–Zn–Sr ternary system as determined in the pre

Sample no. Alloy nominal composition (at.%) Phase equilibria

Phase 1/Phase 2/Phase 3

A1 Mg83Zn1Sr16 Mg15 − xZnxSr3/Mg17Sr2/Mg38Sr9
A2 Mg85Zn3Sr12 Mg15 − xZnxSr3/Mg17Sr2
A3 Mg83Zn7Sr10 Mg15 − xZnxSr3/Mg17Sr2
A4 Mg78Zn7Sr15 Mg15 − xZnxSr3/Mg17Sr2
A5 Mg70Zn25Sr15 Mg15 − xZnxSr3/Mg23Sr6
A6 Mg70Zn20Sr10 Mg15 − xZnxSr3/Mg17Sr2
A7 Mg40Zn44Sr16 Mg15 − xZnxSr3/Mg2Sr/IM2a

A8 Mg35Zn55Sr10 Mg15 − xZnxSr3/IM3a

A9 Mg20Zn65Sr15 Mg15 − xZnxSr3/IM4a/IM5a

a Note: IM2 to IM5 are new found phases which have been analyzed, and the identification
development project for the Mg–Zn–X (X: Ag, Ca, In, Li, Na, Sr, and Zn)
multi-component systems [24–28].

2. Experimental procedures

The solid solubility limits of the Mg15 − xZnxSr3 phase were deter-
mined using a diffusion couple with Mg–Mg25Zn55Sr20 (at.%) alloy as
end-members and with 9 key samples; it is should be noted that all the
compositions of samples and their constituted phases were designated
sent work.

Measured equilibrium phase compositions determined by EPMA (at.%)

Phase 1 (Mg11Zn4Sr3) Phase 2 Phase 3

Mg Zn Sr Mg Zn Sr Mg Zn Sr

81.6 1.3 17.1 88.1 0.6 11.3 79.4 0.6 20.0
81.4 3.2 15.4 88.4 1.3 10.3 – – –
77.0 7.5 15.5 86.1 3.7 10.2 – – –
73.2 11.9 14.9 83.6 6.4 10.0 – – –
69.0 14.7 16.3 69.0 10.5 20.5 – – –
60.0 24.8 15.2 73.2 17.1 9.7 – – –
39.6 44.3 16.1 66.7 1.2 32.1 43.9 23.5 32.6
33.8 49.5 16.7 36.3 54.8 8.9 – – –
24.9 58.8 16.3 11.8 79.6 8.6 20.4 61.8 17.8

results will be published in an upcoming paper.

Image of Fig. 1
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in the presentwork using atomic percentage at.%. their nominal composi-
tions are shown in Fig. 1 and given in Table 1. The diffusion end-members
and key alloys were prepared from pure Mg (99.8 wt.%), Zn (99.5 wt.%),
and Sr (99 wt.%) and melted in a frequency induction furnace under
high purity argon atmosphere. The Sr pieces were kept in oil after
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argon atmosphere using this crucible. All samples were re-melted at least
3 times in order to obtain a homogenous microstructure. The Mg–Zn–Sr
diffusion couple and all key samples were then sealed into quartz cap-
sules under argon atmosphere and equilibrated at 300 °C for 21 and
35 days, respectively. Quenchingwas carried out in water without break-
ing the quartz tubes to prevent the oxidation of sample with water.

EPMA of the annealed sampleswas performedwith JEOL 8900 probe
usingwavelength-dispersive spectroscopy (WDS). An accelerating volt-
age of 15 kVwas usedwith a 20 nAbeamcurrent, a spot size of 2 μmand
counting times of 20 s on peaks and10 s on backgrounds. Rawdatawere
reduced with the Phi-rho-Z (PRZ) correction using pure Mg, Zn metal
and SrO standards. Phase relationships and constitutions of diffusion
Mg   Sr217

Mg   Sr217

Mg   Sr938

Mg         Zn   Sr15-x x 3

Mg         Zn   Sr15-x x 3

Fig. 4. Back-scattered (BSE) electron images of the typical ternary Mg–Zn–Sr alloys: (a) A4 (
annealed at 300 °C for 35 days.
couples were determined using SEM equipped with energy-dispersive
spectroscope (EDS).

