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Abstract Phase equilibria in the Mg—Zn-Sr ternary sys-
tem, in the composition range 0-35 at% Sr at 300 °C, were
investigated using two diffusion couples and 23 alloy
samples. Scanning electron microscopy equipped with an
energy-dispersive spectroscope and electron probe micro-
analysis were employed to analyze the constituted phases
and their compositions in diffusion couples and alloy
samples. X-ray diffraction (XRD) was used to analyze the
crystal structure of the constituted phases in selected
samples. Four new ternary compounds, Mg;_,Zn,Sr
(4.7 <y <9), MgsZnySr3s, MgyyZneSrig, and Mgss
Zny3Sr, were discovered in the Mg—Zn—Sr ternary system
at 300 °C. In total, sixteen three-phase equilibria regions
were determined in the present work. The isothermal phase
diagram of the Mg—Zn-Sr ternary system, in the compo-
sition range 0-35 at% Sr, was constructed at 300 °C.
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Introduction

Mg-based alloys, with low density and high strength/
weight ratios and near complete recycling potential, are
widely used in the automotive and aeronautic industries
[1]. The Mg—Zn series alloys, as the hardenable alloys,
have been developed as structural materials [2] for several
decades. A very good age-hardening effect can be achieved
with the dissolution of Zn and the precipitates of secondary
phase in the hcp (Mg) matrix with the heat treatment [3].
Unfortunately, the Mg—Zn-based alloys have the same
problem as the Mg—Al series (but not the AE series), that
is, poor mechanical properties at elevated temperatures
which restrict their applications [4]. Recently, strontium
has drawn much attention [5-9] as an important additive of
Mg-based alloys for improving relatively high-temperature
mechanical properties. According to Baril et al. [8], the
micro-alloying of strontium in Mg-based alloys (e.g., Mg—
Zn and Mg—Al series) leads to superior creep performance
and excellent high-temperature mechanical properties.
Moreover, Hirai et al. [9] reported that by adding Sr, high
strength, and improved creep resistance could be obtained
for the cast AZ91 alloys. Since Sr acts as an important
micro-alloying element for Mg—Zn-based alloys, a com-
prehensive understanding of the phase equilibria in the
Mg—Zn-Sr ternary system, especially in the Mg-rich
region, is of primary importance for Mg-based alloys
development.

The phase diagrams of the three binary sub-systems
Mg—Zn [10-13], Mg-Sr [14], and Zn-Sr [15] of the Mg—
Zn-Sr ternary system have been satisfactorily investigated
using experimental and thermodynamic modeling methods.
The final accepted version of each binary phase diagram is
shown in Fig. 1. The phase diagram of the Mg—Zn binary
system includes five intermetallic compounds, Mg,Zn,,


http://crossmark.crossref.org/dialog/?doi=10.1007/s10853-015-9326-0&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10853-015-9326-0&amp;domain=pdf

J Mater Sci (2015) 50:7636-7646

7637

Zn [at. %]
i ail i . _ 4100
C) S Sil § g g

2 LI 5 Shoo g
= sil =2 = = g 3
s Mgs,Zn,, f 4300 ?g
1 | o
E | ~~J400 5
3 - 3500 g
liquid le00

700

Fig. 1 Phase diagrams of the bounding binary sub-systems of the Mg—Zn—Sr ternary system along with the compositions of the samples used in

the present work

MgZn,, Mg,Zn;, Mg ,Zn;;, and Mgs,Zn,,, and two ter-
minal solid solutions, hcp (Mg) and hcp (Zn). It is worth
noting that Mgs;Zn,o, with minimum solid solubility, is
stable only between 325 and 342 °C [16]. The phase dia-
gram of the Mg-Sr binary system contains seven solid
phases: hcp (Mg), fcc (Sr), bee (Sr), Mg 7Sr,, MgsgSro,
Mg,3Srs, and Mg,Sr. Four stoichiometric compounds,
ZnSr, Zn,St, ZnsSr, and Zn5Sr, plus three terminal solid
solutions, hcp (Zn), fec (Sr), and bee (Sr) with limited solid
solubility, constitute the phase diagram of the Zn-Sr binary
system. Aljarrah et al. [17] extrapolated the Mg—Zn—Sr
ternary system using the CALPHAD method [18] based on
the thermodynamic parameters of the three binary sub-

systems. To date, no experimental data, except the study on
the crystal structure and solid solubility limits of compound
Mg;5_,Zn,Sr3 submitted for publication by our group [19],
have been reported on the phase equilibria of the Mg—Zn—
Sr ternary system. All the phases of the Mg—Zn-Sr ternary
system and their crystallographic information are summa-
rized in Table 1.

