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Abstract 

The phase equilibria of the Mg–Ag–Cu ternary system at 350 and 400 °C were experimentally investigated using twenty-eight key samples. 
The phase equilibria and compositions in key samples were investigated using scanning electron microscopy (SEM) equipped with energy- 
dispersive spectroscopy (EDS). Powder X-ray diffraction (XRD) technique was used to analyze the crystal structure and solid solubility 
of compounds. Five three-phase equilibria and several two-phase equilibria have been determined at 350 and 400 °C. The solid solubility 
range of Cu in the compounds Mg 3 Ag, MgAg and fcc(Ag) were examined at 350 and 400 °C. The maximum solid solubility of Ag in the 
compound MgCu 2 was found to be 11.46 at.% and 11.25 at.% with a constant value of about 66 at.% Cu at 350 and 400 °C, respectively. 
Besides, the solid solubility limits of Ag in the compounds Mg 2 Cu and fcc(Cu) were found to be less than 5 at.% at 350 and 400 °C. No 
ternary compound was observed in the present work. 
© 2021 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Peer review under responsibility of Chongqing University 
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. Introduction 

Permanent implants used for bone repairing often have bio-
ompatibility problems and ordinary inflammatory response.
hysical pain and financial burden are the main disadvan-

ages of secondary surgery for the removal of permanent im-
lants [1] . To this end, biodegradable implants become one of
he great exciting research topics. As metal materials, mag-
esium, with a density and elastic modulus close to human
keleton, can effectively reduce the stress shielding effect [2] .
herefore, magnesium alloys could be the new generation of
iomaterials because of their excellent properties of biocom-
atibility and biodegradability [3 , 4] . The main problem of the
agnesium alloy as degradable implants is that its degradation
∗ Corresponding authors. 
E-mail addresses: jian.wang@polymtl.ca (J. Wang), lysheng@yeah.net 
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ate is too fast, which leads to the premature failure of im-
lants. The prerequisite of magnesium alloys as biodegradable
aterials is to control the degradation rate [5] . The alloying
ethod is widely used to improve the properties of alloys

6–8] . Silver, with the ability to enhance the antibacterial and
iocompatibility of alloys, can also improve the mechanical
roperties of alloys and grain refinement [8 , 9] . The addition
f silver can effectively promote bone formation and the func-
ion of osteoblasts while reducing osteoclast activity and bone
bsorption [10] . It has been reported that a certain amount of
g as solute atom can improve the corrosion resistance of

lloys [11 , 12] . However, due to the existence of secondary
hases, the corrosion rate is still high. It is reported that the
ddition of Cu leads to grain refinement, which increases the
orrosion resistance of magnesium-based alloys [13] . As a
race element in the human body, copper has excellent bio-
ompatibility and antibacterial properties [14] . Several Mg-
u alloys have been investigated with effective antibacterial
r B.V. on behalf of KeAi Communications Co. Ltd. This is an open access 
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Fig. 1. The phase diagram of the Mg–Ag–Cu ternary system with key alloy compositions selected in the present work. 
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properties in vitro and in vivo [15] . The formation of colla-
gen in bones, blood vessels and skin can be promoted with
the addition of copper [14] . Thus, silver and copper are of
great potential additive elements for magnesium-based bioma-
terials development. The Mg–Ag–Cu ternary alloys selected
as a promising materials for biodegradable implants develop-
ment, it is necessary to have a thorough knowledge of the
phase equilibria, which is the “guide map” to understand the
relationships among the microstructures, mechanical proper-
ties and biological properties of new designed alloys. To the
best of our knowledge, there are few experimental data avail-
able for the Mg–Ag–Cu ternary system. Therefore, a thorough
study of the Mg–Ag–Cu ternary phase equilibria is of great
importance for magnesium-based biomaterials development. 

