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a b s t r a c t

Ce modification of commercial AZ alloys has great potential for the development of Mg alloys with
improved formability and creep resistance. Because the solid solubility of Ce in (Mg) solid solution is
extremely low, the precipitation of Ce containing intermetallics is expected even at low Ce concentra-
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tions. The Ce–Mg–Zn phase diagram at 350 ◦C was studied in this work by means of diffusion couple
techniques. Precipitation of intermetallic phases in the Mg-rich corner has been analyzed using Scanning
electron microscopy (SEM) and their compositions were determined by energy dispersive spectroscopy
(EDS).

© 2008 Elsevier B.V. All rights reserved.
canning electron microscopy (SEM)

. Introduction

The Ce–Mg–Zn ternary system is a key system for the develop-
ent Ce and Zn containing multicomponent alloys. Ce additions to

ommercial AZ alloys have the potential to modify the microstruc-
ure and improve the formability or creep resistance of Mg alloys.
ecause the solid solubility of Ce in (Mg) solid solution is extremely

ow, the precipitation of Ce containing intermetallics is expected
ven at low Ce concentrations. The main aim of this work was the
etermination of precipitates in Ce–Mg–Zn system. The study of the
g rich corner of the Ce–Mg–Zn ternary system provides impor-

ant information about phase equilibria between Mg matrix and
he precipitating phases.

. Background

.1. Binary systems

The Ce–Mg–Zn ternary system contains three binary subsys-

ems: Mg–Ce, Mg–Zn and Ce–Zn. Because the knowledge of binary
hase equilibria is important for the understanding of ternary equi-

ibria, a brief overview of the binary phase diagrams is presented
elow.

∗ Corresponding author.
E-mail address: mihriban.pekguleryuz@mcgill.ca (M. Pekguleryuz).

925-8388/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2008.11.119
2.1.1. Mg–Ce system
Mg–Ce phase diagram presented in Fig. 1 is redrawn from Mas-

salski et al. [1]. It contains six intermetallic compounds. Only four of
those are stable at 350 ◦C. Mg–Ce binary phase diagram was stud-
ied in the whole range of concentrations, but the compositions of
intermetallic phases and their homogeneity ranges have not been
determined exactly. The solid solution ranges of Mg12Ce and Mg3Ce
compounds are plotted in dotted lines on the phase diagram (Fig. 1).
The compositions of intermetallic phases from the latest work of
Zhang et al. [2], who studied phase equilibria at 400 ◦C via the dif-
fusion couple technique, do not correspond to the ones from the
assessment in Massalski handbook [1].

The phase compositions extracted from [1] and [2] are presented
in Table 1. The original results of the Electron Probe Micro Analy-
sis (EPMA) of interdiffusion layers published in [2] were averaged
from ten measurements for each phase and unfortunately not nor-
malized to 100%. Therefore, they were recalculated in the present
study in order to compare to the values of Massalski and co-workers
[1].

2.1.2. Mg–Zn system
Two literature reviews on Mg–Zn system have been found in the

literature. The recent one, shown in Fig. 2, has been published by

Predel [3], but the phase diagram is mainly based on the previous
assessment of Clark et al. [4] (Fig. 3). The assessment of Predel [3]
contains additional information on metastable equilibria in the Zn-
rich region as well as an extensive review of the thermodynamic
data. The phase diagram contains five intermetallic phases. All of

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:mihriban.pekguleryuz@mcgill.ca
dx.doi.org/10.1016/j.jallcom.2008.11.119
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Fig. 1. Mg–Ce binary phase diagram (redrawn from Massalski et al. [1]).

Table 1
Phase compositions of low temperature intermetallic phases (extracted from [1] and [2]).

Phase Phase compositions [1] EPMA measurements [2] Recalculated values of ref. [2]

Mg (at%) Ce (at%) Mg (at%) Ce (at%) Mg (at%) Ce(at%)

M
M
M
M

t
a
i
d

g12Ce 92.31 7.69 90.10
g41Ce5 89.13 10.87 87.56
g3Ce ? to 75 ? to 25 73.24
gCe 50 50 46.57
hem have narrow homogeneity ranges, but since they are marked
s dashed lines on the phase diagrams illustrated in Figs. 2 and 3,
t can be concluded that the exact phase boundaries have not been
etermined.