In order to obtain a comprehensive understanding of the
phase equilibria in the Mg—Zn-Sr ternary system for Mg-
based alloys development purpose, the isothermal section
of the Mg—Zn-Sr ternary system, in the Mg—Zn rich
composition region (0-35 at% Sr) at 300 °C, was studied
using diffusion couples and equilibrated key samples. The
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Mg,Zny, cP39 D8, Pm3 MgyZn,
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Mg-Sr hep (Mg) hP2 A3 P63 /mmc Mg
bee (Sr) cl2 A2 Im3m W
fce (Sr) cF4 Al Fm3m Cu
Mg,;Sr, hp38 - P63 /mmc Ni,;;Th,
Mg35Sro hP94 - P63 /mmc Mg;5Sro
Mga3Sre cFI116 D8, Fm3m Mn,;The
Mg,Sr hPI12 Cl4 P63 /mmc MgZn,
Zn-Sr bee (Sr) cl2 A2 Im3m w
fce (Sr) cF4 Al Fm3m Cu
hep (Zn) hP2 A3 P63 /mmc Mg
ZnSr oP8 B27 Pnma FeB
Zn,Sr oll2 - Imma CeCu,
ZnsSr (LT) oP24 - Pnma ZnsSr
ZnsSr (HT) hP6 D24 P6/mmm CaCus
Zn3Sr cF112 D2, Fm3c NaZn;3

selection of diffusion couples and key samples was based
on the extrapolated results with the three binary sub-sys-
tems. Moreover, the phase equilibria reported previously in
the Mg-Zn—Ca ternary system [20] were also taken as a
reference due to the similar chemical properties of Ca and
Sr. The samples and diffusion couple (Mg—Mg,5Zns5S15)
discussed in our previous work [19] were reinvestigated for
the phase equilibria measurements of the Mg—Zn—Sr tern-
ary system. The target temperature of 300 °C was chosen
because it corresponds to the temperature at which heat
treatments are usually performed on Mg alloys. The present
work is part of a wider thermodynamic database develop-
ment project of Mg-X (X: Ag, Ca, In, Li, Na, Sn, Sr, and
Zn)-based alloys for automotive applications [19-29].

Experimental procedure

Two solid-state diffusion couples and 32 ternary alloy
samples of the Mg—Zn—Sr system were prepared using pure
Mg (99.8 wt%), Zn (99.5 wt%), and St (99 wt%) obtained
from Alfa Aesar. The nominal compositions of the end-
members of the diffusion couples and other alloy samples
are given in Tables 2 and 3, respectively, and shown
Fig. 1. The Sr pieces were stored in oil after weighing due
to the high reactivity of Sr with oxygen. Before melting,
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each Sr piece was washed carefully with 99 wt% ethanol to
remove the oil. In order to minimize the interaction of the
samples with the crucibles, cubic-shaped crucibles were
made using Ta foil (99.5 wt% purity, 0.15 mm thickness).
All samples were re-melted at least 3 times in the induction
furnace under argon in order to obtain a homogeneous
alloy. To prepare solid-state diffusion couples, the con-
tacting surfaces of the alloy pieces were ground with 1200
grit SiC paper and polished using a 1 pm oil-based dia-
mond suspension with 99 % pure ethanol as lubricant. The
end-members were gently pressed and clamped with a steel
ring. Diffusion couples and alloy samples were then sealed
into quartz capsules under argon and equilibrated at 300 °C
for 21 and 35 days, respectively. Quenching was carried
out in water without breaking the quartz tube to avoid any
reaction of the samples with water.