The phase diagrams of three binary subsystems of the
Mg–Ag–Cu ternary system: Mg–Ag [16–21] , Mg–Cu [22–
26] and Ag–Cu [27] have been investigated previously with
experimental and thermodynamic modeling methods. The ac-
cepted phase diagrams are shown in Fig. 1 , which are used
in the present work. Seven phases hcp(Mg), Mg 4 Ag, Mg 3 Ag,
Mg 7 Ag 3 , MgAg, fcc_L1 2 and fcc(Ag) are reported in the Mg–
Ag binary system. The fcc_L1 2 phase is the ordered phase of
the fcc(Ag). The fcc(Ag) phase has the maximum solid solu-
bility of 28 at.% Mg at about 760 °C. The maximum solid sol-
ubility range of the intermetallic compound MgAg (Bcc_B2)
was reported to be 39 at.% to 64 at.% Ag. The compound
Mg 3 Ag has a solid solubility range of about 1 at.%. Recently,
an intermetallic phase Mg 7 Ag 3 was reported at temperature
f 300 and 350 °C by the diffusion couple and equilibrated
lloy methods [21 , 28] . The crystal structure of the Mg 7 Ag 3 

hase was also identified, and the profile of Mg 7 Ag 3 phase
as found to be very similar to that of Mg 51 Zn 20 [21] . The
hase diagram of Mg-Cu binary system is constituted with
wo terminal solutions hcp(Mg), fcc(Cu) and two intermetal-
ic compounds Mg 2 Cu and MgCu 2 . The solid solubility of
ompound MgCu 2 was reported to be 64.2 to 67.9 at.% Cu at
50 °C. The solubility of Mg in fcc was reported to be about
 at.% at 772 °C [26] . The Ag–Cu binary system is consti-
uted with a simple eutectic type liquid ↔ fcc(Ag) + fcc(Cu).
he solid solubility limit of Cu in fcc(Ag) was reported to
e about 14 at.% at 780 °C. The solid solubility limit of Ag
n fcc (Cu) was reported to be less than 5 at.% above the
utectic temperature. All the solid phases and their crystal
tructure information of the Mg–Ag–Cu ternary system are
ummarized in Table 1 . 

The main purpose of the present work is to investigate the
sothermal sections of the Mg–Ag–Cu ternary system at 350
nd 400 °C using the equilibrated alloy method. This work
s a part of a comprehensive research program to develop a
hermodynamic database of Mg-X (X: Zn, Ag, Ca, Cu, Sr,
) based alloys for biomaterials development [7 , 8 , 29–31 ]. 

. Materials and methods 

The phase equilibria of the Mg–Ag–Cu ternary sys-
em were predicted according to the calculations with the
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Table 1 
Crystallographic information on the solid phases of the Mg–Ag–Cu ternary system. 

System Phase Pearson symbol Strukturbericht designation Space group Prototype 

Mg–Ag hcp(Mg) hP2 A3 P6 3 /mmc Mg 
fcc(Ag) cF4 A1 Fm ̄3 m Cu 
fcc_L1 2 cP4 L1 2 Pm ̄3 m AuCu 3 
MgAg cP2 B2 Pm ̄3 m CsCl 
Mg 3 Ag cF264 – Fm ̄3 Mg 26 Ag 7 
Mg 4 Ag hP92 – P6 3 Mg 37 Ag 9 
Mg 7 Ag 3 – – Immm –
Mg 54 Ag 17 oI142 – Immm Mg 54 Ag 17 

Mg-Cu hcp(Mg) hP2 A3 P6 3 /mmc Mg 
fcc(Cu) cF4 A1 Fm ̄3 m Cu 
Mg 2 Cu oF48 C b Fddd Mg 2 Cu 
MgCu 2 cF24 C15 Fd-3m MgCu 2 

Ag–Cu fcc(Ag) cF4 A1 Fm ̄3 m Cu 
fcc(Cu) cF4 A1 Fm ̄3 m Cu 
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hermodynamic database of the Mg–Ag, Mg–Cu and Ag–Cu
inary systems. Fourteen key alloys (A1-A7, B1-B7) were
elected for the first time based on the calculation results
n order to obtain a universal information of phase equilib-
ia relationship of the Mg–Ag–Cu ternary system at 350 and
00 °C. Then, other fourteen key samples (A8-A14, B8-B14)
ere supplemented to construct the whole phase equilibria

elationship of the Mg–Ag–Cu ternary system. To summary ,
wenty-eight ternary key samples of the Mg–Ag–Cu ternary
ystem were prepared using pure magnesium (99.9 wt.%), sil-
er (99.95 wt.%), and copper (99.9 wt.%) purchased from Tril-
ion Metals company, Beijing, China. The compositions of
ey samples used in the present work are shown in Fig. 1 and
isted in Table 2 . 

