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ABSTRACT

The ternary Mg-Mn-Ce phase diagram was experimentally studied and
thermodynamically calculated at the Mg-rich corner. More than twenty binary and
ternary alloys were synthesized and heat-treated at both ambient and elevated
temperatures. The microstructures and lattice parameters of the samples were studied
via XRD, SEM/EDS and EPMA to determine phase equilibria. The ternary phase
diagram was also calculated via thermodynamic calculation software FactSage. The

results from both experiment and the assessment were compared and discussed.

The binary phase diagrams were re-examined, especially the Mg-Ce system.
In order to investigate the composition range of the intermetallic compounds Mg;,Ce
and Mg4;Ces, and to clarify data in the existing phase diagram, both the solid-liquid
diffusion couple method and alloys synthesized with target phases were analyzed.
Pure Mg - Ce contact was vacuum-encapsulated in quartz tube and the Mg and Ce
inter-diffused at 400°C. Alloys prepared were cast and annealed at a temperature
range of 300-550°C. All the four single-phase zones corresponding to the Mg-Ce
phase diagram were observed via the diffusion couple technique. However, the
stoichiometry of Mg;,Ce studied on the synthesized and annealed alloys showed that
on the Mg rich side of the present phase diagram, the compositional range of Mg;>Ce
should be redesignated as Mg(1.17-10.81)Ce at ambient temperature, and Mg 31-10.75)Ce
at 530°C. Mgy;Ces, on the other hand, has been confirmed as a line compound, but

with composition 11.3at% Ce, rather than 10.9at% Ce.

The binary phase diagram study was also extended to the Ce-rich side of Mg-
Ce system. A new phase, MgsCe, was found in the study of phase Mg;Ce. Based on

the investigation of the intermetallics in the Mg-Ce binary system, a modified phase
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diagram was suggested to accommodate the stoichiometry of Mg;;Ce, MgsyCes, and

Mg3Ce.

The experimental study on the ternary phase diagram was conducted on three
isopleths: 0.6, 1.8 and 2.5wt% Mn, respectively, and Ce varied between 0 and 25wt%.
All alloys were synthesized from high purity starting materials. Two types of thermal
analyses, namely, cooling curve analysis (CCA) and differential scanning calorimetry
(DSC), were used to determine the liquidus and solid phase transformation
temperatures. The heating/quenching tests on selected samples were conducted for
phase analysis. The results showed that only one invariant point for ternary eutectic
reaction was observed in the three isopleths, and the composition is 1wt% Mn and
22wt% Ce at 592°C. Furthermore, a solid-solution type of ternary intermetallic
compound (Mg, Mn);,Ce is formed, holding the same tetragonal structure as Mg,Ce.
The solid solution of Mn in Mg;,Ce varies between 0.3~0.6 at%, depending on alloy

composition and quenching temperature.

Finally, the phase diagram calculation with FactSage program was conducted
and the small disagreement between the modeling results and present experimental
data were found, especially for the eutectic temperature for L — Mg(hcp) + Mg ,Ce.
This is mainly because the present experimental data were not available when the
thermodynamic modeling had been performed. The Gibbs energy of Mg;,Ce phase
was re-optimized and the revised data can accurately reproduce the experimental

results within experimental error limits.
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RESUME

Le diagramme de phase ternaire Mg-Mn-Ce a été étudi¢ expérimentalement et
calcul¢ thermodynamiquement a son extrémité riche en magnésium. Plus de 20
alliages binaires et ternaires ont été synthétisés et traités thermiquement a température
picce et températures élevées. La microstructure et les parametres de maille des
¢chantillons ont été étudiés via XRD, SEM/EDS et EPMA pour déterminer les phases
a I’équilibre. Le diagramme de phase ternaire a aussi €été calculé a 1’aide du logiciel
de calcul thermodynamique Factsage. Les résultats provenant des expériences ainsi

que de I’évaluation thermodynamique ont été comparés et discutés.