Phase relationships and constitution of the alloy samples
were analyzed using electron probe micro-analysis
(EPMA) with wavelength dispersive X-ray spectrometry
(WDS) and scanning electron microscopy (SEM) equipped
with an energy-dispersive spectroscope (EDS). An accel-
erating voltage of 15 kV was used for the EPMA/EDS
analysis with a 20 nA beam current, a spot size of 2 um
and counting times of 20 s on peaks and 10 s on back-
grounds. Raw data were reduced with the phi-rho-Z (PRZ)
correction using pure Mg, Zn metal, and SrO standards.
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Table 2 Equilibrium compositions obtained from the Mg—Zn-Sr diffusion couples at 300°C

Diffusion couples Phase equilibira Composition determined by EDS (at%)

Phase 1 Phase 2 Phase 3

Phase 1/Phase 2/Phase 3 Mg Zn Sr Mg Zn Sr Mg Zn Sr

D1 (Zn-Mg75Zn1,581125)  Mgis_.Zn,Sr3/Mg;7St2/— 693 141 167 795 104 101 - - -
Mg 5_,Zn,Sr3/Mg 751,/— 69.0 145 165 787 107 106 - - -
Mg5_,Zn,Sr3/Mg 7S1,/— 682 153 165 784 113 103 - - -
Mg;5_,Zn,Sr3/Mg;,_,Zn,Sr— 547 295 158 487 421 92 - - -
Mg;5_Zn,Sr3/Mg;_,Zn,Sr/— 542 303 156 476 434 9.0 - - -
Mg, ,_,Zn,St/MgZn,/— 322 676 172 104 804 92 - - -
Mg, _,Zn,St/MgZn,/— 246 66.1 93 334 662 04 - - -
Mg, _,Zn,Sr/MgZn,/— 182 730 88 328 66.6 06 - - -
Mg 1_,Zn,St/Zn 3St/— 100 81.0 9.0 1.2 915 73 - - -

D2 (Zn-MgssZn 0Agss) Mg;5_,Zn,St3/Zn,Sr/— 302 520 178 1.3 652 335 - - -
Mg;5_.Zn,Sr3/Mg;_,Zn,St/— 544 293 163 50.6 40.6 88 - - -
Mg, _,Zn,St/Mg,7Sro/— 53 378 89 714 191 95 - - -
hep (Mg)/Mg,7Sro/— 98.4 1.3 03 735 182 83 - - -
Mgs_.Zn,Sr3/Mg;,_,Zn,St/Mg,;Sr, 562 279 159 497 410 93 70.1 199 10.0

Phase relationships and constitutions of the diffusion cou-
ples were determined using SEM/EDS. An accelerating
voltage of 20 kV was used with a spot size of 3 um and
counting times of 50 s. Five points in different areas of
each target phase were measured using EPMA/EDS to
obtain an average value of the phase composition.

Crystal structures of the phases present in the annealed
samples were identified by X-ray diffraction (XRD). XRD
patterns were obtained with a PAN analytical X pert Pro
powder X-ray diffractometer using CuKo radiation at
45 kV and 40 mA. The patterns were acquired from
20-120° (20) with a 0.02 step size. The collected patterns
were analyzed with the X’Pert HighScore plus Rietveld
analysis software in combination with the Pearson’s crystal
database [30]. Si was used as an internal calibration stan-
dard to enable correcting the zero shift and specimen sur-
face displacement, which are the most serious systematic
errors in X-ray powder diffraction patterns.

Results and discussion
Diffusion couples results

In order to obtain general information on the equilibrium
phase relationships in the Mg—Zn-Sr ternary system, two
diffusion couples, D1 (Zn—-Mg7sZn;, 581, 5) and D2 (Mg—
Mg,5Zns5S150), as shown in Fig. 1, were prepared and
investigated.