All raw materials were stored separately in dry bottles.
ylindrical graphite crucibles were used to avoid the reac-

ion between the sample and the crucible. All samples were
elted at least twice in an induction furnace under the ar-

on atmosphere to obtain the homogeneous microstructure.
he weight loss in the melting process was controlled within
%, which is mainly due to the volatilization of magnesium.
ll as-cast samples were sealed into quartz tubes and were

nnealed at 350 °C for 35 days and 400 °C for 28 days in a
ubular furnace. Precautions were taken to avoid undesirable
eactions, such as vacuum-seal the samples into quartz tubes
nd quenching without breaking the quartz tubes in the water.
hen, all samples were ground with 400, 800, 1000 and 2000
rit particle sizes of abrasive paper and polished with 99.7%
ure methanol as a lubricant. After polishing, samples were
ashed in 99.9% pure ethanol for 30 s by ultrasonic machine

o remove the polishing paste and impurities remained on
he sample surface. Polished samples were sealed in a plastic
acuum bag by vacuum sealing device to prevent oxidation. 

Gemini SEM 300 scanning electron microscopy (SEM)
quipped with an energy-dispersive spectroscopy (EDS) was
sed to analyze the phase assemblage and compositions of
ll samples. An accelerating voltage of 15 kV was employed
ith a maximum spot size of 3 μm and counting times of
0 s. The phase composition was averaged from five reliable
ata obtained from EDS. The standard deviation is within 1
t.%. 

The powder X-ray diffraction technique (XRD) was per-
ormed to identify the crystal structures of phases in annealed
ey samples. During the grinding procedure, a small amount
f paraffin oil was added to reduce oxidation. The spectra
ere acquired from 20 ° to 90 ° (2 θ ) with a 0.1 step size. The
-ray patterns were obtained by D8 advance polycrystalline
achine with the 45 kV and 40 mA CuK α radiation. The XRD

atterns were analyzed using the Jade6 analysis software and
earson’s crystal database. 

. Results and discussion 

The phase equilibria of the Mg–Ag–Cu ternary system at
50 and 400 °C obtained in the present work are shown in
ig. 2 a,b. 

.1. The isothermal section of the Mg–Ag–Cu ternary system
t 350 °C 

The isothermal section of the Mg–Ag–Cu ternary system
t 350 °C is presented in Fig. 2 a. The BSD image of the sam-
le A1 as shown in Fig. 3 a suggests a three-phase equilib-
ium of hcp(Mg) + Mg 2 Cu + Mg 3 Ag (or Mg 4 Ag). Since the
ifference of compositions between the compounds Mg 4 Ag
nd Mg 3 Ag is rather small, the XRD technique was car-
ied out on sample A1 to identify the phase constitution.
he X-ray diffraction result of sample A1 is shown in
ig. 4 a. Based on the analysis results of the XRD patterns,

he phase equilibrium of sample A1 was confirmed to be
cp(Mg) + Mg 2 Cu + Mg 3 Ag. It was observed a three-phase
quilibrium of Mg 2 Cu + Mg 3 Ag + MgAg in the sample A3.
nother three-phase equilibrium Mg 2 Cu + MgCu 2 + MgAg
as observed in the samples A4 and A14. The BSD im-

ges of the samples A3 and A4 are shown in Fig. 3 b,c,
nd their phase constitutions Mg 2 Cu + Mg 3 Ag + MgAg and
g 2 Cu + MgCu 2 + MgAg were confirmed by the XRD re-

ults as shown in Fig. 4 b-c. Two three-phase equilibria
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Table 2 
Equilibrium compositions obtained from key samples of the Mg–Ag–Cu ternary system at 350 and 400 °C (Continued). 