Les diagrammes de phase binaires ont été re-examinés, spécialement pour le
systtme Mg-Ce. Dans le but d’évaluer I’étendue de composition des composés
intermétalliques Mg;,Ce et Mgy Ces, ainsi que de clarifier les données des
diagrammes de phase existants, les méthodes de couple de diffusion solide-liquide et
de syntheése d’alliages aux phases ciblées ont été utilisés. Deux blocs de Mg et de Ce
purs en contact étroit ont été encapsulés sous vide dans un tube de quartz a 400°C,
laissant le Mg et Ce inter-diffuser. Les alliages préparés ont été coulés puis recuits a
des températures variant entre 300 et 550°C. Toutes les zones a phase unique
correspondant au diagramme de phase Mg-Ce ont été observées par la technique de
couple de diffusion. Par contre, I’étude stoechiométrique du Mg;,Ce par les alliages
synthétisés et recuits a montré que, dans la partie riche en Mg du diagramme de phase,
I’écart de composition du Mg;Ce devrait étre redéfini par Mggi.17-1081Ce a
température ambiante et Mg1.31-10.75Ce a 530°C. 1l a été confirmé que le composé
Mg Ces est bien un intermétallique stoechiométrique, mais avec une composition de

11.3at% Ce plutot que de 10.9at% Ce.
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L’¢étude du diagramme de phase binaire a été prolongée a I’extrémité riche en
Ce du systeme Mg-Ce. Une nouvelle phase, MgsCe, a été trouvée lors de I’étude de
la phase Mg;Ce. En se basant sur 1’étude des composés intermétalliques du systeme
binaire Mg-Ce, un diagramme de phase modifié¢ a été suggéré pour accommoder la

stoechiométrie de Mg;;Ce, Mg39Ces, et Mg;Ce.

L’¢étude expérimentale du diagramme de phase ternaire a ¢té¢ conduite sur trois
isoplethes: 0.6, 1.8 et 2.5wt% Mn, respectivement, et Ce a été varié entre 0 et 25wt%.
Tous les alliages ont été produits a partir de matériaux initiaux de haute pureté. Deux
types d’analyses thermiques, soit 1’analyse des courbes de refroidissement et
I’analyse calorimétrique différentielle (DSC), ont été utilisées pour déterminer le
liquidus et la température de transformation en phase solide. Des tests de chauffe
suivis de trempe sur certains échantillons sélectionnés ont été conduits pour analyse
des phases. Les résultats ont démontrés qu’un seul point invariant de réaction
eutectique ternaire est présent sur les trois isopléthes, et que sa composition s’étend
entre 1wt% Mn et 22wt% Ce a 592°C. De plus, un intermétallique ternaire de type
solution solide, (Mg, Mn);;Ce, possédant la méme structure tétragonale que le
Mg,Ce, est formé. La solution solide de Mn dans Mg;,Ce varie entre 0.3~0.6 at%,

dépendamment de la composition de 1’alliage et des températures de trempe.

Finalement, les calculs de diagramme de phase provenant du logiciel FactSage
ont été fait et de petites divergences entre les résultats modélisés et ceux
expérimentaux ont été observées, spécialement pour la température eutectique de L
— Mg(hcp) + Mg;,Ce. Cela est principalement di au fait que les résultats
expérimentaux de cette présente étude n’étaient pas disponibles lorsque la
modé¢lisation thermodynamique a été¢ performée. L’énergie de Gibbs de la phase
Mg,Ce a été optimisée et les données révisées peuvent précisément reproduire les

résultats expérimentaux a I’intérieur des limites d’erreurs expérimentales.
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CHAPTER 1

INTRODUCTION

Mn was first introduced to the Mg-Al alloys due to its capability of lowering
the iron content, so that the corrosion resistance of the alloys can be increased. Mg
alloys containing Mn also present good ductility, making it possible to form sheet,
extrusion and tube alloys. The shortcoming of manganese is that it displays little
effect on the tensile properties of either cast or wrought Mg alloys. Cerium
mischmetal, on the contrary, has been known to improve the elevated temperature
properties of Mg alloys. Therefore, magnesium containing both Mn and Ce is great

potential in developing magnesium wrought alloys.