Back-scattered electron (BSE) images obtained by
SEM of the diffusion couple D1, with gradually increased

magnification of the area of interest, are shown in Fig. 2.
During the heat treatment, extensive inter-diffusion of
Mg, Zn, and Sr took place, allowing various equilibrated
phases to form. As shown in Fig. 2a, several diffusion
layers were formed in the diffusion couple D1 after the
heat treatment. The new compound designated as
Mgs_,Zn,Sr3 (with detailed crystal structure information
given in Ref. [19] ), in equilibrium with the Mg;;Sr;
phase, was also observed in the end-member alloy
Mg757Zn12.5S8r12.5 (at%), as shown in Fig. 2b. The
equilibrium phase compositions of Mg;s_,Zn,Sr; and
Mg ;Sr; in the diffusion couple D1, obtained using EDS,
are listed in Table 2. In the diffusion couple D1, a second
new ternary compound (Mg;;_,Zn,Sr), designated as IMI,
IM3 and IMS in our previous work [19], was observed as
shown in Fig. 2c—e. According to the EDS analysis of the
diffusion couple D1, the solid solubility of this compound
ranges from about 42-81 at% Zn with a constant value of
about 9 at% Sr. This compound was thus designated as
IM1 (Mgy1—,Zn,Sr, 4.7 <y <9) in the present work. The
element compositions of Mg;;_,Zn,Sr and its equilibrated
phases, obtained using EDS, are listed in Table 2. Taking
advantage of the local equilibrium at the interfaces
formed between the phases, the sequence of the phases
formed and the diffusion path in the diffusion couple D1
could be deemed to be Mg;s_,Zn,Sr3 + Mg;Sr,
Mgy_yZn,St + MgZn, < Zn;35r < Zn (hcp). The dif-
fusion path of the diffusion couple D1 is shown in Fig. 3.
Note that the diffusion interface of hcp (Zn) and Zn,3Sr
was lost due to inevitable cracks which occurred during
the quenching and polishing processes.
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Table 3 Equilibrium compositions obtained from key samples in the Mg—Zn-Sr ternary system at 300 °C

Alloy no. Alloy nominal

composition (at%)

Phase equilibria

Phase 1/Phase 2/Phase 3

Measured equilibrium phase compositions determined by EPMA
(at%)

Phase 1 Phase 2 Phase 3

Mg Zn Sr Mg Zn Sr Mg Zn Sr

Al* Mgg3Zn;Sri6 Mgi5_,Zn,Sr3/Mg7Sr2/Mg3sStg
A2 MggsZn3Sryo Mg,5_.Zn,Sr3/Mg 7S,

A3 Mgg3Zn;Sryo Mg5_.Zn,Sr3/Mg 7S,

A4 Mg78Zn;Sr1;5 Mg5_.Zn,Sr3/Mg,7Sr,

A5 Mg70Zn;5S1;5 Mg;s_.Zn,Sr3/Mgs3Sts

A6 Mg70Zny0St 10 Mg5_Zn,Sr3/Mg,7Sr,

A7 Mg40Zny,St16 Mg,5_,Zn,Sr3/Mg,St/Mgy4Zn;, S35
A8 Mgss5Zn55Sr1yg Mg;5_,Zn,Sr3/Mgy;_,Zn,Sr

A9 Mg 5Zn70Sr15 Mg, _,Zn,St/ZnsSt/MgyZne,Sr ;3
Al0 MgzZng;Sryo ZnsSr/Zn3St/Mg;,_,Zn,Sr

All MgsZngoSrs Mg,Zny1/Zn3St/MgZn,

Al2 Mg, ZngoSt4 MgZn,/Zn 3S1/Mg,_,Zn,St

Al13* Mg,5Zn505155 Mg5_,Zn,Sr3/Mg44Zn,Sr3s/Zn,St
Al4 Mg, 0ZngsSt25 Zn,St/Zn5S1/Mgs0Zng,St g

Al15% Mg,0ZngsSt15

Al6 Mg40Zns5Sts Mg;_,Zn,St/Mg,Zn3/Mg ,7n;3
Al7 Mgy9Zny; Sty Mg;_,Zn,St/MgssZny3Sto/Mg ,7n;3
Al8 MggoZn35Srs Mg _,Zn,St/Mgss5Zn43Sr,/hcp
Al9 MggoZn;5Srs Mg;,_,Zn,St/Mg;;Sr,/hcp