Isothermal 
section 

Alloy 
No. 

Alloy nominal 
composition (at.%) 

Alloy actual composition 
(at.%) 

Phase equilibria Phase 
1/Phase 2/Phase 3 

Composition determined by EDS (at.%) 

Phase 1 Phase 2 Phase 3 

Mg Ag Cu Mg Ag Cu Mg Ag Cu 
350 °C A1 Mg85Ag5Cu10 Mg86.6Ag4.9Cu8.5 hcp(Mg)/Mg 2 Cu/Mg 3 Ag 99.57 0.42 0.01 64.84 1.65 33.51 71.29 15.18 13.53 

A2 Mg75Ag15Cu10 Mg73.9Ag15.5Cu10.6 hcp(Mg)/Mg 3 Ag 97.85 1.51 0.64 71.07 17.17 11.76 – – –
A3 Mg65Ag25Cu10 Mg62.5Ag24.3Cu13.2 Mg 2 Cu/Mg 3 Ag/MgAg 65.04 4.45 30.51 68.66 20.88 10.46 48.39 44.92 6.69 
A4 Mg50Ag20Cu30 Mg51.3Ag16.9Cu31.8 Mg 2 Cu/MgCu 2 /MgAg 63.63 3.51 32.86 33.90 0.77 65.33 44.92 42.34 12.74 
A5 Mg36Ag50Cu14 Mg32.1Ag47.8Cu20.1 MgCu 2 /MgAg/fcc_L1 2 24.71 9.57 65.72 36.59 57.22 6.19 24.31 70.30 5.39 
A6 Mg23Ag47Cu30 Mg19.7Ag42.6Cu37.7 MgCu 2 /fcc_L1 2 /fcc(Cu) 23.21 11.46 65.33 22.57 66.23 11.20 3.88 1.33 94.79 
A7 Mg43Ag40Cu17 Mg38.5Ag38.6Cu22.9 MgCu 2 /MgAg 29.24 5.50 65.26 42.10 49.48 8.42 – – –
A8 Mg83Ag11Cu6 Mg83.1Ag11.3Cu5.6 hcp(Mg)/Mg 3 Ag 98.35 1.35 0.30 71.32 18.31 10.37 – – –
A9 Mg83Ag14Cu3 Mg83.3Ag13.7Cu3.0 hcp(Mg)/Mg 3 Ag 99.17 0.83 0.00 72.39 21.97 5.64 – – –
A10 Mg65Ag29Cu6 Mg63.6Ag28.5Cu7.9 Mg 3 Ag/MgAg 69.31 21.68 9.01 49.99 46.20 3.81 – – –
A11 Mg65Ag32Cu3 Mg64.0Ag32.1Cu3.9 Mg 3 Ag/MgAg 69.46 25.27 5.27 50.91 48.21 0.88 – – –
A12 Mg10Ag50Cu40 Mg8.7Ag48.5Cu42.8 fcc(Ag)/fcc(Cu) 13.18 73.70 13.12 0.36 3.56 96.08 – – –
A13 Mg5Ag55Cu40 Mg4.3Ag49.9Cu45.8 fcc(Ag)/fcc(Cu) 7.25 77.63 15.12 0.49 4.30 95.21 – – –
A14 Mg53Ag30Cu17 Mg51.5Ag28.2Cu20.3 Mg 2 Cu/MgCu 2 /MgAg 64.50 3.30 32.20 33.93 0.97 65.10 46.09 40.47 13.44 

