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ABSTRACT

Experimental Investigation of the Phase Equilibria in the Mg-Mn-{Ce, Nd} and Ce-
Mg-Zn Ternary Systems and Diffusivity Measurements of the Mg-{Ce, Nd, Zn} and
Zn-{Ce, Nd} Binary Systems

Ahmad O. Mostafa, Ph.D.
Concordia University, 2014

In this work, the 450°C Mg-Mn-{Ce, Nd} and 300°C Ce-Mg-Zn isothermal
sections were established using diffusion couples and key alloys. The phase relationships
were determined using XDR, EDS/WDS and metallography. Diffusion couples were also
used to measure the interdiffusion coefficients of the Mg-{Ce, Nd, Zn} and Zn-{Ce, Nd}
binary systems based on the experimental composition profiles and Boltzmann-Matano

method.

No ternary compounds were found in the Mg-Mn-{Ce, Nd} isothermal sections at
450°C. Microstructures of the ternary diffusion couples showed stationary Mn grain
morphology in most of the diffusion zones. This was attributed to the affinity of Ce and
Nd to Mg atoms, which forming several Mg-{Ce, Nd} binary compounds during the
diffusion process. However, some of these binary compounds dissolved Mn. The ternary
solubility of (y-Ce)M®™", (CeMg), (CeMgs), (CeMgy), (o-Nd)M#M* (MgNd) and
(Mg3Nd) was measured at 450°C to be 3.0, 5.1, 3.2, 1.8, 3.0, 13.0 and 3.7 at.% Mn,
respectively. In both systems, the phase boundary lines were pointing towards the Mn-

rich corner, except for the (a-Nd)™&M"+Mn,,Nd,+(MgNd) phase field.

Eight ternary compounds were observed in the Ce-Mg-Zn isothermal section at

300°C. These are: 11 (CesMg3Znyo), T2 (CeMga9Znys), 13 (CeaMgsZng), 14 (CeMgsZns), Ts
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(CeMgrZn1y), 16 (CeMgr3xZningix; 0<x<1.1), 17 (CeMgZny) and t3 (Ce(Mgi.yZny)11);
0.096<y<0.43). The ternary solubility of Zn in Ce-Mg compounds was found to increase
with the decrease in Mg concentration. Accordingly, the ternary solid solubility of Zn in

(CeMg),) and (CeMgs3) was measured as 5.6 and 28.4 at.% Zn, respectively.

Diffusion couples with Boltzmann-Matano analysis were used to calculate the
interdiffusion coefficients of the Mg-{Ce, Nd, Zn} and Zn-{Ce, Nd} systems. A
systematic annealing procedure was followed to obtain all expected phases in the studied
systems. For the available literature data for some of the compounds in the Mg-{Ce, Nd,
Zn} systems, the calculated interdiffusion coefficients are in good agreement. The
activation energy and the pre-exponential factor for the growth of the Mg-{Ce, Nd, Zn}
compounds were determined using Arrhenius equation. The activation energies of the
growth of the Mg-Ce compounds showed relatively higher values than those of Mg-Nd

and Mg-Zn compounds.
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Chapter 1 : Introduction

1.1. Magnesium Alloys

Magnesium is the lightest metal used as the basis of alloys used for structural
applications. This has been a major factor in the widespread use of magnesium casting
and wrought products, where weight savings are of great concern. Magnesium alloys are
known for their high strength-to-weight ratio, castability and workability comparing to
pure Mg [1, 2]. For these reasons, they are attractive to the automotive and aerospace
industries, because the weight saving can reduce the fuel consumption. Thus, high
reduction of CO, emissions can be achieved [2-5]. The two major disadvantages of
magnesium alloys for the use in transportation applications are low creep resistance at
elevated temperatures and relatively high susceptibility to corrosion [3]. The design of
lightweight alloys with superior properties is one of the most challenging issues for the
transportation industry. This requires the development of new magnesium alloys with
enhanced microstructural stability and improved mechanical properties. At the same time,
it is necessary to reduce the production cost of materials and processes to compete with
other available materials [2, 3, 6].

Magnesium as a pure metal is limited to very few applications but its properties
are improved by alloying. Alloying magnesium with other elements improves the
mechanical properties by solid-solution strengthening or by precipitation hardening.
Elements with high solid solubility in o-Mg are recommended for solid-solution

strengthening, whereas those with limited solubility are suitable for precipitation



hardening [2]. Table 1-1 lists the commonly used alloying elements and their effects on

Mg-based alloys [7].

Table 1-1: Effect of major alloying elements on Mg-based alloys[7]

Element Effect
Al Increases hardness, strength and castability while only increasing density
minimally.
Ca Improves thermal and mechanical properties as well as assists in grain

refinement and creep resistance. Also, reduces surface tension.

Cu Assists in increasing both room and high temperature strength.

Mn Increases saltwater corrosion resistance within some aluminum containing
alloys.

Ni Increases both yield and ultimate strength at room temperature. Negatively

impacts ductility and corrosion resistance.
Sr Used in conjunction with other elements to enhance creep performance.

Sn When used with aluminum it improves ductility, and reduces tendency to
crack during processing.

Y Enhances high temperature strength and creep performance when
combined with other rare earth metals

Zn Increases the alloys fluidity in casting. When added to magnesium alloys
with nickel and iron impurities, it can improve corrosion resistance.
Additions of 2 wt.% or greater tend to be prone to hot cracking

Rare Earth (RE) additions are effective in improving the mechanical performance
at elevated temperatures. This can be attributed to grain refinement, formation of
secondary phase precipitates along the grain boundaries and formation of stable
intermetallic compounds with high melting temperatures [8-10]. Besides enhancing the

creep resistance of magnesium alloys at elevated temperatures, addition of RE can



improve their strength, toughness, weldability, machinability and corrosion resistance
compared to pure magnesium [11, 12]. Figure 1-1, redrawn after Mordike and Ebert [4],

shows the development directions of magnesium alloys.
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Figure 1-1: The development directions of magnesium alloys [4]

In this work, the three ternary systems Ce-Mg-Mn, Mg-Mn-Nd and Ce-Mg-Zn
were experimentally investigated to provide better understanding of the phase
relationships. Manganese and zinc are among the essential additives to enhance the
corrosion resistance and specific strength of magnesium-based alloys. On the other hand,
addition of RE elements, such as cerium and neodymium, improves their mechanical

properties at elevated temperatures. In order to obtain the optimum properties of Mg



alloys, knowledge of these ternary phase diagrams and the diffusivity measurements of

their constituent binaries are essential.

1.2. Methods of phase diagram determination

1.2.1. Solid-Solid diffusion couples

The diffusion couple method is one of the important tools for phase diagram
determination [13, 14]. Some advantages of using solid-solid diffusion couples are: (1)
the phase formation takes place at the annealing temperature (without going through the
melting and solidification), to avoid the problem of a high temperature phase
decomposition when the liquid phase is present, (2) multiple phases may appear in a
single diffusion couple, thus multiple tie-lines may be extracted representing the local
equilibrium at the phase interfaces [15] and (3) It also eliminates the problems associated
with alloy preparation especially when a low melting metal is added to systems with high

melting temperatures [16].