A20 MggsZn,sSryg Mg;_,Zn,St/Mg;s_,Zn,Sr3/Mg;;Sr,
A21%* Mg,0Zng,St18 Zn,St/Mgo0Zng,St1g/Mg 5 Zn, St
A22 MggsZn;5S150 Mg5_,Zn,Sr3/Mg,3Stre/Mg,St
A23* Mgs0Zn;5S155 Mgi5_.Zn,Sr3/Mg44Zn;;Sr35/Mg,rSr

81.6 1.3 17.1 88.1 06 113 794 06 20.0
81.4 32 154 884 1.3 103 - - -
77.0 75 155 86.1 37 102 - - -
73.2 119 149 836 64 100 - - N
69.0 147 163 690 105 205 - - -
600 248 152 732 17.1 97 - - -
346 483 161 647 22 331 439 225 336
338 495 167 363 548 89 - - -
9.8 812 90 26 805 169 191 633 17.6
004 826 174 07 917 76 66 842 92
15.3 845 02 02 927 71 326 671 03
335 662 03 1.0 920 70 81 83.7 8.2
335 499 166 434 216 350 1.8 631 351
06 653 341 2.1 805 174 187 632 181

Mgys_.Zn,Sra/Mg 1, Sr,Zn/MgsZneStis 249 588 163 118 796 86 204 618 178

358 555 87 403 585 1.2 484 503 13
450 469 81 545 440 1.5 486 506 0.8
475 450 75 555 429 1.6 965 32 03
48.1 445 74 724 18.1 95 985 13 02
490 420 9.0 581 264 155 69.1 202 107
1.6 655 329 196 625 179 259 578 163
599 236 165 676 124 200 652 1.5 333
353 486 161 442 21.1 347 643 25 333

* The values were taken from EDS and corrected by EPMA with standards; The phase constitution and composition of A1-A8 and A15 was

reinvestigated basing results from Ref. [19]

The diffusion couple D2 has been investigated to ana-
lyze the solid solubility of the new compound Mg;,Zn,Sr3
reported in our previous work [19]. In this section, the
phase equilibrium information obtained from the diffusion
couple D2 was reinvestigated and further discussed. BSE
images of the diffusion couple D2 are shown in the Fig. 4.
Four diffusion layers, viz., Mg;s_,Zn,Sr3, Mg;,_,Zn,Sr,
Mg,;Sr;, and hcp (Mg), were observed as shown in
Fig. 4a. The two-phase equilibrated microstructure Zn,
Sr + Mg5_,Zn,Sr3 was observed in the end-member of
Mg,5Zns5S150 alloy as shown in Fig. 4b. The EDS ana-
lytical results on the constituted phase compositions are
listed in Table 2. The solid solubility of Mg in Zn,Sr was
measured to be about 1.3 at%. However, according to the
composition value of 17.8 at% Sr obtained in the consti-
tuted phase of Mg;s_,Zn,Sr3, the two phases Zn,Sr and
Mg,s_,Zn,Sr3 in the end-member of Mg,5Zns5Sr, alloy
need more time to reach complete equilibrium. The phase
Mg-,Zn,Sr, found in the diffusion couple D1, was also

@ Springer

observed in the diffusion couple D2 in the three-phase
equilibrated microstructure Mg;s_,Zn,Sr; + Mg;;_,Zn,
Sr + Mg ;Sr, (see Fig. 4a, ¢). The equilibrium composi-
tion of each phase of Mg;s_,Zn,Sr3, Mg;,_,Zn,Sr, and
Mg;;Sr;, in the three-phase assemblage Mgs_.Zn,
Sr; + Mg, _,Zn,Sr + Mg,;Sr,, was measured at the
position where all the three phases existed (marked as tri-
angles in Fig. 4c). Average values were obtained with
more than 5 different measurement positions, which were
summarized in Table 2.