Crystal structures of the phases present in the annealed samples
were identified by X-ray analysis. XRD patterns were obtained with
the PANanalytical X'pert Pro powder X-ray diffractometer using CuKα
radiation at 45 kV and 40 mA. The XRD patterns were acquired from
20 to 120° (2θ) with a 0.02° step size. Then the collected patterns
were analyzedwith theX'PertHighScore plus Rietveld analysis software
in combinationwith the Pearson's crystal database [29]. The Si was used
as an internal calibration standard enabled correcting the zero shift and
specimen surface displacement which are the most serious systematic
errors in X-ray powder diffraction patterns.
IM3

IM5

IM4
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Mg78Zn7Sr15), (b) A8 (Mg35Zn55Sr10), (c) A1 (Mg83Zn1Sr16), and (d) A9 (Mg20Zn65Sr15)

Image of Fig. 3
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3. Results and discussions

3.1. Solid solution analysis

In order to obtain some knowledge of the equilibrium phase rela-
tionships in the Mg–Zn rich side (Sr ≤ 33 at.%) of the Mg–Zn–Sr ternary
system at 300 °C, a solid–solid diffusion couple (designated D1) was
prepared with end-members of Mg–Mg25Zn55Sr20 as can be seen in
Fig. 1. Backscattered electron images of this diffusion couple annealed
at 300 °C for 3 weeks are depicted in Fig. 2. As shown in Fig. 2a, several
diffusion layers can be clearly observed. Unfortunately, the diffusion
layer(s) at the Mg25Zn55Sr20 side was/were lost due to cracks that
could not be avoided. However, the two-phase equilibria Mg15 −

xZnxSr3 + Zn2Sr can be observed in the end-member Mg25Zn55Sr20
(Fig. 2b). The magnification of the selected diffusion layers is shown in
Fig. 2c. As can be seen in Fig. 2c, another new phase designated as
IM1, which is equilibrated with Mg15 − xZnxSr3 and Mg17Sr2, could
also be observed in this diffusion couple. Compositions of the elements
in the constituted phases were analyzed by EDS as shown in Fig. 2d. Ac-
cording to the acquired line scan results, the Mg15 − xZnxSr3 compound
form a substitutional solid solution from 29 to 37 at.% Zn at a constant Sr
content of about 16.7 at.%.

As illustrated in Figs. 2 and 3, the diffusion path, Zn2Sr + Mg15 −

xZnxSr3↔ Mg15 − xZnxSr3 ↔ Mg17Sr2 + IM1 ↔ Mg17Sr2 ↔
Mg17Sr2 + hcp (Mg) ↔ hcp (Mg), was identified in the diffusion
couple D1.

Based on the phase equilibria relationships obtained from this diffu-
sion couple, nine additional alloys (A1–A9)were prepared to determine
Fig. 5. XRD patterns obtained for samples: (a) A4
the solid solubility limits and crystal structure of the new found com-
pound Mg15 − xZnxSr3 at 300 °C.

A few backscattered electron (BSE) images of such typical ternary
Mg–Zn–Sr alloys are shown in Fig. 4. The microstructures of the two
phase equilibria Mg15 − xZnxSr3 +Mg17Sr2 in samples A4 (Mg78Zn7Sr15)
was observed as shown in Fig. 4(a). The two phase equilibrated micro-
structure of Mg15 − xZnxSr3 + IM3 in sample A8 (Mg35Zn55Sr10) as
show in Fig. 4(b). The gray phase (labeled IM3) shown in Fig. 4(b) is
another new ternary compound which will be discussed in a future
paper. The minimum solid solubility limit of Zn was obtained to be
1.3 at.% from the sample A1 (Mg83Zn1Sr16), where a three-phase equilib-
rium Mg15 − xZnxSr3 + Mg17Sr2 + Mg38Sr9 was observed as shown in
Fig. 4(c). The maximum solid solubility limit of Zn in Mg15 − xZnxSr3
was obtained to be 58.8 at.% from the sample A9 (Mg20Zn65Sr15), where
a three-phase equilibrium Mg15 − xZnxSr3 + IM4 + IM5 was observed
as shown in Fig. 4(d). Moreover, the phases, light gray (named IM4)
and deep dark (named IM5), are also new phases in this system which
will be discussed in details in a future paper.

Furthermore, the constituted phases in all equilibrated samples
were identified by XRD analysis. The XRD patterns obtained for samples
A4 (Mg78Zn7Sr15) and A8 (Mg35Zn55Sr10) are shown in Fig. 5. As can be
seen in Fig. 5, a series of the same peaks with a little angle shift were ob-
served in samples A4 and A8, which corresponds to Mg15 − xZnxSr3. In
Fig. 5(a), the phases Mg17Sr2 and Mg15 − xZnxSr3 were indentified ac-
cording to their characteristic peaks, which are in agreement with the
observed results from the equilibrated sample A4 with metallographic
method (see Fig. 4a). In Fig. 5(b), series of uncertain peaks were ob-
served which shall belong to IM3.
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Mg         Zn   Sr15-x x 3

(Mg78Zn7Sr15) and (b) A8 (Mg35Zn55Sr10).

Image of Fig. 5
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Table 2
The chemical composition of the Mg15 − xZnxSr3 compound as determined by EPMA and
Rietveld analysis.