Solid-state diffusion is relatively slow. Therefore, the appearance of all
equilibrium phases is not guaranteed [17]. The solid-state diffusion couple is prepared
when two bonded faces of the couple end-members are ground and polished flat, clamped
together and annealed at a certain temperature. Various protective atmospheres can be
used (e.g., vacuum or inert gas) depending on the initial materials. Quenching of the
sample is desirable after the heat treatment, in order to maintain the high-temperature
equilibrium structure [15]. The sequence of the phases for a multi-phase binary system,

which form in a diffusion couple by the interdiffusion of species at a given temperature,



corresponds directly to the binary phase diagram as illustrated in Figure 1-2. Figure 1-2
(a) gives an example of the compound layers formed in the Si-Ti binary diffusion couple
annealed at 1150°C for 2000h [18]. Figure 1-2 (b) shows the presentation of the
compounds formed in the Si-Ti diffusion couple (Figure 1-2 (a)) on the Si-Ti binary

phase diagram [19].
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Figure 1-2: (a) Si-Ti diffusion couple annealed at 1100°C for 2000h [18]; (b) Si-Ti compounds
representation on the Si-Ti phase diagram [19]

For a ternary system, however, the microstructure of the diffusion zones can be
understood with the aid of the diffusion path, as shown in Figure 1-3, which is based on
the law of mass conservation [20]. The law of mass conservation dictates that the
diffusion path must cross the straight line between the end-members of the diffusion
couple at least once, since no material is lost or created during the diffusion reaction [15,
20]. It is worth noting that the largest number of co-existing phases at zero number of
degrees of freedom in a ternary system is four. According to the phase diagram rule, two-
phase layers can be developed in a ternary diffusion couple, because of the extra degree
of freedom, whereas three-phase layers are forbidden.

Figure 1-3 (a) represents the reaction zone structure in a hypothetical diffusion

couple A/Z of the A-B-C system. The corresponding diffusion path determined from the
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couple A/Z is plotted on the isothermal section of the A-B-C system as shown in
Figure 1-3 (b). The structures of diffusion zones in Figure 1-3 (a) are denoted by lower-
case letters which correspond to the appropriate composition on the A-B-C isothermal

section (Figure 1-3 (b)).
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Figure 1-3: (a) The microstructure of diffusion zones in A/Z diffusion couple; (b) the diffusion
path of a hypothetical couple A/Z of the ternary A-B-C system [20]

The main principle of diffusion couples is the formation of local equilibria in the
diffusion zones, which is formed at a very slow rate. Diffusion zones usually consist of
thin layers. Every thin layer is in thermodynamic equilibrium with the neighboring layers.
In other words, the chemical potential of the diffusing species varies continuously

through the layer and has the same value at both sides of the interface [21].

The composition-distance curves (composition profiles) of the elements are

determined, perpendicular to the interface between every two adjacent phases in the



diffusion couples, using different methods such as: energy dispersive X-ray spectroscopy
(EDS), wavelength dispersive X-ray spectroscopy (WDS), electron probe micro-analysis
(EPMA), spreading resistance profiling (SRP), Auger electron spectrometry (AES) and
secondary ion mass spectrometry (SIMS) [22]. In this work, the composition profiles
across various diffusion couples were obtained using EDS and/or WDS line-scans. The
equilibrium composition of a phase can be obtained by extrapolating the composition
profile of an element to the phase boundaries.

The experimental profiles of the binary diffusion couples were used to calculate
the binary interdiffusion coefficients of the Mg-{Ce, Nd, Zn} and Zn-{Ce, Nd} systems
using Boltzmann-Matano analysis [23, 24]. Interdiffusion coefficient is the proportional
constant between the flux of components through the bulk of their growing layers, in the
form of atoms or ions, and the gradient in their concentration. In the current work, the
interdiffusion coefficient of the species at the metallic interfaces of the Mg-{Ce, Nd, Zn}
and Zn-{Ce, Nd} systems is abbreviated as interdiffusion coefficient of the Mg-{Ce, Nd,
Zn} and Zn-{Ce, Nd} systems. Discussion of the interdiffusion coefficients

measurements will be covered in details in Chapter 5.

1.2.2. Equilibrated key alloys

In this work, the phase equilibria of the Mg-Mn-{Ce, Nd} and Ce-Mg-Zn systems
were determined using diffusion couples and equilibrated key alloys. Equilibrated alloys
of required constituents are used to verify the phase equilibria obtained from diffusion
couple experiments and for the exact determination of the solid solubility in a particular
phase. Key alloys are heat treated at a certain temperature to achieve equilibrium. The

treated alloys are subjected to several characterization methods to identify the phases, so
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as to determine the liquidus and solidus temperatures, solidus lines and other phase
transition lines. These methods include thermal analysis using differential scanning
calorimeter (DSC), phase identification using X-ray diffractometer (XRD), measurements
of phase composition using WDS/EDS, metallography using optical microscope (OM)
and scanning electron microscope (SEM) and others. By obtaining all information
regarding the temperature, composition and changes associated with phase transitions, the

phase boundaries can be constructed according to the phase rule [15, 21].

Alloys are initially prepared from high purity constituent metals using arc melting
and/or induction melting techniques under controlled atmosphere. Oxidation or
evaporation of the prepared alloys can result in deviation from the global composition,
resulting in inaccurate results. It is very important to prepare alloys with homogeneous
composition, because inhomogeneous structures provide information only on the local
equilibrium with these constituents and can be misleading. However, equilibrated key

alloys are meant to achieve the global equilibrium state at certain compositions.

Non-equilibrium structures usually occur from solidification segregation, when
alloys are cooled gradually through their liquidus and solidus. To overcome the non-
equilibrium (as-cast) structures, alloys are subjected to homogenization heat treatment.
The process involves heating the alloys at a temperature below their solidus for an
extended period of time followed by quenching to room temperature. The quenching step
is required to preserve the homogenized structure at room temperature for the analysis
process. Selecting the proper annealing time and temperature has a great importance,

because the homogenized structure is achieved through a diffusion process. Diffusion



coefficients are highly dependent on temperature. Thus, annealing should be performed at

relatively high temperature to accelerate the homogenization process [15].

Two methods are used for phase diagram determination using equilibrated alloys:
(1) analysis of quenched samples to construct isotherms (static method) by means of
XRD, EDS/WDS and metallography, and (2) analysis of samples by thermal analysis
experiments to construct vertical sections and liquidus projections (dynamic method)
[21]. The XRD, EDS/WDS and SEM methods used during this work are discussed

below.

1.2.4. X-Ray Diffraction (XRD)

X-ray diffraction, as a method for phase diagram determination, is used to identify
the available phases and their relative amounts in the key alloys. It is also important for
providing information on the crystal structure of these phases; as well as it can provide

valuable information about the solid solubility ranges of intermetallic compounds.

The X-ray beam is generated from a filtered CuKo radiation. When a high voltage
is applied between the electrodes, high-speed electrons with sufficient kinetic energy,
coming from the cathode, collide with the anode (metallic target). According to Bragg’s
law, Equation 1-1, when the X-ray beam impinges on a component, a portion of this

beam will be scattered at a discrete angle based on the component’s wavelength [25].

nA=2d sin Equation 1-1

where, 4 is the radiation wavelength, @ is the diffraction angle, d is the interplanar

spacing as a function of the Miller indices and the lattice parameters and 7 is the order of



reflection which equals to the number of wavelengths in the path. If Bragg’s law is

satisfied, diffraction can occur.