The sequence of the diffusion paths in the diffusion
couple D2 was determined as follows Mgs_,Zn,Sr; <
Mgy, _,Zn,Sr + Mg5_,Zn,Sr3 + Mg;Sr, < Mgy,
Sr; + Mg (hcp) <~ Mg (hep) as shown in Figs. 3 and 4.
The EDS line scan was used to determine the composition
profile of phases formed as shown in Fig. 4d. According to
the acquired line-scan results, the solid solubility limit of
Zn in Mg,5_,7Zn,Sr; was found to be about 29-37 at% with
substitution of Mg at a constant Sr content of about 16.7
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Fig. 3 Isothermal section of the Mg—Zn—Sr ternary at 300 °C with
experimental data obtained from diffusion couples

at%. Equilibrium compositions of the constituted phases,
obtained from the diffusion couple D2 using EDS, are
summarized in Table 2.

According to the analytical results from the two diffu-
sion couples DI and D2, a new compound IM1 (Mg;;_,
Zn,Sr, 4.7 <y < 9) was observed in the Mg—Zn—Sr ternary
system at 300 °C. More accurate solubilities were further
confirmed and measured using the following alloy samples.

Alloy samples results

Based on the phase equilibria relationships obtained from
diffusion couples D1 and D2, 23 samples (A1-A23) were
selected and prepared in order to confirm the phase rela-
tionships, and to construct an isothermal section of the Mg—
Zn-Sr ternary system at 300 °C.

BSE images obtained from typical Mg—Zn-Sr ternary
key samples are shown in Fig. 5Sa—i. The new ternary
compound Mg;,_,Zn,Sr (4.7 <y < 9) observed in diffu-
sion couples D1 and D2 was confirmed in the key samples

A8-A10, A12, and A15-A20 after annealing at 300 °C. In
sample A10 (MgzZng;Srio), the three-phase equilibrium
ZnsSr + Zn3Sr + Mg;;_,Zn,Sr was observed as shown
in Fig. 5a. According to the EPMA results of the consti-
tuted phase compositions in the key sample Al0, the
maximum solid solubility limit of Zn in the new phase
Mg;i-,Zn,Sr was found to be 84.2 at%. A three-phase
equilibrated microstructure MgZn, + Zn3Sr + Mg,
Zn,Sr was observed in the sample A12 (Mg¢ZngSt4) as
shown in Fig. 5b. A value close to the maximum solid
solubility limit of Zn in phase Mg;;_,Zn,Sr was found to
be 83.7 at% in sample A12. As shown in Fig. 5c, another
three-phase equilibrium hcp (Mg) + Mg;;Sr, + Mgy,
Zn,Sr was found in the key sample A19 (MggyZn;sSr1s).
Deservedly, the minimum solid solubility limit of Zn in
Mg,-,Zn,Sr, in the Mg-rich region, was found to be 42.0
at% by EPMA.

The two-phase equilibrium Mg;_,Zn,Sr + Mg;s_,
Zn,Sr; was observed in the alloy sample A8 (Mgs3sZnss
Srip) as shown in Fig. 5d. This confirmed that Mg;;_,
Zn,Sr is a single phase with a large solid solubility com-
position range of Zn without miscibility gap. The consti-
tuted phases in sample A8 were also confirmed using XRD
as shown in Fig. 6a. Due to the complex crystal structure
and atoms occupancy of Mg;;_,Zn,Sr, these XRD results
will be discussed in a coming paper.

The solubility and equilibria of compound Mg;s_,Zn,
Sr; were re-analyzed using samples A1-AS8, A13, Al5, and
A20-A23 based on the results from our previous work
[19]. In the three-phase equilibrium Mg;5_,Zn,Sr; +
Mg;,Sr, + MgsgSrg observed in the key sample Al
(Mgg3Zn;Sri6) (as shown in Fig. 5e), the minimum solid

@ Springer
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solubility limit of Zn in the compound Mg;5_,Zn,Sr; was
found to be 1.3 at%. The phase constitutions of key sample
Al was also confirmed by the XRD results. The X-ray
diffraction pattern obtained from sample Al is depicted in
Fig. 6b, where the XRD peaks of Mgs_,Zn,Sr3, Mg;;Sr,,
and Mg3gSrg can be observed clearly. A BSE image of
sample Al5 (Mgy0ZngsSrs) is shown in Fig. 5f, where
the three-phase equilibrium Mg;s_,Zn,Sr3 + Mg;,_,Zn,
Sr + Mg,pZng,St1g can be seen. The maximum solid