400 °C B1 Mg85Ag5Cu10 Mg86.6Ag4.9Cu8.5 hcp(Mg)/Mg 2 Cu/Mg 3 Ag 98.49 0.78 0.73 66.22 1.84 31.94 72.11 13.08 14.81 
B2 Mg75Ag15Cu10 Mg73.9Ag15.5Cu10.6 hcp(Mg)/Mg 3 Ag 99.00 0.12 0.88 72.39 16.07 11.54 – – –
B3 Mg65Ag25Cu10 Mg62.5Ag24.3Cu13.2 Mg 2 Cu/Mg 3 Ag/MgAg 64.87 5.11 30.02 68.64 20.39 10.97 49.10 43.01 7.89 
B4 Mg50Ag20Cu30 Mg51.3Ag16.9Cu31.8 Mg 2 Cu/MgCu 2 /MgAg 63.51 3.85 32.64 33.00 1.71 65.29 45.82 37.96 16.22 
B5 Mg36Ag50Cu14 Mg32.1Ag47.8Cu20.1 MgCu 2 /MgAg/fcc(Ag) 24.44 9.58 65.98 36.19 61.34 2.47 23.04 73.00 3.96 
B6 Mg23Ag47Cu30 Mg19.7Ag42.6Cu37.7 MgCu 2 /fcc(Ag)/fcc(Cu) 23.74 11.25 65.01 20.72 66.92 12.36 2.90 1.21 95.89 
B7 Mg43Ag40Cu17 Mg38.5Ag38.6Cu22.9 MgCu 2 /MgAg 29.16 5.00 65.84 42.48 51.11 6.41 – – –
B8 Mg83Ag11Cu6 Mg83.1Ag11.3Cu5.6 hcp(Mg)/Mg 3 Ag 98.49 1.51 0.00 72.88 16.75 10.37 – – –
B9 Mg83Ag14Cu3 Mg83.3Ag13.7Cu3.0 hcp(Mg)/Mg 3 Ag 97.49 2.50 0.01 72.88 21.64 5.48 – – –
B10 Mg65Ag29Cu6 Mg63.6Ag28.5Cu7.9 Mg 3 Ag/MgAg 68.80 22.49 8.71 50.97 44.60 4.43 – – –
B11 Mg65Ag32Cu3 Mg64.0Ag32.1Cu3.9 Mg 3 Ag/MgAg 69.84 24.78 5.38 53.82 44.77 1.41 – – –
B12 Mg10Ag50Cu40 Mg8.7Ag48.5Cu42.8 fcc(Ag)/fcc(Cu) 13.24 74.42 12.34 0.50 3.68 95.82 – – –
B13 Mg5Ag55Cu40 Mg4.3Ag49.9Cu45.8 fcc(Ag)/fcc(Cu) 7.93 79.21 12.86 0.26 4.51 95.23 – – –
B14 Mg53Ag30Cu17 Mg51.5Ag28.2Cu20.3 Mg 2 Cu/MgAg 63.95 4.34 31.71 46.23 37.61 16.16 – – –

Fig. 2. Isothermal sections of the Mg–Ag–Cu system at 350 and 400 °C obtained in the present work. 
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MgCu 2 + MgAg + fcc_L1 2 and MgCu 2 + fcc_L1 2 + fcc(Cu)
were observed in samples A5 and A6, respectively. The
phase constitutions indicated in the BSD images of the sam-
ples A5 and A6 (see Fig. 3 d,e) were confirm by the XRD
results. Because of the high hardness of samples A5 and
A6 located in the Cu-rich and Ag-rich region, the parti-
cle size of samples grinded for the XRD test was a bit
large, which results in the weak intensity of the diffraction
eaks (see Fig. 5 ). According to the SEM/EDS and XRD re-
ults, the phase equilibria of MgCu 2 + MgAg + fcc_L1 2 and
gCu 2 + fcc_L1 2 + fcc(Cu) were confirmed. As shown in

he Mg–Ag binary system (see Fig. 1 ), a secondary phase
ransition of fcc(Ag) and fcc_L1 2 was reported in the Ag-
ich region. The fcc_L1 2 phase is the ordered phase of
cc(Ag). But, the diffraction peaks of fcc(Ag) and fcc_L1 2 

re extremely similar as shown in Fig. 5 , which is hard to
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Fig. 3. The BSD images obtained from key samples: (a) A1 (Mg 85 Ag 5 Cu 10 ), (b) A3 (Mg 65 Ag 25 Cu 10 ), (c) A4 (Mg 50 Ag 20 Cu 30 ), (d) A5 (Mg 36 Ag 50 Cu 14 ), (e) 
A6 (Mg 23 Ag 47 Cu 30 ), (f) A2 (Mg 75 Ag 15 Cu 10 ) annealed at 350 °C for 35 days. 