1.2.5 Scanning electron microscopy, Energy dispersive X-ray spectroscopy and

Wavelength dispersive X-ray spectroscopy (SEM/EDS/WDS)

SEM is a very useful technique in phase diagram investigation. In SEM, a high
energy electron beam bombards the surface of the specimen to generate backscattered
electrons, secondary electrons, characteristic X-rays and other photons of various energy

[26, 27].

Two imaging modes are possible in SEM, secondary and backscattered electron imaging.
The secondary and backscattered electron images are characterized with three-
dimensional appearance due to the large depth of field of the SEM and the shadow relief
effect [27]. The contrast mechanism in the secondary electron imaging comes from the
surface topology of the sample with small contribution from the backscattered electrons.
The contrast of the backscattered images comes from the difference in the average atomic
number at each point in the sample. Therefore, backscattered electrons provide some

compositional information [15].

Characteristic X-rays are also emitted in the SEM as a result of electron
impingement. The X-rays emitted from the samples can yield both qualitative
identification and quantitative elemental information from an area of around 1 um in
diameter and 1 um in depth under normal operating environments [27]. EDS makes use
of the X-rays for the chemical microanalysis. In the EDS technique, a special detector

collects the dispersed X-ray from the sample. The signal acquired by the detector
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represents the X-ray versus their energy in a form of peak; each peak corresponds to a
certain element [28]. Figure 1-4 shows the EDS spectrum of glass containing heavy and
light elements in an energy range up to 10 keV. Each individual element is identified
straight from the EDS spectra, because each peak generated by a specific element
exhibits a unique X-ray energy [29]. The EDS measurements can be performed with a
high degree of confidence when measuring the major constituent of a sample. However,
errors in peak assignment can arise if a minor or trace-level element is introduced. This
poor accuracy of measurement can be attributed to the low signal to background ratio,
which results in spectral interferences and artifacts [27, 28]. Thus, WDS is the preferred

method for measuring low concentrations or trace-trace elements.
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Figure 1-4: Schematic diagram for EDS spectrum of glass including (Si, O, Ca, Al, Fe and Ba)
129]

WDS is used for the quantitative determination of the composition of a phase. In
WDS, characteristic X-rays are analyzed on the basis of their wavelength rather than their

photon energy. The detection is accomplished when a small portion of the X-ray,
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reflected from the test specimen, impinges on an analyzing crystal. The crystal behaves
as a three-dimensional diffraction gating and strongly diffracts X-ray photons. The X-ray

intensity can be measured as a function of the photons’ wavelengths [28].

Although WDS requires higher beam current than EDS and takes longer time than
EDS to obtain multi-element quantitative information, it is superior to EDS in obtaining
quantitative information. WDS is known for its high resolution of the crystal
spectrometer, which results in higher peak-to-background ratios and in minimizing the

possibility of peaks overlapping [27].
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1.3. Objectives

The main objectives of this work are to study the phase equilibria in the Mg-{Ce,
Nd}-Mn and Ce-Mg-Zn systems, by means of diffusion couples and equilibrated key
alloys, and the binary interdiffusion coefficients of the Mg-{Ce, Nd, Zn} and Zn-{Ce,
Nd} systems experimentally using diffusion couples and Boltzmann-Matano analysis.
The microstructural characterization is carried out using XRD, EDS, WDS and SEM.
EDS/WDS line-scans are performed to obtain the elemental profiles across diffusion
zones of the diffusion couples. The interdiffusion coefficients of the binary systems are
measured using composition profiles of the binary diffusion couples and Boltzmann-

Matano analysis. Specific objectives include:

e Construction of the Mg-Mn-{Ce, Nd} isothermal sections at 450°C and the Ce-
Mg-Zn isothermal section at 300°C by means of diffusion couples and

equilibrated key alloys.

e Measuring the binary interdiffusion coefficients of the Mg-{Ce, Nd, Zn} and Zn-
{Ce, Nd} systems by means of diffusion couple experiments and Boltzmann-

Matano analysis.

e Measuring the activation energy and pre-exponential factor of the growth of the

Mg-{Ce, Nd, Zn} binary compounds using Arrhenius equation.
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1.4. Thesis layout

This section outlines the format of a manuscript-based thesis. This thesis consists of six
chapters. Chapter 1 gives an introduction about the Mg-based alloys and their
development through comprehensive understanding of phase diagrams. The experimental
methods of phase diagram determination are discussed, and the objectives of this study
are presented. Chapter 2 is dedicated to the study of the isothermal section of the Ce-Mg-
Mn system at 450°C. The diffusion layer formation in the Ce-Mg-Mn system is discussed
in detail and the equilibrium phase relations are established. In Chapter 3, the isothermal
section of the Mg-Mn-Nd is determined at 450°C using solid-solid diffusion couples and
key alloys. The effect of annealing time on the diffusion couples and key alloy
microstructures is studied. Chapter 4 presents the experimental investigation of the Ce-
Mg-Zn isothermal section at 300°C by means of diffusion couples and key alloys. The
occurrence of eight ternary compounds is revealed. Interpolation of the two-phase field
tie-lines is also demonstrated. In Chapter 5, the binary interdiffusion coefficients of the
Mg-{Ce, Nd, Zn} and Zn-{Ce, Nd} systems are determined using diffusion couples and
Boltzmann-Matano analysis. The interdiffusion coefficient, pre-exponential factor and
activation energy of these binary systems are calculated. The anisotropic layer growth
and diffusion sub-layer formation are discussed. Chapter 6 summarizes the conclusions,
contributions and recommendations for future work. At the end of every manuscript,
connecting texts that provide bridges between the chapters are added in order to ensure

continuity of the thesis.
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Chapter 2 : Experimental investigation of the Ce-Mg-Mn isothermal
section at 723K (450°C) via diffusion couples technique

ABSTRACT

The isothermal section of the Ce-Mg-Mn phase diagram at 723 K (450°C) was
established experimentally by means of diffusion couples and key alloys. The phase
relationships in the complete composition range were determined based on six solid-solid
diffusion couples and twelve annealed key alloys. No ternary compounds were found in
the Ce-Mg-Mn system at 723 K (450°C). X-ray diffraction and energy dispersive X-ray
spectroscopy spot analysis were used for phase identification. EDS line-scans, across the
diffusion layers, were performed to determine the binary and ternary homogeneity
ranges. Mn was observed in the diffusion couples and key alloys microstructures as either
a solute element in the Ce-Mg compounds or as a pure element, because it has no
tendency to form intermetallic compounds with either Ce or Mg. The fast atomic
interdiffusion of Ce and Mg produces several binary compounds (CeMg,) during the
diffusion process. Thus, the diffusion layers formed in the ternary diffusion couples were
similar to those in the Ce-Mg binary diffusion couples, except that the ternary diffusion
couples contain layers of Ce-Mg compounds that dissolve certain amount of Mn. Also,
the ternary diffusion couples showed layers containing islands of pure Mn distributed in
most diffusion zones. As a result, the phase boundary lines were pointing towards Mn-
rich corner, which supports the tendency of Mn to be in equilibrium with all the phases in

the system.
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2.1. Introduction

Magnesium alloys are in increasing demand because of their unique properties.
Some of the major advantages of magnesium alloys are: lowest density among all other
metallic structural materials, high specific strength, good castability, suitability for high
pressure die casting, high speed machinability, good weldability under controlled
atmosphere, availability [4] and improved corrosion resistibility against salty water
compared to pure Mg [30]. To obtain these advantages, attempts have been made to
improve the mechanical properties of Mg by adding different alloying elements. For
instance, addition of cerium leads to improved mechanical properties at elevated
temperatures [31]. Furthermore, addition of manganese improves the corrosion resistance
[1]. Ce-Mg-Mn alloys are considered promising for automotive and aerospace
applications. They show excellent creep resistance at elevated temperatures [4]. Their
light-weight, also, gives an opportunity for further structural weight reduction. Thus, it is
essential to understand the phase relationships, resulting from addition of Ce and Mn to

Mg, in the Ce-Mg-Mn system using different techniques.