Sample no. Composition determined (at.%) Unit cell
parameters (Ǻ)
obtained from
Rietveld analysis

EPMA Rietveld analysis

Mg Zn Sr Mg Zn Sr a c

A1 81.6 1.3 17.1 82.0 1.4 16.7 10.455 10.839
A4 73.2 11.9 14.9 75.0 8.3 16.7 10.340 10.758
A5 69.0 14.7 16.3 70.6 12.7 16.7 10.243 10.655
A6 60.0 24.8 15.2 58.2 25.1 16.7 9.983 10.427
A7 39.6 44.3 16.1 40.4 42.9 16.7 9.688 10.179
A8 33.8 49.5 16.7 34.0 49.3 16.7 9.611 10.121
A9 24.9 58.8 16.3 25.5 57.8 16.7 9.520 10.015
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All the compositions of the constituent phases of the equilibrated
Mg–Zn–Sr ternary equilibrated samples are analyzed by EPMA and
listed in Table 1. A nearly constant composition value of 16.7 in atomic
percentage of Sr in the Mg15 − xZnxSr3 compound was obtained in all
key samples A1–A9 within the measurement error limits. The phase
equilibrium relationships of Mg15 − xZnxSr3 compound in the isother-
mal section of the Mg–Zn–Sr ternary system at 300 °C obtained in the
present work are shown in Fig. 3.

Combining the measurement results of diffusion couple and equili-
brated samples using EPMA and SEM/EDS techniques, the solid solubil-
ity limits of Mg15 − xZnxSr3 were obtained in the present work. The
formula of this compound is presented as Mg15 − xZnxSr3 (0.24 ≤ x ≤
10.58) at 300 °C.

3.2. Crystal structure analysis for Mg15 − xZnxSr3

Full patterns refinement of samples A1 and A4–A9 has been carried
out by the Rietveldmethod. Combining Pearson's crystallographic data-
base [29] with the Rietveld analysis, the newMg15 − xZnxSr3 compound
was found to crystallize in hexagonal P63/mmc (194) space group and
has the Ni11Si4Sc3 prototype. This is the same structure type as
Mg11Zn4Ca3 (IM1) compound in the Mg–Zn–Ca ternary system re-
ported by Zhang et al. [30,31]. The sites of 6h (1) (x = 0.5618, y =
0.1236, z = 0.25), 4f, 2b, and 12k are occupied with Mg and Zn
atoms to form the continuous solid solubility, and the site of 6h
(2) (x = 0.192, y = 0.384, z = 0.25) are occupied with Sr.
(degree)

40 50 60

A1 Mg83Zn1Sr16

A4 Mg78Zn7Sr15

A6 Mg70Zn20Sr10

A7 Mg40Zn44Sr16

A9 Mg20Zn65Sr15

Mg         Zn   Sr15-x x 3

nd A9 obtained by powder XRD diffraction.

Image of Fig. 6
Image of Fig. 7
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Fig. 6(a) shows the XRD patterns refinement result of sample A1
(Mg83Zn1Sr16) which contains three phases Mg17Sr2 + Mg38Sr9 +
Mg15 − xZnxSr3. It demonstrates the Rietveld analysis for the
Mg17Sr2, Mg38Sr9, and Mg15 − xZnxSr3 phases in sample A1, and
the analyzed volume fractions of each phase with Rietveld analysis
are in reasonable agreement with the results observed by SEM as
shown in Fig. 4(c). Fig. 6(b) shows the Rietveld analysis results of
sample A9 (Mg20Zn65Sr15). The identified phase composition and
the lattice parameters of the Mg15 − xZnxSr3 compound obtained
from seven samples by XRD Rietveld analysis and EPMA analysis
are summarized in Table 2. The phase relations obtained from XRD
after refinement analysis show great consistency with the results
obtained by EPMA.

The XRD patterns of samples A1, A4, A6, A7 and A9 obtained by
powder XRD diffraction are summarized in Fig. 7. According to the solid
solubility measured by EPMA in the present work, the Mg and Zn substi-
tute on another at a constant Sr composition in the Mg15 − xZnxSr3 com-
pound. The substitution of Mg by Zn, which has a smaller atomic radius,
decreases the unit cell parameters. This is confirmed by the increase of
2θ values of the peak positions in the samples A1, A4, A6, A7 and A9
due to the increasing Zn concentration, as shown in Fig. 7. As shown in
Figs. 5–7, the diffraction peaks fromMg15 − xZnxSr3 crystals show a little
broadening which may due to the small powder size obtained in
grinding process. The broadening affection has been considered dur-
ing our Rietveld analysis with certain parameters.
Table 3
Refined crystal structure parameters of the Mg15 − xZnxSr3 compound.