Phase diagrams are the basis of the activities related to the development of
new alloys, improvement of the alloy mechanical properties and process design.
Experimental study of an unknown alloy system can obtain not only the conventional
thermal information such as the liquidus temperature and enthalpy of phase transition,
but also the formation of intermetallic compound, as well as the solid solution range
of either terminal elements or intermetallic compounds. The computation of the
experimental data using thermodynamic software will then generate the phase

diagram.

In experimental phase diagram study, diffusion couple is a fundamental and
valuable technique. Phases formed between two or more terminal materials are the
result from diffusion at a given temperature. Assuming sufficient diffusion time, the

process is infinitely close to equilibrium. From the diffusion couple, a brief phase
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diagram could be built at the initial stage. Thermal analysis (CCA and DTA/DSC) is
often used for phase diagram study because any phase transformation is related to
heat evolution. Thus these thermal behaviours could be recorded as thermal arrest in
the cooling curve and transformation temperature/enthalpy in DTA/DSC. Besides
these, XRD, SEM and TEM are the valuable tools to study the microstructure and

identify the unknown phases.

In present work, the Mg-Mn-Ce phase diagram in the Mg-rich region has been
constructed. To do this, each of the binary systems was investigated, and some
uncertain information on the binary intermetallic compounds were re-evaluated using
the techniques mentioned above. Ternary compositions up to 10 wt% Mn and 30 wt%
Ce were prepared for thermal analyses and microstructure observation. Meanwhile,
the identification of the ternary intermetallic compound, as well as the determination
of the ternary phase boundary were also conducted. The calculation of the ternary
phase diagram is based on the thermodynamic modeling of the experimental data via

FACTSage program.

This work includes literature survey of the study on the binary and ternary equilibria
of the Mg-Mn-Ce system in Chapter 2, followed by a review of the research methodology
and experimental techniques in Chapter 3. The detailed phase diagram investigation of
the binary systems is presented in Chapter 4. The ternary phase diagram study at Mg-
rich corner is in Chapter 5. The conclusions as well as the contribution to original

knowledge are stated in Chapter 6 and 7, respectively.
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CHAPTER 2

LITERATURE REVIEW

2.1 Binary Phase Diagrams

2.1.1 Mg-Ce System

The recent version of the Mg-Ce phase diagram is shown in Fig. 2.1a [1], and
six intermetallic compounds were reported, i.e. Mg,Ce, Mg4;Ces, Mgs;Ce, MgCe,
Mgio.3Ce and Mg,Ce. All are formed from the liquid by peritectic reactions except for
MgsCe that melts congruently.
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Fig. 2.1 (a) Assessed [1] Mg-Ce phase diagram
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In the earliest study of this system by Vogel [2], MgoCe was postulated due to

the similarity between magnesium-cerium and the magnesium-lanthanum diagram.

However, the work from Wood and Cramer [3] by conventional methods of DTA,

XRD and metallography showed that instead of MgyCe, three compounds formed

peritectically (Mg;,Ce, Mg;7Ce,, Mgs,sCe) in this composition region. Mg;;Ce;

compound has been repeatedly studied, and the formula Mg, 3Ce was also suggested

due to the enriched Mg in lattice parameter analyses. No study has been conducted

yet for the solid solution range of the compounds Mg;,Ce and Mg3;Ce that are marked

by dotted lines on the phase diagram. The solid solution of Ce in Mg is low (0.09 at%

Ce) compared to the significant solid solubility of Mg in 3-Ce. However, the

solubility range was not determined.
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Fig. 2.1(Continued) (b) thermodynamically optimized [4] Mg-Ce phase diagram.
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This system is also thermodynamically optimized using FACTSage [4] and
the phase diagram has been reproduced reasonably well, except the solubility of Ce in
Mg and the solubility range for Mg;,Ce and MgCe (Fig. 2.1b). There is no published
report investigating the solid solution range of these two compounds, therefore, no

data could be input for optimization.