The diffusion couple is a valuable experimental technique for phase diagram
studies. It is subjected to the assumption of obtaining local equilibria in the diffusion
zones [20]. Thin layers, in thermodynamic equilibrium, are formed adjacent to each
other. The phase equilibria, then, can be determined via the composition profiles across

these layers [17].
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2.2. Literature data

2.2.1. The Ce-Mn system

The Ce-Mn phase diagram was studied experimentally by several investigators
[32-36]. Rolla and Iandelli [32] and Iandelli [33] first suggested that a liquid miscibility
gap exists at 1271 K (998°C) in the composition range of 45 to 64 wt.% Mn. Later,
Thamer [34] investigated the Ce-Mn system in the Ce-rich side (below 20 at.% Mn). He
[34] found that the eutectic occurs at 895 K (622°C), which is 10 K higher than the
eutectic temperature proposed by Iandelli [33] at 885 K (612°C). Also, he [34] reported
the solubility of Mn as 5 at.% in 6-Ce and 2 at.% in y-Ce at 911 K (638°C). Palenzona
and Cirafici [35] re-assessed the Ce-Mn phase diagram experimentally, taking into
account all previous thermal analyses reported by Thamer [34]. They [35] corrected the
allotropic transition temperatures of a—f Mn to 1000 K (727°C) instead of 983 K
(710°C), B—vy to 1373 K (1100°C) instead of 1343 K (1070°C) and y—d to 1411 K
(1138°C) instead of 1416 K (1143°C). The melting temperature of Mn remained the same
as 1519K (1246°C). Because of the presence of the liquid miscibility gap in the Ce-Mn
phase diagram, Tang et al. [36] re-assessed the system based on their own XRD and DTA
measurements and the data from the literature [33, 34]. Furthermore, the Ce-Mn system
was thermodynamically modeled by Tang et al. [37] and Kang et al. [38] considering all

the experimental findings, except the liquid miscibility gap proposed by Iandelli [33].

2.2.2. The Mg-Mn system

Several experimental work [39-42] and thermodynamic modeling [38, 42, 43]

concerning the binary Mg-Mn phase diagram were found in the literature. However, due
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to the high temperature of the liquid miscibility gap, experimental data is not available in
this region. The temperature was estimated, using thermodynamic modeling, by many
authors as 2175 K (1902°C) [38], 3475 K (3202°C) [42] and 3688 K (3415°C) [43]. The
binary liquid miscibility gap, of the Mg-Mn binary system, was proposed to extend in the

Ce-Mg-Mn ternary, based on the liquidus projection calculated by Zhang et al. [44].

2.2.3. The Ce-Mg system

Unlike the other two binaries, intermetallic compounds exist in the Ce-Mg
system. The Ce-Mg phase diagram was experimentally studied by many authors [45-49].
Accordingly, Figure 2-1 was redrawn form Nayeb-Hashemi and Clark [50]. Recently,
Zhang et al. [51] reported a shift in the compositions of CesMg4; and CeMg),. Based on
their [51] findings, some compounds were given different formulae such as CesMgsg
instead of CesMgy; and CeMg; instead of CeMgj,. These compositional shifts were due

to substitution of Mg sites with vacancies.
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Figure 2-1: The Ce-Mg phase diagram redrawn from Nayeb-Hashemi and Clark [50]
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More recently, Okamoto [52] re-evaluated the Ce-Mg phase diagram focusing on
the modified phase diagram by Zhang et al. [51, 53, 54]. Based on the crystal structure
data, Okamoto [52] changed CesMgso and CeMg;; to their former formulae CesMgy; and
CeMg,, respectively. Table 2-1 shows the crystal structure data and actual composition
of Ce-Mg compounds [52, 55]. Also, he [52] suggested the re-examination of the CeMgs
phase field; since the width of the two-phase region CeMg,+CeMg; was shown to

increase with temperature.

Table 2-1: Crystal structure data and actual composition of Ce-Mg compounds [52, 55]

Composition Pearson’s  Space  Structure Lattice parameters (A)

Phase at.% Mg symbol group type a c
(0Ce) 0-30 cl? Im3m W 4.120
(yCe) 0-8.2 cF4 Fm3m Cu 5.160
CeMg 50 cP2 Pm3m CsCl 3.901
CeMg, 66.7 cF24 Fd3m Cu,Mg 8.733
(CeMg») 74.7-77 cF16 Fm3m BiF; 7.420
Ce5Mg41 89.1 t192 14/m CesMg41 14.540 10.280
CeMgio3 91.2 hP38  P6s/mmc Nij;Thy 10.350 10.260
(CeMg)») 92.5-93 t126 I14/mmm  Mn;>Th 10.330 5.960
Mg 100 hP2 P63/mmc Mg 3.207 5.210

2.2.4. The Ce-Mg-Mn system

The Ce-Mg-Mn ternary system was first studied by Petrov ef al [31]. The
samples were prepared initially from Mg-Mn master alloys containing 2.5 wt.% Mn.
They [31] reported two vertical sections in the Mg-rich corner, at maximum 3 wt.% Mn
with 0.3 and 1.6 wt.% Ce, respectively, by thermal and microscopic methods. No ternary
compounds were observed in the two vertical sections. Based on the results of Petrov et
al. [31], Raynor [56] concluded that addition of 1.5 wt.% Ce to Mg-Mn alloys reduces

the solid solubility of Mn from 5 to 3.8 wt.% at 1123 K (850°C), while further additions
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will slightly affect the Mn solubility. Later, the Ce-Mg-Mn ternary system was studied by
Pezat et al. [57]. They attempted partial substitution of Mg by M=(V, Cr, Mn, Fe and Co)
in CeMg;» to investigate the CeMg;;M composition as a hydrogen storage compound. In
their findings, CeMg;;Mn was reported as a ternary compound. After further
examination, they realized that CeMg;;M was only a chemical composition in the
CeMg,+Mn two-phase field and not a ternary compound. Recently, Zhang et al. [44]
studied the Mg-rich corner (up to 2.5 wt.% Mn and 25 wt.% Ce) of the Ce-Mg-Mn phase
diagram experimentally with the aid of thermodynamic modeling. High purity starting
materials were used in their [44] work and three isopleths at 0.6, 1.8 and 2.5 wt.% Mn
and Ce up to 25 wt.% were selected. The system was investigated using two thermal
analysis methods (cooling curve analysis (CCA) and DSC), SEM/EPMA and XRD
techniques. A ternary eutectic reaction was observed at the composition of 1 wt.% Mn
and 23 wt.% Ce and temperature of 865 K (592°C). In addition, the homogeneity range
of CeMg;, varies between 0.3 at.% and 0.6 at.% Mn, depending on alloy composition.
Zhang et al. [44] also mentioned that Ce(Mg,Mn);, ternary solid solution has the same
tetragonal structure as CeMg,, indicating the substitution of Mg by Mn. No additional

experimental data could be found on this system in the literature.