Sample no. Wyckoff Position x y z

A1 12k 0.1641 0.3228 0.5827
6h (1) 0.5618 0.1236 0.2500
6g 0.5000 0 0
4f 0.3333 0.6667 0.0086
2b 0 0 0.2500
6h (2) 0.1920 0.3840 0.2500

A4 12k 0.1614 0.3228 0.5857
6h (1) 0.5618 0.1236 0.2500
6g 0.5000 0 0
4f 0.3333 0.6667 0.0086
2b 0 0 0.2500
6h (2) 0.1920 0.3840 0.2500

A5 12k 0.1614 0.3228 0.5857
6h (1) 0.5618 0.1236 0.2500
6g 0.5000 0 0
4f 0.3333 0.6667 0.0086
2b 0 0 0.2500
6h (2) 0.1920 0.3840 0.2500

A6 12k 0.1614 0.3228 0.5857
6h (1) 0.5618 0.1236 0.2500
6g 0.5000 0 0
4f 0.3333 0.6667 0.0086
2b 0 0 0.2500
6h (2) 0.1920 0.3840 0.2500

A7 12k 0.1614 0.3228 0.5857
6h (1) 0.5618 0.1236 0.2500
6g 0.5000 0 0
4f 0.3333 0.6667 0.0086
2b 0 0 0.2500
6h (2) 0.1920 0.3840 0.2500

A8 12k 0.1614 0.3228 0.5857
6h (1) 0.5618 0.1236 0.2500
6g 0.5000 0 0
4f 0.3333 0.6667 0.0086
2b 0 0 0.2500
6h (2) 0.1920 0.3840 0.2500

A9 12k 0.1614 0.3228 0.5857
6h (1) 0.5618 0.1236 0.2500
6g 0.5000 0 0
4f 0.3333 0.6667 0.0086
2b 0 0 0.2500
6h (2) 0.1920 0.3840 0.2500
The variations of cell parameters with Mg concentration are shown
in Fig. 8, where substitution of Mg by Zn decreases the unit cell param-
eters a and c, this is also shown in more details in Table 2. The linear re-
lation between the lattice parameters and Mg clearly indicating the
occurrence of substitutional solid solubility of Mg and Zn.

Table 3 shows the refined structural parameters of the Mg15 −

xZnxSr3 compound and the reliability factors. The fractional atomic
occupancy of 6h, 6g, 4f, 2b, and 12k sites of Mg15 − xZnxSr3 compound
have been determined as a function of the Mg content, as shown in
Fig. 9. The current experimental results obtained by Rietveld analysis
of crystallographic and the site occupancy show similar results com-
pared to the previous results reported for Mg11Zn4Ca3 [30] compounds,
which have the same crystal structure.
4. Conclusions

The solid solubility limits and crystal structure of the ternary
compound Mg15 − xZnxSr3 in the Mg–Zn–Sr system have been deter-
mined for the first time. The formula of this compound is suggested to
be Mg15 − xZnxSr3 (0.24 ≤ x ≤ 10.58) according its solid solubility limits
at 300 °C. It has hexagonal P63/mmc structure, 194 space group
and Ni11Si4Sc3 prototype.

The site occupancy of Mg15 − xZnxSr3 was obtained using Rietveld
analysis of XRD patterns. The site occupancies of 6h (1) (a = 0.5618,
Occupancy (%) Reliability factors

Mg Zn Sr Re Rwp S

98.5 1.5 0 9.64 16.41 2.89
100 0 0
93.3 6.7 0

100 0 0
100 0 0

0 0 100
91.4 8.6 0 8.16 19.60 5.76
90.8 9.2 0
76.3 23.7 0

100 0 0
100 0 0

0 0 100
89.9 11.1 0 12.95 25.17 3.77
80.5 19.5 0
62.7 37.3 0

100 0 0
100 0 0

0 0 100
80.0 20.0 0 7.92 21.54 7.39
45.6 54.4 0
52.3 47.7 0

100 0 0
94.3 5.7 0
0 0 100

77.4 22.6 18 12.71 30.19 5.64
22.7 77.3 0
5.4 94.6 0

74.0 26.0 0
30.3 69.7 0
0 0 100

74.7 25.3 0 7.70 17.28 5.03
0 100 0
0 100 0

68.3 31.7 0
28.1 71.9 0
0 0 100

63.0 37.0 0 7.83 15.06 3.70
0 100 0
0 100 0

31.3 68.7 0
17.5 72.5 0
0 0 100
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Fig. 9. The fractional atomic occupancy of 6h, 6g, 4f, 2b, and 12k sites variations with Mg
content.
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b=0.1236, c=0.25), 4f, 2b, and 12k have been presented as a function
of Mg concentration.
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