Fig. 2. Mg–Zn binary phase dia
8.36 91.51 8.49
11.39 88.49 11.51
24.68 74.80 25.20
48.88 48.79 51.21
2.1.3. Ce–Zn system
The Ce–Zn phase diagram presented in Fig. 4 is redrawn from

the Massalski et al. [5]. This system contains nine stoichiometric
phases. All phases have high temperatures of formation. Therefore,

gram (redrawn from [3]).
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Fig. 3. Mg–Zn binary pha

hey can potentially precipitate or exist in the ternary Ce–Mg–Zn
hase equilibria.

.2. Ternary Mg–Ce–Zn system

The literature review on Ce–Mg–Zn system was prepared by
olitsch et al. [6]. The system was first studied in the region between

and 80 mass% Mg by Korolkov and Saldau [7]. Thermal analysis
as used to construct six vertical sections with a constant mass

atio Zn:Ce of 1:5, 1:2, 1:1, 2:1, 4.5:1 and 10:1, and a liquidus sur-
ace of the Mg corner was drawn. Several authors [8–10] studied
he phase relations in the Mg-rich corner of the Ce–Mg–Zn ternary

Fig. 4. Ce–Zn binary phase diag
gram (redrawn from [4]).

system. Phase triangulation in the region Mg–MgZn2–CeMg–CeZn
has been evaluated by means of X-ray powder diffraction [9] from
150 alloys annealed at 300 ◦C for 240 h and quenched in water. Four
ternary compounds were observed by Melnik et al. [9]. Drits et al.
[10] constructed two polythermal sections in the Mg-rich corner
at 24 mass% Zn and 34 mass% Zn, both ranging from 0 to 20 mass%
Ce. The DTA (cooling rates 2–5 K/min), electron probe microanaly-

sis (EPMA), scanning electron microscopy (SEM) and X-ray powder
diffraction were used for the construction of polythermal sections.
No recent experimental studies were found on this ternary system.

The partial isothermal section presented in Fig. 5 was assessed
by Kolitsch et al. [6] taking into account all previous data. Since the

ram (redrawn from [4]).
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ations from the assessment of Kolitsch et al. [6]. In order to present
the results of the present study, the final version of the partial phase
diagram shown in Fig. 7 is utilized, so that the diffusion paths and
phase equilibria that have been determined can be directly related
to the phase diagram.
Fig. 5. Partial isothermal section at 300 ◦C.

resent study aimed an analysis of the isothermal section at 350 ◦C,
he most interesting data for this paper is the partial isothermal
ection at 300 ◦C.

. Experimental procedure

In order to study phase relations in Mg-rich corner of Ce–Mg–Zn system, five
iffusion couples were prepared and studied by SEM/energy dispersive spectroscopy
EDS), FEGSEM/EDS and EPMA. Pure elements were used for sample preparation: Mg
ngots with the purity of 99.98% supplied by Timminco, and Ce 99.7% supplied by
efa and Zn 99.99% supplied by Alfa Aesar.

.1. Solid–solid diffusion couples

Three solid–solid diffusion couples were prepared and annealed at 350 ◦C for 16
ays. Their compositions are:

{Mg–4 at% Zn}–Ce
{Mg–50 at% Zn}–Ce
{Mg–54 at% Zn}–Ce.

Mg–Zn alloys were prepared in the induction furnace under CO2–0.5% SF6

rotective gas cover. The solid–solid diffusion couples were prepared from the
0 mm × 7 mm × 7 mm blocks of pure Ce and Mg–Zn alloys. The contacting surfaces
ere grinded with SiC paper up to 1200 grid and polished with a diamond paste up

o 1 �m. The 95 vol% alcohol was used as a lubricant. The blocks were put into inti-
ate contact and pressurized using the steel clamping rings. The diffusion couples
ere packed in Ta foil, sealed in the quartz tubes in vacuum, annealed in at 350 ◦C

or 23 days, and then quenched in liquid nitrogen. Tantalum foil was used to avoid a
eaction between the alloys and the quartz.

.2. Solid–liquid diffusion couples

Two solid–liquid diffusion couples were prepared and annealed at 350 ◦C for 23
ays:

{Mg–3.5 at% Ce}–Zn
{Mg–8.5 at% Ce}–Zn

The solid–liquid diffusion couples were prepared by placing the solid alloy pieces
nto a liquid Zn. Mg–Ce alloys were prepared in a Lindberg Blue M electrical resis-
ance furnace in a mild steel crucible, and CO2–0.5% SF6 cover gas was used to protect
he melt. The 10 mm × 7 mm × 7 mm blocks of Mg–Ce alloys were grinded from all

ides with SiC paper up to 1200 grid and polished with a diamond paste up to
�m.