The main objective of this work is to establish the Ce-Mg-Mn isothermal section
at 723 K (450°C) experimentally by means of diffusion couples and key alloys. This will
give better understanding of the phase relationships in the system, which is necessary for

alloy design and development.
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2.3. Experimental procedure

In order to study the phase relationships in the Ce-Mg-Mn isothermal section at
723 K (450°C), six solid-solid diffusion couples along with twelve key alloys were
prepared and analyzed using Hitachi S-3400 scanning electron microscope equipped with
energy dispersive X-ray spectrometer (SEM/EDS). In most cases, the solubility ranges
extended from the Ce-Mg binary compounds were below the detection limit of the EDS
detector. Thus, the EDS results were used for qualitative analysis and the small
solubilities were indicated as less than 2 at.%. X-ray diffraction was performed on
powdered samples, in the range from 20 to 90 degree 20 with 0.02° step size, to identify
and confirm the phases obtained by EDS measurements. X-ray phase analysis was carried
out using X’pert Highscore Plus software [58]. The standard intensity data were taken
from Pearson’s Crystal Data software [55]. Silicon was used in the powder samples as a

calibration standard to correct for the zero shift and specimen displacement.

2.3.1. Key alloys preparation

Pure elements were used for alloy preparation and diffusion couple end-members.
Ce ingots and Mn flakes with purity of 99.9% and 99.98%, respectively, were supplied
by Alfa Aesar Co., and Mg ingots with purity of 99.8% were supplied by CANMET
Materials Technology Laboratory (CANMET-MTL). The key alloys were prepared in an
arc-melting furnace with water-cooled copper crucible and a non-consumable tungsten
electrode under argon. The alloys were melted several times to ensure the composition
homogeneity. Excess amount of Mg (around 15%) was added to compensate for Mg

losses due to evaporation. The actual global composition was determined using an
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Ultima2 inductively coupled plasma optical emission spectrometry (ICP-OES). The
actual composition was determined by taking the average composition of three different

portions from each sample.

2.3.2. Solid-solid diffusion couples

The end-members of the solid-solid diffusion couples were prepared from pure
metals and/or alloys. Table 2-2 shows the compositions of the end-members and the
annealing time periods of the diffusion couples annealed at 723 K (450°C). The
contacting surfaces were ground gradually up to 1200 SiC paper using 99% pure ethanol
as a lubricant and to prevent oxidation. High friction between the samples and the SiC
papers was avoided to eliminate sparking during grinding due to Ce. After that, the
ground surfaces were polished down to 1um using alcohol diamond suspension. The end-
members were strongly tightened together using stainless steel clamping rings to ensure

good surface contact between the two members.

Table 2-2: Composition and annealing conditions of the diffusion couples

First end-member (at.%) Second end-member (at.%) Time Temperature

Couple

Ce Mg Mn Ce Mg Mn (days) K (°C)
#1 52.6 19.8 27.6 - 100 - 8 723 (450)
#2 34.7 38.1 27.2 - 100 - 8 723 (450)
#3 7.0 87.4 5.6 100 - - 6 723 (450)
#4 60.0 40.0 - - - 100 10 723 (450)
#5 344 38.1 27.2 100 - - 5 723 (450)
#6 52.6 19.8 27.6 14.5 82.7 2.8 4 723 (450)

For annealing purposes, alloys and diffusion couples were wrapped in tantalum
foil and encapsulated inside an argon-purged quartz tube with the inside pressure of about
5x107" torr. To reach equilibrium at 723 K (450°C), alloys were heated up to 773 K

(500°C) for 1hr, then the furnace temperature was brought down to 723 K (450°C) and
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kept for different annealing time. Therefore, annealing time was chosen as 8 days for
some compositions, since no complete phase equilibrium was obtained from preliminary
annealing attempts for 4 days. Other alloys were annealed for 35 days; especially those
containing CeMg, phase. This was due to the slow kinetics of the eutectoidal
decomposition of the CeMg, into (CeMg) and (CeMgs). The diffusion couples were
annealed at 723 K (450°C) for different periods of time, based on the composition of the
chosen end-members. The annealing process was stopped when the tube was visually
observed to be dark indicating significant evaporation. After annealing, the quartz tubes,
containing alloys and diffusion couples, were rapidly quenched in cold water in order to
maintain the high temperature structure. The equilibrated phases and the diffusion zones
were analyzed using SEM/EDS spot analysis and line-scans. Based on the phase
equilibrium data obtained from six solid-solid diffusion couples and 12 key alloys, the

isothermal section of the Ce-Mg-Mn phase diagram at 723 K (450°C) was constructed.

2.4. Results and discussion

Diffusion couple technique combined with selected equilibrated alloys is used to
achieve more reliable equilibrium phase relations in the Ce-Mg-Mn system. This
combination guarantees the accuracy of the obtained data. In this work, six solid-solid
diffusion couples were prepared and studied. Among these couples, only #1, #3, #4 and
#6 will be presented in details. Diffusion couples #2 and #5 will not be discussed,
because diffusion couple #2 showed similar results to diffusion couple #1 and diffusion

couple #5 confirmed the results obtained from other diffusion couples.
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In the following section, the binary solid solution of Mg in yCe is represented as
(yCe)™®, and the extended solid solubility of Mg and Mn in yCe is represented as
(yCe)M#M"  Also, the details of the equilibrium information obtained from the samples
used in the diffusion couples end-members are covered in the key alloys part (Section

42).

2.4.1. Diffusion couples

The SEM micrograph of diffusion couple #1 is presented in Figure 2-2 (a), (b)
and (c). The first end-member was made from pure Mg. The second end-member was

made from sample #2, containing three phases, (yCe)M&™M"

, (CeMg) and Mn, as shown in
Figure 2-2 (d). Six diffusion zones were observed after annealing at 723 K (450°C) for 8
days. EDS spot analysis was carried out to measure the composition of each zone. The
EDS line-scan, shown in Figure 2-3, was performed across the diffusion zones of
diffusion couple #1 to measure the homogeneity ranges of the different phases. The EDS
spot analysis and line-scan results of diffusion couple #1 are summarized in Table 2-3. It
can be seen from the composition of the phases of diffusion couple #1 that Mn was
associated with every diffusion zone as a pure element. Mn was originally provided from
sample #2 (end-member). During the annealing process, adjacent layers representing the
Ce-Mg binary compounds started to form, due to the fast atomic interdiffusion between
Ce and Mg atoms. Mn was filtered from the end-member alloy, because it did not react
with the diffusing components. This could be an indication that Mn is in equilibrium with
these phases. Thus, four two-phase equilibria namely, (CeMgi,)+Mn, CesMgs;+Mn,
(CeMgs3)+Mn and (CeMg)+Mn were observed within the diffusion layers of couple #1;
whereas, three three-phase equilibria were found at the interfaces. These three-phase
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equilibria are, (CeMgj2)+Mn+CesMgs;, CesMgsi+Mn+(CeMgz) and (CeMgs)+Mn+
(CeMg). The Ce-Mg binary phase diagram [50] showed CeMg as a stoichiometric
compound. However, the ternary results showed (CeMg) as a solid solution with 2.5 at.%

Mn (Table 2-3). Thus, (CeMg) was used to describe this extended solid solution.