Fig. 4. The XRD patterns obtained from key samples: (a) A1 (Mg 85 Ag 5 Cu 10 ), (b) A3 (Mg 65 Ag 25 Cu 10 ), (c) A4 (Mg 50 Ag 20 Cu 30 ) annealed at 350 °C for 35 
days. 
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Fig. 5. The XRD patterns obtained from key samples: (a) A5 (Mg 36 Ag 50 Cu 14 ), (b) A6 (Mg 23 Ag 47 Cu 30 ) annealed at 350 °C for 35 days. 
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distinguish between these two phases based on XRD patterns
analysis. Thus, in the present work, the phase boundary of
fcc(Ag) and fcc_L1 2 of Mg–Ag–Cu ternary system was only
predicted based on the fcc(Ag)/fcc_L1 2 phase boundary of
the Mg–Ag binary system. 

Besides, several two-phase equilibria regions in the isother-
mal section of 350 °C were observed by key samples as
shown in Fig. 2 . Two-phase equilibrium of hcp(Mg) + Mg 3 Ag
was observed in samples A2, A8 and A9, respectively.
The BSD images of sample A2 is shown in Fig. 3 f.
Two-phase equilibrium of Mg 3 Ag + MgAg was obtained
in samples A10 and A11. A two-phase equilibrium of
MgCu 2 + MgAg was observed in sample A7. A two-phase
equilibrium of fcc(Ag) + fcc(Cu) was established in sam-
ples A12 and A13. The BSD images of samples A10,
A7 and A12 are shown in Fig. 6 a-c. According to the
Mg–Ag binary phase diagram, the three-phase equilibrium
region of hcp(Mg) + Mg 4 Ag + Mg 3 Ag should exist in the
Mg-rich region. Moreover, the three-phase equilibrium re-
gion of Mg 3 Ag + Mg 7 Ag 3 + MgAg should exist at 350 °C
in the Mg–Ag–Cu ternary system. However, the three-
phase equilibrium regions of hcp(Mg) + Mg 4 Ag + Mg 3 Ag and
Mg 3 Ag + Mg 7 Ag 3 + MgAg were not observed in the present
work. These three-phase equilibrium regions may be too nar-
row to be measured. Thus, they were predicted based on the
present experimental results as shown in Fig. 2 . 

As listed in Table 2 , the EDS results of samples A1, A2,
A3, A8, A9, A10 and A11 indicated that the intermetallic
compound Mg 3 Ag has a large solid solubility range. As seen
n Fig. 4 a,b, the major diffraction peaks of the compound
g 3 Ag shifted a little to the right. Since the atomic radius of
g and Cu are a little smaller than the atomic radius of Mg,

he substitution of Ag/Cu with Mg decreases of the value of d.
his means the diffraction peaks would shift to the right based
n the Bragg’s formula 2d • sin θ = n λ (d: Lattice parameter, θ :
ncident angle, n: Diffraction order, λ: Incident wavelength),
hich is consistent with our XRD experimental observation.
he maximum solid solubility of Cu in the compound Mg 3 Ag
as determined to be 13.53 at.% at 350 °C. 
According to the EDS results of samples A3, A4, A5,