@ Springer
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solubility of Zn in Mg;s_,Zn,Sr3 is thus confirmed to be
58.8 at%. Moreover, a third compound with about 18 at%
Sr, designated as IMS (Mg,0Zng,Srg) in our previous work
[19], was confirmed in sample Al1l5 (see Fig. 5f). This
compound was also observed in samples A9, A14, and A21
in the three-phase equilibria Mgy0Zng,Srig + ZnsSr
+Mg;1-,Zn,Sr, Mgy Zne,Stis + Zn,Sr + ZnsSr,  and
Mg,oZng,St1g + Mgys_,Zn,Sr; + Zn,Sr, respectively.
The element composition of IMS obtained using EPMA/
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X

Fig. 5 Typical BSE images obtained from key samples annealed at
300 °C for 35 days: a A10 (Mg3Zng;Srio); b A12 (Mgi6ZngoSry);
¢ A19 (MggoZn;sSrs); d A8 (MgssZnssSrio); € Al (MggsZn;Srye);

EDS tends to give a constant value of Mg20Zn62Sr18; the
formula “Mg,0Zng,Sr;3” was thus employed to designate
IM5 in the present work. It is worth noting that more
research work is needed to confirm the solid solubility and
crystal structure of IM5 (Mg,0Zne>Stys).

A fourth new compound, with a formula designated as
“MgssZny3Sr, (IM6)” based on its solid solubility composition
range, was found in the alloy sample A17 (Mg49Zny;Sr4), as
shown in Fig. 5g, where the three-phase equilibrium Mgss
ZnysSty + MgoZng3 + Mgy-,Zn,Sr was observed. The
solubility limit of Sr was measured to be about 2 at%, which is
similar to the Ca content in the MgssZns3Ca, compound
reported by Zhang et al. [20]. The compound MgssZn43Sr, was
also observed in the sample A18 (MggnZn355r15) in equilibrium
with hep (Mg) + Mgy;_,Zn,Sr as listed in Table 3.

In the sample A23 (MgsoZn,5Srps), a fifth new com-
pound, designated as IM2 in our previous work [19], was
confirmed; it is in equilibrium with Mg,Sr + Mgs5_,

f A15 (MgooZnesSris); g A17 (MgaoZng;Sty); h A23 (MgsoZnasSras);
i A13 (MgssZn5(Sr)s)

Zn,Sr; (see Fig. 5h). This compound IM2 was also found
in A13 (MgysZnsoSrps) with the three-phase equilibrium
Zn,Sr + IM2 + Mg;5_,Zn,Sr; as shown in Fig. 5i. EDS/
EPMA results show that the element composition in IM2 is
close to the constant value of Mg44Zn,,Sr3s. Consequently,
the formula of IM2 was designated as “Mg44Zn,;Sr35” in
the present work.

The phase equilibria of the Mg—Zn—Sr ternary system in
the composition range 0-35 at% Sr at 300 °C was obtained
using alloy samples as shown in Fig. 7. Each of the
determined three-phase equilibrium was labeled with dif-
ferent colors for easy reading purpose. All the composi-
tions of the constituent phases of the equilibrated Mg—Zn—
Sr ternary samples were determined by EPMA/EDS and
are listed in the Table 3. Samples labelled with a star “*”
were analyzed using EDS and corrected using EPMA
standards. The phase constitutions and compositions of
A1-A8 and Al5 were reinvestigated based on the results
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Fig. 6 X-ray diffraction patterns obtained from: a Mg;35ZnssSr;o and
b Mgg3Zn,Sr;¢ alloys annealed at 300 °C for 35 days

obtained in our previous work [19]. Both phase equilibria
relationships and compositions, obtained using equilibrated
alloys and diffusion couple techniques, are in good
agreement.