2.1.2 Mg-Mn System

Only a small portion (0-3.0 at% Mn) of the Mg-Mn system has been studied
based on the thermal analyses, microscopic observation, and hardness tests of Petrov
and co-workers [5], and the electrical resistivity measurement of Drits and co-workers
[6]. There exists a peritectic reaction at 653°C at the composition of 0.996 at% Mn
(Fig. 2.2a), and the solid solubility of manganese in HCP magnesium is low. No

intermediate compounds were reported.
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Fig. 2.2 (a) Assessed [1] Mg-Mn phase diagram.
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FACTSage extrapolated the complete phase diagram based on the information
from the Mg side (Fig. 2.2b). Only a monotectic reaction on Mn side could be

produced and needs to be experimentally validated.
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Fig. 2.2(Continued) (b) thermodynamically optimized [4] Mg-Mn phase diagram.

2.1.3 Ce-Mn system

The complete range of Ce-Mn system was studied initially by Iandelli [7]
using thermal analysis and is given in Fig. 2.3. No intermediate compounds were
found and no further investigation was conducted of the terminal solubilities. Then
the study by Mirgalovskaya and Strel’nikova [8] agreed substantially with Iandelli
except the allotropic temperature related to the allotropic transition of manganese.

Later on, Thamer [9] investigated the cerium-rich part by DTA and XRD, and stated
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that the solubility of Mn is 5 at% in 8-Ce and 2 at% in y-Ce at 638°C. No
experimental data are available on the Mn side, but landelli [7] concluded non-
solubility of Ce in a-Mn at room temperature with an unchanged lattice parameter of

o-Mn in an alloy of 30wt% Mn.
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Fig. 2.3 Assessed Ce-Mn phase diagram [1].

2.2 Mg-Mn-Ce Ternary Phase Diagram

2.2.1 The Construction of the Ternary Mg-Mn-Ce Phase Diagram

Although cerium and manganese have been used as alloying elements in steel
or light metal based alloys, little information on the ternary Mg-Mn-Ce system has
been published. Emley [10] studied the ternary isopleths of the Mg-Mn-Ce system
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with maximum 3 wt% Mn and Ce at 0.3 and 1.6 wt% respectively (Fig. 2.4). In this

section, no ternary compound formed, and the binary compound MgoCe is incorrect

due to the limited study.
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Fig. 2.4 Polythermal sections of Mg-Mn-Ce system [10], at (a) Ce ~0.3wt%, and (b)

Ce ~1.6wt%
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On the other hand, the Mg;;MnCe ternary compound was reported in the
study of Ce-Mg-M systems (M= V, Cr, Mn, Fe, and Co) and the author proposed to
use this compound for hydrogen storage [11]. Pearson’s handbook [12] thus compiled
this ternary compound Mg;;MnCe with the lattice parameters measured by the author.
Close examination of this paper reveals that Mg;;MnCe is only a chemical formula.
The author must have intended to substitute 1 mol Mn for Imol magnesium and
measure the hydrogen capacity when chemical reaction occurred. There are some
hydrogen variations in different M, but the alloys are still a mixture of Mg;;Ce and
the transition metals. Mg;,Ce is reported as Mg;;Ce for no apparent reason and may
have been a mistake. Therefore, the lattice parameters are not representative as this

ternary compound and the existence of a ternary compound should be reexamined.

2.2.2 Thermodynamic Modeling of the Ternary Mg-Mn-Ce Phase Diagram

The advantage of thermodynamic modeling in constructing ternary,
quaternary, and higher order phase diagrams is that modeling can predict the liquid
surface and eutectic points, and reduce the number of experiments. The disadvantage
is that it cannot calculate new phases if they are not discovered via experiments.
However, if appropriate thermodynamic models together with some key experiments
are combined firstly to optimize the binary systems, the binary data can therefore be

extrapolated into ternary and higher order systems [13].