7, A10, A11 and A14, the intermetallic compound MgAg
ight has a broad solid solubility. The XRD technique was

arried out on samples A3, A4, A5 and A6 to investigate
he solid solubility of the compound MgAg. The XRD pat-
erns of samples A3, A4 and A5 are shown in Fig 4 b,c and
ig 5 a, respectively. The major diffraction peaks of the com-
ound MgAg shifted to the right (see Figs. 4 and 5 ). The
DS results indicated that the solid solubility is mainly caused
y the substitution of Ag/Cu with Mg. These results are in
ood agreement based on the discussion mentioned above.
he maximum solid solubility of Cu in the compound MgAg
as determined to be 12.74 at.% at 350 °C. 
As shown in Fig. 2 a, the intermetallic compound MgCu 2 

as a solid solubility, which might be due to the substitution
f Ag with Mg. The XRD technique was used to investigate
he samples A4, A5 and A6 to confirm the solid solubility
f the compound MgCu 2 . The XRD patterns of the samples
4, A5 and A6 are shown in Fig. 4 c and Fig. 5 a,b. Five
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Fig. 6. The BSD images obtained from key samples: (a) A10 (Mg 65 Cu 29 Sr 6 ), (b) A7 (Mg 43 Cu 40 Sr 17 ), (c) A12 (Mg 10 Cu 50 Sr 40 ) annealed at 350 °C for 35 
days and (d) B1 (Mg 85 Ag 5 Cu 10 ), (e) B3 (Mg 65 Ag 25 Cu 10 ), (f) B4 (Mg 50 Ag 20 Cu 30 ) annealed at 400 °C for 28 days. 

Fig. 7. The BSD images obtained from key samples: (a) B5 (Mg 36 Ag 50 Cu 14 ), (b) B6 (Mg 23 Ag 47 Cu 30 ), (c) B8 (Mg 83 Ag 11 Cu 6 ), (d) B11 (Mg 65 Ag 32 Cu 3 ), (e) 
B14 (Mg 53 Ag 30 Cu 17 ), (f) B7 (Mg 43 Ag 40 Cu 17 ) annealed at 400 °C for 28 days. 
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eaks assigned to the MgCu 2 phase gradually shift to the
ight with the increase of Ag in the samples A4, A5 and A6.
s discussed above, since the atomic radius of Ag is smaller

han that of Mg, the substitution of Ag with Mg would de-
rease the value of d which results in the right shifting of the
iffraction peaks. The XRD results of samples A4, A5 and A6
re in good agreement with the EDS analysis. The maximum
olid solubility of Ag in the compound MgCu 2 was mea-
ured to be 11.46 at.% with a constant value of 66 at.% Cu

t 350 °C. a  
According to the EDS results of the fcc_L1 2 (or fcc(Ag))
hase observed in samples A5, A6, A12 and A13, the solid
olubility range of fcc_L1 2 (or fcc(Ag)) was presented in
ig. 2 a. As demonstrated in Fig. 5 a, the diffraction peaks
f fcc_L1 2 phase in the sample A5 shifted 0.5 ° to the right.
s shown in Fig. 5 b, the diffraction peaks of fcc_L1 2 phase

n sample A6 is almost the same as the standard. Because the
tomic radius of Ag is between Mg and Cu, it is reasonable
hat the diffraction peaks of fcc_L1 2 phase in samples A5
nd A6 have an offset. The maximum solid solubility of Mg
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in the terminal solution fcc_L1 2 (or fcc(Ag)) was determined
to be 24.71 at.% at 350 °C. In addition, the solid solubility
limits of Ag in the compounds Mg 2 Cu and fcc(Cu) were less
than 5 at.% at 350 °C. 