Mn layer

Figure 2-2: (a), (b) and (c) SEM micrographs of the diffusion zones of diffusion couple #1; (d)
Microstructure of sample #2 (52.6Ce-19.8Mg-27.6Mn at. %). The numbers represent the
diffusion zones and correspond to those in Figure 2-3 and Table 2-3
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Table 2-3: Phases composition obtained by EDS spot analysis and line-scan of diffusion couple

#1
. Composition (at.%) )
Zone Description Co Mg Nn Corresponding phase
1 Pure Mg (end-member) 0 100 0 Mg
2 Two-phase layer 8.5 91.5 0 (CeMg2)
0 0 100 Mn
3 Three-phase layer 11.8 88.2 0 CesMgy;
0 100 0 Mn
24.6 74.7 <2.0 (CeMgy)
4 Two-phase layer 24.6-26.7 73.1-7477 <2.0 (CeMgs)
0 0 100 Mn
5 Two-phase layer 48.0 51.5 <2.0 (CeMg)
0 0 100 Mn
6 Three-phase alloy 53.9 43.5 2.6 (CeMg)
Sample #2 (end-member) 95.6 3.7 <2.0 (yCe)MeEMn
0 0 100 Mn
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Figure 2-3: Composition profile obtained by EDS line-scan across diffusion zones of the
diffusion couple #1

SEM micrographs of diffusion couple #1 showed that Mn was not contributing to

the diffusion process, because Mn was localized in all diffusion zones as pure element.
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Nevertheless, a continuous very thin layer of pure Mn was observed near the Mg end-
member, as shown in Figure 2-2 (c¢). This layer indicates that Mn was also diffusing
during the diffusion process. The diffusing Mn is in the form of small particles that most

probably resulted from the dissolution of the (yCe)M&M"

solid solution present in the end-
member. The existence of Mn layer between Mg and (CeMg;;)+Mn two-phase field is
necessary to fulfill the phase equilibrium. The Mn layer was not completely shown in the

composition profile (Figure 2-3), because the layer thickness was much smaller than the

spatial displacement of the point-to-point line-scan, which is ~1pm in average.

Based on the microstructures of the diffusion zones and the composition profiles,
the diffusion path can be depicted as follows: (yCe)™#M" +(CeMg)+Mn (end-member) —
(CeMg)+Mn — (CeMgs3)+Mn+(CeMg) — (CeMgs3)+Mn — CesMgs+Mn+(CeMgs) —
CesMgqtMn — (CeMg2)+Mn+CesMgq— (CeMgi)+Mn — pure Mn — pure Mg
(end-member). The arrows used here indicate the phase boundary lines and not a
chemical reaction. The phase equilibria obtained from diffusion couple #1 are represented
graphically in Figure 2-4. The two end-members of diffusion couple #1 are connected by

a dashed line.

The shaded triangle in Figure 2-4 represents the three-phase equilibria of sample
#2. Points 1, 3, 5 and 7 represent the two-phase equilibria between Mn and (CeMg),
(CeMg3), CesMg4; and (CeMg),), respectively; whereas points 2, 4 and 6 represent the
three-phase equilibria (CeMg)+Mn+(CeMgs), (CeMg3)+Mn+CesMgy; and

CesMgq+Mn+(CeMg,), respectively.
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Mn B EDS spot analysis

1- (CeMg)+Mn

2- (CeMg)+Mn+(CeMg,)
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7- (CeMg,,)+Mn
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Figure 2-4: Phase equilibria depicted from diffusion couple #1
Diffusion couple #1 revealed the phase relationships from 0 to 50 at.% Ce in the
Ce-Mg-Mn phase diagram at 723 K (450°C), which normally requires large number of
key alloys to provide the same results. The results of diffusion couple #1 were confirmed
by the results of diffusion couple #2, because the composition of their end-members is in

close proximity.

The SEM micrograph of diffusion couple #3 is presented in Figure 2-5 (a).
Figure 2-5 (b) shows the SEM micrograph of the end-member which was made from the
(CeMg2)+Mn two-phase alloy (sample #8). The other end-member was made from a
block of pure Ce. After annealing and quenching, seven diffusion zones were observed.
EDS line-scan was performed across the diffusion zones to determine the homogeneity
ranges of the phases within the diffusion zones. The composition of the phases of each

diffusion zone is given in Table 2-4.
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Figure 2-5: (a) SEM micrograph of diffusion couple #3; (b) SEM micrograph of sample #8; (c)
EDS line-scan through the diffusion zones of diffusion couple #3. The numbers represent the
diffusion zones and correspond to those in Table 2-4

Table 2-4: Phases composition obtained by EDS spot analysis and line-scan of diffusion couple

#3
. Composition (at.%) .
Zone Description Co Mg N Corresponding phase
1 Pure Ce (end-member) 100 0 0 Ce
2 Single-phase layer 51.0-52.5 47.5-49.0 0 (CeMg)
3 Single-phase layer 23.3-25.6  74.4-76.7 0 (CeMg3)
4 Single-phase layer 10.9 89.1 0 CesMgu;
5 Single-phase layer 0 100 Mn
6 Two-phase layer 10.9 89.1 0 CesMga;
0 100 Mn
7 Two-phase alloy 8.0 91.7 <1.0 (CeMg2)
Sample #8 (end-member) 0 100 Mn
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The ternary diffusion couple #3 behaved like Ce-Mg binary diffusion couple,
where only binary phases formed until the end of zone #4. These phases, starting from Ce
side, are: CeMg, CeMg; and CesMgy;. CesMgs; seems to be in equilibrium with Mn,
since a continuous thin layer of pure Mn (zone #5), similar to that in diffusion couple #1,
formed at the interface between zones #4 and #6 as shown in Figure 2-5 (a). Mn also
appeared in larger quantity in zone #6 forming the CesMg4;+Mn two-phase region. The
presence of Mn in equilibrium with (CeMg;,) solid solution, in zone #7, confirms the

(CeMgi2)+Mn two-phase region in the ternary diagram in Figure 2-4.

Although Mn was detected as pure element in sample #8, traces of fine
precipitates of Mn were observed in the (CeMg;,) solid solution matrix, as shown in
Figure 2-5 (b). These precipitates might have resulted from the Mn-super saturated
(CeMg;») solid solution, where no more Mn could be dissolved. Thus, according to the
phase equilibria in the diffusion couple #3, the diffusion path can be depicted as follows:
Ce (end-member) — CeMg — CeMgs; — CesMgs; — Mn — CesMgy+Mn — (CeMg;2)

+Mn (end-member).