The 150 g of Zn were melted at 500 ◦C under protective CO2–0.5% SF6 atmosphere
n the induction furnace. Solid alloys were immersed into liquid Zn and the power
f the induction furnace was immediately turned out to prevent complete disso-
ution of the solid alloys. The samples were cooled to the room temperature and
Fig. 6. Terminal compositions C1–C5 of the diffusion couples.

the solid–liquid diffusion couples were cut out from the bulks for thermal treat-
ment. The diffusion couples were annealed in the same way as the solid–solid
diffusion couples. Terminal compositions of the diffusion couples are shown in
Fig. 6.

The interdiffusion zones formed after annealing were analyzed using EDS and
EPMA. The diffusion paths were analyzed and the phase equilibria have been deter-
mined. Based on these results a partial ternary phase diagram was constructed.

4. Results and discussion

After careful review of the literature data, the partial isother-
mal section at 300 ◦C assessed by Kolitsch et al. [6] was taken as
a starting point of the present study. Taking into account that a
50 ◦C difference may cause variation of the solid solubility regions,
experimental results were compared to the assessment of Kolitsch
et al. [6]. Numerous discrepancies between the experimental results
and the assessed partial isothermal section were found. The partial
isothermal section constructed in this study shows substantial devi-
Fig. 7. Partial isothermal section at 350 ◦C.



D. Kevorkov, M. Pekguleryuz / Journal of Alloys and Compounds 478 (2009) 427–436 431

Fig. 8. SEM micrograph and line scan of the {Mg–4 at% Zn}–Ce solid–solid diffusion
couple.

Table 2
Results of EDS analysis of interdiffusion layers in the {Mg–4 at% Zn}–Ce diffusion
couple.

Ce (at%) Mg (at%) Zn (at%) Comments

Zone 1 0 96.03 3.97 Mg solid solution in the
Mg–4 at% Zn binary alloy

Zone 2 7.8 54.7 37.5 Phase 1 (denoted as �2 by
Kolitsch et al. [6])

Zone 3 12.7 31.5 55.8 Phase 4
Z
Z
Z

4

p
S
i
s
s
o

one 4 23.6 28.1 48.3 Phase 3
one 5 48.0 3.6 48.4 Phase 7
one 6 100 0 0 Pure Ce

.1. {Mg–4 at% Zn}–Ce solid–solid diffusion

The micrograph of {Mg–4 at% Zn}–Ce solid–solid diffusion cou-
le at 350 ◦C presented in Fig. 8 contains six zones. It was studied via
EM/EDS and the results of quantitative EDS analysis are presented

n Table 2. The diffusion path is shown in Fig. 9. The diffusion path
tarts at the Mg solid solution (zone 1), crosses (Mg,Zn)12Ce solid
olution (denoted as �2 by Kolitsch et al. [6] and marked as Phase 1
n Fig. 9) and goes to the Phase 4.

Fig. 9. {Mg–4 at% Zn}–Ce diffusion path.
Fig. 10. {Mg–4 at% Zn}–Ce solid–solid diffusion couple. Six interdiffusion layers,
region #1.

It is believed that Phase 4 corresponds to the �3 phase reported
by Kolitsch et al. [6], but the composition is slightly shifted. From
Phase 4 the diffusion path goes to Phase 3 (denoted by �4 as shown
by Kolitsch et al. [6]) and it can be deducted that the composition
presented in Table 2 corresponds or is very close to the maximal
solid solubility of this solid solution. The reason for such a state-
ment is that the following diffusion path crosses the (Mg,Zn)Ce solid
solution near the pure CeZn composition. This means that the com-
position of Phase 3 should be very close to the composition of the
ternary equilibria and to the maximal solid solubility of the solid
solution. From the (Mg,Zn)Ce solid solution (zone 5) the diffusion
path goes to the pure Ce (zone 6).

Careful analysis of the other regions in the interdiffusion zone
shows some compositional fluctuations in the interdiffusion lay-
ers. Moreover, in some regions not six but five layers were
formed. The EPMA was carried out to analyze these regions. Two
“6-interdiffusion” layer regions and two “5-interdiffusion” layer
regions were studied by EPMA to investigate the phase equilibria
between the layers. The micrographs of these regions are shown in

Figs. 10–15. The results of quantitative EPMA analysis are presented
in Tables 3 and 4.