Fig. 7 Isothermal section of the
Mg-Zn-Sr ternary system at
300 °C with experimental data
obtained from key samples

Isothermal section

The isothermal section of the Mg—Zn—Sr ternary system at
300 °C, obtained using alloy samples and diffusion cou-
ples, is shown in Fig. 8. Sixteen three-phase domains, lying
in the composition range 0-35 at% Sr, have been accu-
rately determined in the present work. Four new ternary
compounds, Mg;;_,Zn,Sr (IM, 4.7 <y <9), MgysZny,
Sr35 (IM2), MgQOZH62SI'18 (IMS), and Mg5SZn43Sr2 (IM6)
along with the previous reported compound Mg;5_,Zn,Sr3,
were found in the present work. The solid solubility limits
of Zn in Mgs_,Zn,Sr3 ranges between 1.3 and 58.8 at%
with a constant Sr content of 16.7 at% [19]. The solid
solubility limits of Zn (substituting to Mg) in Mg;;_,Zn,Sr
ranges between 42.0 and 84.2 at% at a nearly constant Sr
content of about 8 at%. According to the present results
obtained from alloy samples as listed in Table 3, the
Compounds Mg44Zn215r35, Mngnﬁer]g, and Mg5SZn43
Sr, have limited solid solubility limits. They are treated as
stoichiometric compounds by the present authors. The
maximum solid solubility limits of Zn in Mg;;Sr, and
Mg,;Srg were measured to be 20.2 and 12.4 at% with Zn
substitution by Mg at constant Sr contents of 10.7 and 20.0
at%, respectively. The solubility limits of Sr in the hcp
(Mg), hep (Zn), and Mg—Zn binary terminal compounds are
inferior to 1.5 at%. The solid solubility limits of Mg in
Zn,St and ZnsSr were found to be about 1.8 and 2.6 at%,

Sr

T=300 °C
O Experimental data obtained
from alloy samples
Nominal composition of alloy samples

-« MgyyZn; Sr3s (IM2)

o

hep (Zn)
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Fig. 8 Isothermal section of the

Mg—Zn-Sr ternary at 300 °C @ Mg,,Sr,+ hep (Mg)

@ Mg,;Sr, + hep (Mg) +IM2

@ IM4 + hep (Mg) +IM2

@ Mg, Zn;3+ IM4 +IM2

® Mg pZn;3+ Mg, Zn, +IM2
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respectively. The solubility limit of Mg in the Zn;;Sr
compound is negligible (around 0.1 at%).

There are still four undetermined three-phase assem-
blages in the Mg-Zn rich region: MgsgSrg + Mg,3St¢ +
Mg5_,Zn,Sr3, Mg,Zn3 + Mgy,_,Zn,Sr + MgZn,, hcp
(Zn) + Mg,Zn;; + Zn3Sr, and hcp (Mg) + MgssZngs
Sty + Mg,Zn 3. They are indicated with dashed lines in
Fig. 8. Phase equilibria in the Sr-rich region (above 35 at%)
were proposed as inferred by the authors based on the results
reported for the Mg—Zn—Ca ternary system [20]. Further
experiment will be necessary to verify them. Crystal struc-
ture analysis and thermal stability of the ternary compounds
Mgi1-yZn,St, MgaaZny Sr3s, MgroZng,Srig, and Mgss
7ZnysSr, are still needed.

Conclusions

The isothermal section of the Mg—Zn—Sr ternary system at
300 °C, in the composition region 0-35 at% Sr, has been
investigated using diffusion couples and key samples. The
ternary compounds Mg;;_,Zn,Sr (IM1, 4.7 <y <9),
Mgu4Zny,Sr35 (IM2), MgyoZne,Stig (IMS), and MgssZngs
Sr, (IM6) were found and their solid solubility limits were
determined. Sixteen three-phase domains were determined.
The extended solid solubility limits of all the binary

compounds, except ZnSr, were also determined in the Mg—
Zn-Sr ternary system. The isothermal section of the Mg—Zn—
Sr system at 300 °C was drawn. The remaining four three-
phase domains in the Mg—Zn rich region were proposed as
follows: Mg385r9 + Mg23Sr6 + Mng,xZnXSr3, Mg22n3 +
Mgi-yZn,St + MgZn,, hcp (Zn) + MgyZny; + Zn;3Sr,
and hep (Mg) + MgssZny3Sr, + Mg ,Zn 5. Phase equilib-
ria in the Sr-rich region (above 35 at%) were proposed as
inferred by the authors.
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