The existence of the thin layer of pure Mn in diffusion couples #1 and 3 gives
information about the location of the original interface between the two end-members.
For instance, in diffusion couple #1, Mn atoms stopped diffusing at pure Mg end-
member; also, no islands of pure Mn were seen on the left side of that thin layer. In
diffusion couple #3, the pure Mn layer located in a position where CesMgy; formed on
both sides. This leads to the conclusion that CesMgy; layer in zone #4 was formed due to

the diffusion of Mg atoms from (CeMg;;)+Mn end-member towards Ce end-member.
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Whereas, the CesMgy, layer in zone #6 was formed due to the diffusion of Ce from Ce

end-member towards (CeMg;,)+Mn end-member.

In order to reveal the phase relations in the Ce-Mg-Mn phase diagram from 50 to
100 at.% Ce, diffusion couple #4, made from Ce-40 at.% Mg binary alloy and pure Mn
end-members, was prepared. The 60Ce-40Mg (at.%) binary end-member contains two-
phases, (yCe)'® and CeMg. SEM micrograph of diffusion couple #4 is presented in
Figure 2-6. After annealing at 723 K (450°C) for 10 days, five diffusion zones were
observed. EDS spot analysis was carried out to measure the composition of each zone as
listed in Table 2-5. EDS line-scan across the diffusion zones of diffusion couple #4,
shown in Figure 2-7, was performed to reveal the homogeneity ranges of the binary and
ternary solid solutions. According to the composition profile (Figure 2-7), diffusion zone
#2 represents a MgCe layer that formed from the two-phase alloy ((yCe)™® and MgCe in
zone #1) due to the consumption of Ce, from the (yCe)™¢, during the formation of zones
#3 and 4. Diffusion zone #3 represents the (yCe)M®*™" solid solution with 3.8 at.% Mg
and 5.1 at.% Mn. Diffusion zone #4 represents the (a-Mn)“® solid solution which contains

2.5 at.% Ce. Zone #5 represents the pure Mn end-member.
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TMG 15.0kV 9.1mm x1.10k BSECOMP

Figure 2-6: (a) and (b) SEM micrographs of diffusion couple #4; (c¢) and (d) their schematics.
The numbers represent the diffusion zones and correspond to those in Figure 2-7 and
Table 2-5. (For the color interpretation in this figure, it is recommended to refer to the web

version of this article.)

Table 2-5: Phases composition obtained by EDS spot analysis and line-scan of diffusion couple

#4
Zone Description Ce Comp osli\j[i;)n (at.%) M Corresponding phase
1 Two-phase alloy 51.5 48.5 0 CeMg
(end-member) 94.0 6.0 0 (yCe)Me
2 Single-phase layer 50.0-54.8 50.0-44.2 0 CeMg
3 Single-phase layer 95.3-98.7 <2.0-3.8 <2.0-5.1 (yCe)MeMn
4 Single-phase layer 0-2.5 0 97.5-100 (aMn)“®
5 Pure Mn (end-member) 0 0 100 Mn
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Mn concentration was found to increase from <2.0 to 6.0 at.% towards the pure
Mn end-member within diffusion zone #3. This increase was attributed to the exchange
of Mn with the free Ce atoms released from the two-phase end-member. At the same
time, the concentration of Mg dropped to <2.0 at.% at the interface with zone #4, and Ce
was stabilized by dissolving small fractions of Mg and Mn to form (yCe)M*™". Some of
the Ce diffused further into Mn end-member to form («Mn)“® binary solid solution with
2.5 at.% Ce. The amounts Ce and Mn in zones #3 and 4 were balanced by the formation
of a wide CeMg diffusion layer in zone #2, which relatively contains higher Mg content.
Hence, the rule of mass balance in diffusion couple #4 was fulfilled, because the
diffusion path intersected the connecting line between the two end-members at least once

as shown in Figure 2-8.
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Figure 2-7: Composition profile across the diffusion couple #4
According to the EDS spot analysis and line-scan across the diffusion zones, the

phase equilibria depicted from diffusion couple #4 are shown in Figure 2-8.
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B EDS spot analysis
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2- (yCe)“"*+CeMg (end-member)
3. (yCe)Mg.Mn

4- (oMn)“
5- Mn (end-member)

Ce

(4
Mole fraction, Mg

Figure 2-8: Phase equilibria depicted from diffusion couple #4

Diffusion couple #6 was prepared to investigate the phase relationships in the
middle part of the Ce-Mg-Mn phase diagram. The first end-member was made from
sample #10 ((CeMg)+Mn) and the second end-member was made from sample #9
((CeMg3)+Mn+CesMga,), as shown in Figure 2-10. Diffusion couple #6 was annealed at
723 K (450°C) for 4 days. The SEM micrograph in Figure 2-9 (a) shows the three
diffusion zones of diffusion couple #6. These zones are two end-members (zone #1 and
zone #3) and one ~116pum thick diffusion layer (zone #2). EDS spot analysis was carried
out to measure the phase composition of each zone as given in Table 2-6. EDS line-scan
across the diffusion zones was performed to measure the composition profile shown in
Figure 2-9 (b). The composition profile shows the Mg/Mn atomic exchange at constant
composition of Ce in the (CeMg)+Mn phase field (zone #1). The maximum solubility of

Mn was measured to be 4.8 at.% in (CeMg) solid solution.
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Figure 2-9: (a) SEM micrograph of diffusion couple #6; (b) composition profile across the
diffusion couple #6. The numbers represent the diffusion zones and correspond to those in
Table 2-6

Table 2-6: Phases composition obtained by EDS spot analysis and line-scan of diffusion couple

#6
. Composition (at.%) .
Zone Description Co Mg N Corresponding phase
1 Two-phase alloy 50.6 46.4 2.8 (CeMg)
(end-member) 0 0 100 Mn
2 Two-phase layer 25 73.1-75 <2.0 (CeMgs)
0 0 100 Mn
3 Three-phase alloy 24.0 75.7 0.3 (CeMg3)
(end-member) 11.6 88.4 0 CesMgy
0 0 100 Mn
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The line-scan was selected to cut across all possible features in the diffusion
zones shown in the micrograph in Figure 2-9 (a). Therefore, the composition profile
shows a general concentration trend of each element. The data obtained from the line-
scan across zone #2 was noisy (Figure 2-9 (b)). The source of this noise was from the
change of average composition measurements in the (CeMgs) solid solution matrix,
where the Mn particles exist. The diffusion path of couple #6 can be depicted as:
(CeMg)+Mn (end-member) — (CeMg3)+Mn — (CeMg3)+Mn+CesMgs; (end-member).
Figure 2-10 shows a graphical representation of the phase equilibria obtained from this

diffusion couple.

B EDS spot analysis
1- CeMg+Mn
2- (CeMg,)+Mn

3- (CeMg,)tMn+Ce Mg,

(4
Mole fraction, Mg

Figure 2-10: Phase equilibria depicted from diffusion couple #6
The phase relationships, concluded from the phase equilibria obtained from the
diffusion couple experiments, are summarized in Figure 2-11. The numbers 1 to 11 in this

figure are used to label the phase regions determined by diffusion couples. The ranges of
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different solid solutions will be determined more accurately by combining the diffusion

couples with the key alloys results.