Analysis of compositions in 6-interdiffusion layer regions
(Table 3) demonstrated that they are close to the results of EDS

Fig. 11. {Mg–4 at% Zn}–Ce solid–solid diffusion couple. Six interdiffusion layers,
region #2.
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Fig. 12. {Mg–4 at% Zn}–Ce solid–solid diffusion couple. Five interdiffusion layers,
region #3.

Fig. 13. {Mg–4 at% Zn}–Ce solid–solid diffusion couple. Five interdiffusion layers,
region #4.

Fig. 14. {Mg–4 at% Zn}–Ce diffusion paths. Four diffusion paths analyzed by EPMA
(lines with squares) and the diffusion path analyzed by EDS (line with triangles).

Fig. 15. {Mg–50 at% Zn}–Ce solid–solid diffusion couple.

Table 3
Results of EPMA analysis of six interdiffusion layers zone in the {Mg–4 at% Zn}–Ce
diffusion couple.

Ce (at%) Mg (at%) Zn (at%) Comments

Region 1
Layer 1 0.00 98.06 1.94 Mg solid solution in the Mg–4 at%

Zn binary alloy
Layer 2 7.26 56.89 35.85 Phase 1 (denoted as �2 by Kolitsch

et al. [6])
Layer 3 12.81 29.91 57.28 Phase 4
Layer 4 24.96 29.51 45.54 Phase 3
Layer 5 50.81 6.92 42.27 Phase 7
Layer 6 99.79 0.21 0.00 Pure Ce

Region 2
Layer 1 0.01 98.01 1.98 Mg solid solution in the Mg–4 at%

Zn binary alloy
Layer 2 7.66 55.80 36.53 Phase 1 (denoted as �2 by Kolitsch

et al. [6])
Layer 3 12.82 30.47 56.71 Phase 4
Layer 4 24.30 31.31 44.39 Phase 3
Layer 5 51.52 5.95 42.53 Phase 7
Layer 6 98.11 1.89 0.00 Pure Ce

Table 4
Results of EPMA analysis of five interdiffusion layers zone in the {Mg–4 at% Zn}–Ce
diffusion couple.

Ce (at%) Mg (at%) Zn (at%) Comments

Region 3
Zone 1 0.01 98.68 1.30 Mg solid solution in the Mg–4 at%

Zn binary alloy
Zone 2 7.55 68.64 23.82 Phase 1 (denoted as �2 by Kolitsch

et al. [6])
Zone 3 23.79 46.89 29.32 Phase 3
Zone 4 50.79 33.10 16.11 Phase 7
Zone 5 98.27 1.61 0.12 Pure Ce

Region 4
Zone 1 0.01 98.56 1.43 Mg solid solution in the Mg–4 at%

Zn binary alloy
Zone 2 7.52 64.30 28.18 Phase 1 (denoted as �2 by Kolitsch

et al. [6])
Zone 3 24.06 39.56 36.38 Phase 3 or (Mg,Zn)3Ce solid

solution
Zone 4 50.22 20.18 29.60 Phase 7
Zone 5 98.88 0.73 0.38 Pure Ce
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Table 5
Results of EDS analysis of interdiffusion layers in the {Mg–50 at% Zn}–Ce diffusion
couple.

Ce (at%) Mg (at%) Zn (at%) Comments

Zone 1 0 49.88 50.12 Mg–50 at% Zn binary alloy
Zone 2 1.82 54.79 45.39 Phase 2
Z
Z
Z

a
P
p
e
t

t
f
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a

a
e
m
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c
s
t
s
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g
t
1

4

c
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i
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t
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e
w
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R
c

Z
Z
Z
Z
Z
Z

from the Mg–54 at% Zn binary alloy. Similar to previous diffusion
couple the MgZn phase dominates in Mg–54 at% Zn binary alloy
and the first equilibrium is established to the Phase 2. The full dif-
fusion path is “MgZn–Phase 2-Phase 5-CeZn2-CeZn–Ce”. In general
one 3 7.70 28.99 63.32 Phase 5
one 4 32.59 0 67.41 CeZn2

one 5 100 0 0 Pure Ce

nalyses shown in Table 2. Nevertheless, concentrations of the
hases 3 and 7 in regions 1 and 2 (Table 3) contain less Zn than these
hases in the zone analyzed by EDS (Table 2). This means that phase
quilibria between Phases 3 and 7 in regions 1 and 2 correspond
o the tie-lines in the two-phase region “Phase 3–Phase 7”.