3.2. The isothermal section of the Mg–Ag–Cu ternary system
at 400 °C 

The isothermal section of the Mg–Ag–Cu ternary sys-
tem at 400 °C is shown in Fig. 2 b. The three-phase equi-
librium of hcp(Mg) + Mg 2 Cu + Mg 3 Ag was observed in the
sample B1 as shown in Fig. 6 d. Another three-phase equi-
librium of Mg 2 Cu + Mg 3 Ag + MgAg was identified in the
sample B3 as shown in Fig. 6 e. A three-phase equilib-
rium Mg 2 Cu + MgCu 2 + MgAg was obtained in the sample
B4 as shown in Fig. 6 f. The BSD images of the sam-
ples B5 and B6 are presented in Fig. 7 a,b, two three-phase
equilibrium assemblages of MgCu 2 + MgAg + fcc(Ag) and
MgCu 2 + fcc(Ag) + fcc(Cu) were observed in the samples B5
and B6, respectively. The BSD images of the samples B8
and B11 are shown in Fig. 7 c,d. The two-phase equilib-
rium of hcp(Mg) + Mg 3 Ag was observed in the samples B2,
B8 and B9. The BSD images of the samples B14 and B7
are presented in Fig. 7 e–f. The two-phase equilibrium of
Mg 3 Ag + MgAg was observed in the samples B10 and B11.
A two-phase equilibrium of Mg 2 Cu + MgAg was observed in
the sample B14. A two-phase equilibrium of MgCu 2 + MgAg
was observed in the sample B7. A two-phase equilibrium of
fcc(Ag) + fcc(Cu) was observed in the samples B12 and B13.

The maximum solid solubility of Cu in the compound
Mg 3 Ag was measured to be 14.81 at.% at 400 °C, which is
1.28 at.% higher than that obtained at 350 °C. The maximum
solid solubility of Cu in the compound MgAg was determined
to be 16.22 at.% at 400 °C, which is 3.48 at.% higher than
that obtained at 350 °C. The maximum solid solubility of Ag
in the compound MgCu 2 was found to be 11.25 at.% with a
constant value of about 66 at.% Cu at 400 °C, which is almost
the same as that obtained at 350 °C. The maximum solid sol-
ubility of Mg in the terminal solution fcc(Ag) was measured
to be 20.72 at.% at 400 °C. Besides, the solid solubility limits
of Ag in the compounds Mg 2 Cu and fcc(Cu) were measured
to be less than 5 at.% at 400 °C. 

4. Conclusions 

The Mg–Ag–Cu ternary phase equilibria at 350 and
400 °C were experimentally established using key samples
method with SEM/EDS and XRD techniques. Five three-
phase equilibrium regions: hcp(Mg) + Mg 2 Cu + Mg 3 Ag,
Mg 2 Cu + Mg 3 Ag + MgAg, Mg 2 Cu + MgCu 2 + MgAg,
MgCu 2 + MgAg + fcc_L1 2 and MgCu 2 + fcc_L1 2 + fcc(Cu)
have been identified and confirmed at 350 °C. Five three-
phase equilibrium regions: hcp(Mg) + Mg 2 Cu + Mg 3 Ag,
Mg 2 Cu + Mg 3 Ag + MgAg, Mg 2 Cu + MgCu 2 + MgAg,
MgCu 2 + MgAg + fcc(Ag) and MgCu 2 + fcc(Ag) + fcc(Cu)
have been identified and confirmed at 400 °C. The maxi-
mum solid solubility of Cu in the compound Mg 3 Ag was
etermined to be 13.53 at.% at 350 °C. The maximum solid
olubility of Cu in the compound MgAg was determined to
e 12.74 at.% at 350 °C. The maximum solid solubility of
g in the compound MgCu 2 was determined to be 11.46

t.% at a constant value of about 66 at.% Cu at 350 °C. The
aximum solid solubility of Mg in the terminal solution

cc_L1 2 (or fcc(Ag)) was determined to be 24.71 at.% at
50 °C. The maximum solid solubility of Cu in the compound
g 3 Ag was determined to be 14.81 at.% at 400 °C. The
aximum solid solubility of Cu in the compound MgAg was

etermined to be 16.22 at.% at 400 °C. The maximum solid
olubility of Ag in the compound MgCu 2 was determined to
e 11.25 at.% at a constant value of about 66 at.% Cu at
00 °C. The maximum solid solubility of Mg in the terminal
olution fcc(Ag) was determined to be 20.72 at.% at 400 °C.
n addition, the solid solubility limits of the compounds

g 2 Cu and fcc(Cu) were less than 5 at.% at 350 and 400 °C.
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