FactSage is one of the largest database computing systems to calculate
multicomponent and multiphase equilibria. It is the combination of two programs:
ChemSage (GTT Technologies) and FACT-Win (Thermfact), and becomes a reliable
tool for thermodynamic assessment. So far two binary systems, Mg-Ce and Mg-Mn,
have been optimized by the FactSage program, but for the Ce-Mn system, the

experimental data is limited, and has not been optimized. Although researchers have
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increased knowledge by modeling the Mg-Mn-(Sr, Gd, Y, Zr) [14] or Al-Ce-Mg [15]
system based on the well-established binary ones, no Mg-Mn-Ce ternary system

optimization has been reported.

2.3 Metal Purity in Phase Diagram Studies

The construction of phase diagram requires the use of pure elements, and
although these do not exist, the higher purity, the more accurate the phase diagram.
As even a small quantity of impurities may have the great effect on the mechanical
properties of metals and alloys, the purity has to be strictly controlled. The same
principle applies to the starting materials used for phase diagram study in that the

purity strongly influences the make up of phase diagrams.

Taking a Mg-Ce phase diagram development as an example, when the cerium
employed contained 6.5% of impurity, the eutectic composition and temperature
reported were 27 wt% Ce at 585°C [16]. When the cerium was 97.7% purity, the
measurement changed to 21wt% cerium at 590°C [17], which is very close to the
present publication of 20.6 wt% Ce at 592+2°C [3]. It should be noted that there are
interstitial impurities such as H, O, N, and C, which may increase or decrease the

melting points of rare earth metals, but they are seldom quantified [18].

Gschneidner, Jr. [19] reviewed the effect of interstitial impurities on some of
the properties of the pure rare earth metals by comparing the low temperature heat
capacity of purified Gd to Gd containing oxygen around 2 at%. It was concluded that
heat capacity peaks are due to the oxygen behaviour and non-equilibrium structure of
the metals is stabilized by interstitial impurities. i.e., some structures which are now
known not existing in high purity rare earth metals are due to the reaction with O, N,

and H during the experimental process (mechanical milling). Therefore, a purification
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process, named zone refining and solid state electrotransport (SSE) were designed

and assessed on some rare earth metals [20,21].

In zone refining, the impurities that lower the metal’s melting point are carried
to the end of the rod sample, whereas the impurities that increase the melting point
migrate towards the beginning of the sample when a hot zone is passed repeatedly in
one direction. In SSE a rod sample is connected to a direct electrical current but not
melt the sample. In rare earth metals, the interstitial impurities migrate faster than the
metal, and condense towards one electrode. Fig. 2.5 shows the evolution of these
processes of Gd. The rod sample of Gd was first subjected to zone refining. The two
ends were removed and the rest of the rod was remelted and subject to two times

SSE.

Begin End
» BEENCEEE » & i
AA AA AA AA A
N : » 2
A A
Cathode Anode
=g
A
Cathode Anode
—= ¢ ] S—n 4
AA
i
2cm

Fig. 2.5 Schematic diagrams showing the size and shape of the sample (Gd): (1) after
zone refining, (2) after remelting parts B and C and swaging, (3) after the first stage
of SSE, and (4) after the second stage of SSE. The sample was cut at the position
marked ™ [20].

The chemistry of the purified part shows in Table 2.1. This sample contains
2441 atomic ppm O, H, N, C interstitial impurity out of the total 2481 at. ppm (the
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rest is 40 atomic ppm Zr, Ni, Fe, Al metallic impurity) before the two processes.
However, it reduced to 1236 at. ppm after zone refining (average value of begin, Y4
and Y2 of the total length) and further to 579 atomic ppm after SSE at the cathode end.
Although neither of these two methods can remove the impurities from the sample,
zone refining has been found efficient in redistributing metallic impurities, and SSE is

good to transport interstitial impurities.