The study of the two “5-interdiffusion layer” regions gave the
wo-phase equilibria data between the solid solutions. The dif-
usion path for region 3 is the following: (Mg)–(Phase 1)-(Phase
)-(Phase 7)–(Ce). The diffusion path for region 4 is the following:
Mg)–(Phase 1)-(Mg,Zn)3Ce-(Phase 7)–(Ce). All four diffusion paths
nalyzed by EPMA (lines with squares) as well as the diffusion path
nalyzed by EDS (line with triangles) are presented in Fig. 14.

Comparing experimentally determined phase compositions
nd the two-phase equilibria with the assessment of Kolitsch
t al. [6], several discrepancies are seen. The ternary stoichi-
etric phase reported by Kolitsch et al. [6] as �3 with the

omposition CeMg3Zn5 (Ce11.11Mg33.33Zn55.56) was found to be
e12.9±0.1Mg29.2±0.9Zn57.8±0.8 (Phase 4). This composition was cal-
ulated as an average from five EPMA measurements. The maximal
olid solubility of the Phase 3 (reported by [6] as �4) was found
o be at 48.3 at% Zn. The experimental results of this study also
how substantial deviation from the �2 composition reported by
ef. [6] in the three-phase region �4-�2-(Mg,Zn)3Ce. The �2 in ref.
6] contains 35.5 at% Zn at 300 ◦C, while the experimental results
ave 24.5 at% Zn at 350 ◦C. This change has been determined from
he experimentally obtained tie-lines “Phase 1–Phase 3” and “Phase
–(Mg,Zn)3Ce” at 350 ◦C (see Table 4 and Fig. 14).

.2. {Mg–50 at% Zn}–Ce solid–solid diffusion couple

The micrograph of the {Mg–50 at% Zn}–Ce solid–solid diffusion
ouple, presented in Fig. 15, contains five zones. The sample was
tudied via SEM/EDS and the results of quantitative EDS analysis are
resented in Table 5. The diffusion path starts from the Mg–50 at%
n binary alloy. The MgZn phase that dominates in this binary alloy
s in equilibrium with the Phase 2. Phase 2 was not previously
eported in the literature. Despite of the fact that the Ce concen-
ration is only around 2 at%, this is a ternary phase. There is no
inary phase at 45 at% Zn in the Mg–Zn system. The closest binary
hase is MgZn that contains ∼52 at% Zn. The presence of Phase 2 in

ther diffusion couples (see below) proves its thermodynamic sta-
ility. Because composition of the Phase 2 has very low variation in
quilibria with various phases it can be concluded that it is a phase
ith narrow homogeneity ranges or is stoichiometric (Table 5).

able 6
esults of EDS analysis of interdiffusion layers in the {Mg–54 at% Zn}–Ce diffusion
ouple.

Ce (at%) Mg (at%) Zn (at%) Comments

one 1 0 45.94 54.06 Mg–54 at% Zn binary alloy
one 2 1.66 54.2 44.14 Phase 2
one 3 8.79 29.25 61.94 Phase 5
one 4 34.44 0 65.56 CeZn2

one 5 51.29 0 48.71 CeZn
one 6 100 0 0 Pure Ce
Fig. 16. {Mg–50 at% Zn}–Ce diffusion path.

The diffusion path goes from Phase 2 to Phase 5 establishing
“Phase 2–Phase 5” equilibrium. Phase 5 has a composition similar
to �3 reported by ref. [6]. The next equilibrium is between “Phase
5–CeZn2”, which was not previously reported. No ternary solid solu-
bility was detected for the CeZn2 phase. The CeZn2 layer is in contact
with pure Ce, but from the binary phase diagram it is known that
the CeZn layer should be between these phases. It is believed that
the CeZn layer between CeZn2 and Ce was too thin and therefore
under the detection limit. The diffusion path is presented in Fig. 16.

4.3. {Mg–54 at% Zn}–Ce solid–solid diffusion couple

The {Mg–54 at% Zn}–Ce solid–solid diffusion couple contains
six zones. The micrograph of the sample is presented in Fig. 17.
The sample was studied via SEM/EDS and the results of quantita-
tive EDS analysis are presented in Table 6. The diffusion path starts
Fig. 17. {Mg–54 at% Zn}–Ce solid–solid diffusion couple.
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Fig. 20. {Mg–3.5 at% Ce}–Zn diffusion path.

Table 7
Results of EDS analysis of interdiffusion zones in the {Mg–3.5–at% Ce}–Zn diffusion
couple.

Ce (at%) Mg (at%) Zn (at%) Comments

Zone 1 3.43 96.57 0.00 Mg solid solution in Mg–3.5 at% Ce
binary alloy

Zone 2 0.00 96.91 3.09 Mg solid solution
Zone 3 1.82 53.14 45.04 Phase 2
Fig. 18. {Mg–54 at% Zn}–Ce diffusion path.

he diffusion path of the {Mg–54 at% Zn}–Ce solid–solid diffusion
ouple is the same as the diffusion path of the previous {Mg–50 at%
n}–Ce solid–solid diffusion couple. The only difference is the well
stablished CeZn layer, but even in this sample the CeZn layer is
xtremely thin (see Fig. 17). The comparison of the diffusion path
o the phase diagram is shown in Fig. 18.

The micrograph of the {Mg–3.5 at% Ce}–Zn solid–liquid diffu-
ion couple is presented in Fig. 19. Because interdiffusion occurred
etween the solid (Mg–3.5 at% Ce) alloy and liquid Zn, no well-
eveloped layers were formed. As illustrated in Fig. 19, several zones
f two-phase equilibrium can be distinguished. The sample was
tudied by SEM/EDS and the phase equilibria were detected and
lotted on the phase diagram as a diffusion path (see Fig. 20). The
ollowing phase equilibria were found:

“Mg12Ce–(Mg) solid solution” (in the (Mg–3.5 at% Ce) alloy)
“(Mg) solid solution–Phase 2”

“Phase 2–Phase 5”
“Phase 5–MgZn2”
“MgZn2–(Zn)”.

Fig. 19. {Mg–3.5 at% Ce}–Zn solid–liquid diffusion couple.
Zone 4 6.97 28.83 64.19 Phase 5
Zone 5 0.76 34.32 64.92 MgZn2

Zone 6 0.52 0.00 99.49 Zn solid solution

The results of quantitative EDS analysis of the phase found in
the sample are presented in Table 7. Several ternary eutectic regions
were found in this sample. They were quantitatively analyzed using
EDS area scan. The results of the quantitative analysis presented in
Table 8 are average of at least three different regions of each eutectic.
The sample micrograph of the eutectic region is presented in Fig. 21.

Similar to {Mg–3.5 at% Ce}–Zn diffusion couple, the {Mg–8.5 at%
Ce}–Zn solid–liquid do not have well developed layers. Several
zones of two – and three-phase equilibrium were discerned. The
sample was studied by SEM/EDS and the phase equilibria were
detected and plotted on the phase diagram as a diffusion path (see
Fig. 22). The following phase equilibria were found:

• “Mg12Ce–Mg41Ce5” (in the (Mg–8.5 at% Ce) alloy)
• “(Mg,Zn)12Ce solid solution–Phase 5”

• “Phase 5–Phase 2”
• “Phase 5–MgZn2”
• “MgZn2–Phase 6”
• “Phase 6–Mg2Zn11”

Table 8
Results of EDS analysis of eutectic regions in the {Mg–3.5 at% Ce}–Zn diffusion
couple.

Ce (at%) Mg (at%) Zn (at%)

Eutectic 1 4.89 95.11 0.00
Eutectic 2 4.94 92.50 2.57
Eutectic 3 4.04 89.90 6.05
Eutectic 4 5.06 69.50 25.45
Eutectic 5 3.89 32.39 63.72
Eutectic 6 3.89 43.14 52.97
Eutectic 7 1.98 33.09 64.94
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Fig. 21. The sample micrograph of the eutectic region in the{ Mg–3.5 at% Ce }–Zn
diffusion couple.
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that content of Ce along the entire Mg12Ce region is constant within
the error of measurement which supported the above conclusion.
A similar situation could appear for the Phase 3 and Mg3Ce solid
solution. According to Kolitsch et al. [6], only a small two-phase
Fig. 22. {Mg–8.5 at% Ce}–Zn diffusion path.