Table 2.1 Analysis of start metal, Gd, at five positions after zone refining and at the
cathode after SSE [20]

Element Start After zone refining (at.ppm) Avemgel ; After
(at.ppm) Begin One-quarter  One-half Three-quarter End I:fifgm‘ﬁ and 2) ffgl ode
end
(at.ppm)
0 550 (56) 658 (67)2 457 (46.5)*  378(38.5)% 304 (31) 363 (37) 497 29 (3)
H 1560 (10) 468 (3)2 390 (2.5)* 468 (3) 390 (2.5 1780 (5) 437 468 (3)
N 11(1) 39 (3.5)2 17 (1.5)2 11 (1P 11(1)2 11(1) 22 22 (2)
C 320 210 288 341 419 563 280 60
Fe 10 1 0.3 2.5 68 900 1.3 0.22
w 5 <2 <1 <1 8 140 <2 4.3
Al 4 <0.2 0.6 1 6 50 0.8 <0.07
Si 2 <0.5 <0.4 <0.4 2 40 <0.5 0.84
Ti 2 <0.2 <0.1 0.9 7 18 <0.4 <0.08
Cr 2 <0.5 <0.6 <0.6 4 10 <0.6 0.37
Ni 8 0.3 0.03 0.1 <0.4 20 <0.2 0.17
Zr 9 12 9 15 60 60 12 5.7
Cu 2 0.4 0.2 0.3 10 200 0.3 0.13
Ce 0.4 0.4 0.1 0.2 0.6 0.6 0.3 1.7
Hg 1 2 <0.02 <0.05 <0.3 1 1 2.1
Ta 2 <0.4 <0.3 <0.3 3 6 <0.4 1.9
cl ND 5 6 4 20 9 5 0.63
All impurities 2481 <1398 <1171 <1224 1318 3171 1258 597
Metallic 40 <18 <13 <22 169 1445 17 18
impurities
O+H+N+C 2441 1375 1152 1198 1129 1717 1236 579
Atomicpercent  99.75 99.86 99.88 99.88 99.87 99.68 99.87 99.94
2 Average of two values.
ND, not determined.
Values in parentheses are in parts per million by weight.
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CHAPTER 3

REVIEW ON EXPERIMENTAL METHODS
OF PHASE DIAGRAM STUDY

The construction of phase diagram is a complex process that various
experimental techniques are employed. The result of one method needs to be re-
examined by several other techniques to obtain an accurate and reliable phase
diagram. This section reviews the techniques that are conventionally used in phase
diagram studies. Only the main techniques for phase diagram construction are
reviewed. Each technique has its own advantages and limitations. The reliable and

accurate results are obtained by a combination of these methods.

3.1 Diffusion Couple Technique

Diffusion couple is a frequently used technique to study phase diagrams. Two
or more metals are mechanically or thermally coupled to have intimate contact, and
subject to heat treatment at elevated temperature. The irreversible, spontaneous, and
thermally activated atomic migration starts. The diffusion zone forms after a long
heat treatment, and ideally all the phases become visible after diffusion. The coupled
materials are not limited to pure metals, metal-alloy, or alloy-alloy couples are often
seen. The relation between the diffusion couple and the phase diagram is that the
sequence of the layers in the diffusion zone conforms to the intermediate phases in
the phase diagram. The diffusion zone only consists of single-phase layers in a binary
system, and both single and two-phase layers in a ternary system, when local

equilibrium is reached.
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As an example, in the study of the diffusion mechanism and formation of
intermetallic compounds in the Mg-Cu system, the diffusion couple made of pure Mg
and Cu was used [1]. Two intermetallic compounds Mg,Cu and MgCu, were revealed

after diffusion anneals at 475°C for 370.8ks.
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Fig. 3.1 (a) lllustration micrograph of Mg-Cu diffusion couple annealed at 475°C for
370.8ks, (b) Concentration profile of the diffusion couple, (c) the Mg-Cu phase
diagram showing the line compound Mg,Cu and the possible non-stoichiometric
compound MgCu; [1].

Fig. 3.1a and b show the SEM micrograph of the diffusion layers and the
concentration profile across the diffusion zone measured by EPMA. The EPMA

profile indicates Mg,Cu a line compound with the constant horizontal line. This
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agrees with the Mg-Cu phase diagram (Fig. 3.1c). However, the interdiffusivity of
MgCu, was unable to be evaluated because 