“Phase 6–CeZn11”
“Mg2Zn11–CeZn11”.

The analysis of the single phase regions showed that phases 1, 5
nd 6 have wide ranges of homogeneity. The experimentally deter-
ined boundaries of these solid solutions by EDS and EPMA are
resented in Table 9. The line scan of the (Mg,Zn)12Ce solid solu-
ion area presented in Fig. 23 demonstrates a substantial variation
f the Mg and Zn concentrations with a constant Ce content.

To determine the extent of the (Mg,Zn)12Ce solid solution, sev-
ral EDS point measurements were made along the scanning line.

able 9
esults of EDS and EPMA analysis of solid solutions in the {Mg–8.5 at% Ce}–Zn
iffusion couple.

Ce (at%) Mg (at%) Zn (at%) Comments

tart 8.04 91.96 0.00 Mg12Ce solid solution
nd 8.04 43.47 48.49

tart 7.10 32.47 60.43 Phase 5
nd 7.10 26.24 66.66

tart 6.21 14.56 79.23 Phase 6
nd 6.21 7.52 86.27
Fig. 23. The micrograph of the line scan of Mg12Ce phase in the {Mg–8.5 at% Ce}–Zn
diffusion couple.

The results of the EDS analysis are shown as red squares on Fig. 22.
The extension of the binary Mg12Ce solid solution determined by
EDS was found to be 48.49 at% Zn. In contrast, Kolitsch et al. [6] sep-
arate this solid solution on Mg12Ce that dissolves ∼6 at% Zn and �2
phase with different Ce content. The careful analysis of the line scan
has shown no sharp deviation of the Ce content. As could be seen in
Fig. 23, the concentration of Ce is represented by the straight line.
At the same time the Mg concentration is monotonically decreas-
ing, while the Zn concentration is monotonically increasing up to be
48.49 at% Zn. The variations of Mg and Zn concentrations on the line
scan correspond to the porosities on the micrograph and therefore
could be neglected. All these results point to the conclusion that
the �2 phase reported by Kolitsch et al. [6] is a part of the Mg12Ce
solid solution that dissolves up to 48.49 at% Zn. To check the EDS
results, point analysis of the Mg12Ce solid solution region was per-
formed using EPMA. The results of the EPMA point analysis proved
Fig. 24. Phase composition obtained by EPMA.
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Fig. 25. Partial isothermal section of the Mg–Ce–Zn system at 350 ◦C constructed
using experimental data from the diffusion couple study.

Table 10
Results of EDS and EPMA analysis of binary phases in the {Mg–8.5 at% Ce}–Zn diffu-
sion couple.

Ce (at%) Mg (at%) Zn (at%) Comments

P
P
P
P

r
K
c
i
p
t
K
p
i

d
a

hase A 8.54 91.46 0 Mg12Ce in binary alloy
hase B 0.375 33.838 65.788 MgZn2

hase C 0.087 18.133 81.782 Mg2Zn11

hase D 7.873 1.575 90.550 CeZn11

egion divides the Mg3Ce solid solution and the Phase 3 denoted by
olitsch as �4. By analogy to the �2 phase, the Phase 3 (�4 phase)
ould be a part of the Mg3Ce solid solution. However, since there
s no experimental evidence of this fact, the existence of the two
hase region reported Kolitsch et al. [6] is accepted. Due to the 50 ◦C
emperature difference between the isothermal section studied by
olitsch et al. [6] and the present work, the location of this two-

hase field cannot be determined with certainty and, therefore, it

s shown as a dotted line in Figs. 7–25.
Four binary phases (A–D) were found in the {Mg–8.5 at% Ce}–Zn

iffusion couple. Their compositions detected using EDS and EPMA
re presented in Table 10. To check the quality of the EDS analysis,

[
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EPMA measurements of the key phases were carried out. The
concentrations obtained by EDS analysis have a good agreement
with the EPMA measurements. The compositions of the phases
measured by EPMA are presented in Fig. 24.

5. Conclusions

The partial isothermal section of the Ce–Mg–Zn system at 350 ◦C
was constructed using diffusion couple technique and illustrated in
Fig. 25. Two new ternary phases (Phases 2 and 6) were found. Solid
solubilities of binary and ternary solid solutions were determined
using EDS and EPMA techniques. The phase equilibria completely
determined in the Mg-rich corner of the Ce–Mg–Zn system at
350 ◦C.
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