B EDS spot analysis
Mn Mg,Mn Ce
1- (4Ce)™™*™/(aMn)
2- (yCe)“*/(CeMg)
3- (CeMg)*+H(aMn) “+(yCe)
4- (CeMg)+Mn
5- (CeMg)+Mn+(CeMg,)
6- Mn+(CeMg,)
7- (CeMg,)+Mn+Ce Mg,
8-Mn+Ce Mg,
9- Ce Mg, +Mn+(CeMg )
10- (CeMg,)+Mn
11- (CeMg )tMn+Mg
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Figure 2-11: Phase equilibria determined from diffusion couple studies
2.4.2. Key alloys

Diffusion couple experiments are not always successful. It is possible to miss
some phases due to the slow kinetics of solid-solid reactions [16, 20, 59]. Therefore, key
alloy experiments are designed to verify the experimental results obtained from the
diffusion couples. Twelve key alloys were prepared with different compositions to verify
the phase relationships obtained by the diffusion couples study. Alloys were brought to
equilibrium after annealing at 723 K (450°C) for different periods of time. The actual
compositions of the alloys obtained from ICP along with the XRD and EDS results are
listed in Table 2-7. EDS spot analysis was performed on the annealed samples to

determine the composition of the observed phases. SEM micrographs for selected alloys

37



are presented in Figure 2-12. XRD was performed to identify the equilibrated phases and
to verify the phase relations obtained from EDS analysis. The XRD patterns of selected
alloys in different regions of the Ce-Mg-Mn system (samples #1, 2, 3 and 9) are shown in

Figure 2-13.

Table 2-7: Actual sample compositions and their XRD and EDS results

Sample  ICP results (at.%) XRD EDS EDS analysis (at.%)
number Ce Mg Mn results results Ce Mg Mn
1 547 1.8 435 Ce (yCe)"#M 962 2.6 <2.0
Mn (aMn)*  <2.0 0 98.8

2 526 19.8 27.6 (CeMg)  (CeMg) 53.9 43.5 2.6
Ce (yCe)MeEM 956 3.7 <2.0
Mn Mn 0 0 100.0
3" 347 381 272 Mn Mn 0 0 100.0
4 40.5 51.0 85 (CeMg)  (CeMg) 523 44.5 3.2
5 322 534 154 (CeMgs)  (CeMgs) 25.8 71.3 3.9
6 23.6 724 40 - Mn <1.0 <1.0 98.52
- (CeMg;) 23.5 72.8 3.7
7 98 826 7.6 - Mn 0 0 100.0
- CesMgy 11.5 88.3 <1.0
8 70 874 56 Mn Mn 0 0 100
CeMg» (CeMgy2) 8.0 92.0 0
9 145 827 2.8 Mn Mn 0 0 100.0
CesMgs  CesMgy, 11.6 88.1 <1.0
(CeMgs)  (CeMgz) 23.8 75.8 <1.0
10 40.6 352 242 - Mn 0 0 100
- (CeMg) 50.6 46.4 2.8

117 439 525 3.6 (CeMgs) (CeMgs) 26.4 71.5 2.1
12 412 572 1.6 (CeMg) (CeMg) 52.0 47.2 <1.0

* Samples #3, 4 and 5 fall in the same three-phase region
** Samples #11 and 12 fall in the same two-phase region

Figure 2-12 (a) shows the SEM micrograph of sample #1, which contains two-

Mg, Mn

phase equilibrium between (yCe) ternary solid solution (white phase) and (aMn)“

binary solid solution (dark phase). Based on EDS spot analysis, the binary solid solubility

38



of Ce in Mn was measured as <2.0 at.% Ce; whereas, the ternary solid solution in the Ce-
rich corner contains 2.63 at.% Mg and 1.14 at.% Mn. Sample #2 was used as an end-
member for diffusion couple #1 as shown in Figure 2-2 (d). The three-phase equilibrium
was explained in section 4.1. Figure 2-12 (b) shows the three-phase equilibrium;
Mn+(CeMg) +(CeMgs), of sample #3. The binary phase (CeMg;) was not detected in any
of the diffusion couples at 723 K (450°C). Nevertheless, it was observed as metastable
phase in sample #3. Two additional alloys (samples #4 and #5) were prepared in the same
triangulation to confirm the results obtained from sample #3. Figure 2-14 shows the two
equilibrated phases of sample #12. It was concluded that CeMg, decomposed
eutectoidally to form (CeMg) and (CeMg;) phases. Figure 2-14 will be discussed in

details below.

Figure 2-12 (c) shows the two-phase equilibrium between (CeMg;) and Mn in
sample #6. The matrix phase contains (CeMgj3) ternary solid solution with maximum Mn
solubility of 2.5 at.%. Very fine Mn precipitates were observed in the (CeMgs) matrix
indicating Mn super-saturation. Samples #7 and #8 verified the two-phase equilibrium
CesMgy;+Mn and (CeMg;,)+Mn, respectively. The microstructure of sample #8 is shown
in Figure 2-5 (b). Three-phase equilibria of sample #9 are shown in Figure 2-12 (d). This
alloy was used as an end-member for diffusion couple #6 and discussed in details in
section 4.1. Sample #10, Figure 2-12 (e), was also used in diffusion couple #4, and the
phase equilibria were clearly explained in section 4.1. Samples #11 and #12 were used to
confirm the two-phase equilibrium of (CeMg) and (CeMg3). Sample #11, Figure 2-12 (),

shows the eutectoid morphology of (CeMg)+(CeMgs;) which resulted from the CeMg,
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phase decomposition. The morphologies observed in sample #11 were the same as those

of sample #12.

y

(YC e)Mg,Mn

TMG 15.0kV 10.1mm x2.00k BSECOMP 2( 30.0um

TMG 15.0kV 10.5mm x1.00k BSECOMP 50.0um

(CeMg)+(CeMg;) eutectoid

TMG 15.0kV 10.4mm x600 BSECOMP 50.0um TMG 15.0kV 9.6mm x1.00k BSECOMP

Figure 2-12: SEM micrograph of (a) sample #1; (b) sample #3; (c) sample #6; (d) sample #9;
(e) sample #10; (f) sample #11
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To confirm the results observed by EDS, XRD was used to identify the phases
present in the key alloys. The diffusion couples and key alloys showed that Mn is in
equilibrium with all phases in the system. This was also confirmed by XRD analysis,
where Mn peaks appeared in the diffraction patterns of the analyzed samples, as shown in

Figure 2-13.
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Figure 2-13: XRD patterns of samples #1, 2, 3 and 9 selected from different regions of the Ce-
Mg-Mn system

As mentioned earlier, the eutectoidal decomposition of CeMg, into
(CeMg)+(MgsNd) was observed in the microstructures of samples #3, 4, 5, 11 and 12.
The decomposition mechanism was inferred from Figure 2-14 (a) and (b). Figure 2-14 (a)
shows the as-cast microstructure of sample #12. The EDS spot analysis gave the
composition of the two phases as CeMg, and (CeMg). However, from the Ce-Mg binary
phase diagram (Figure 2-1), it can be seen that the thermal stability range of CeMg, phase

falls between 888 K (615°C) and 984 K (711°C), while the annealing was performed at
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723 K (450°C). This means that CeMg, should not be observed in the equilibrated
samples at 723 K (450°C). Therefore, further annealing was performed for sample #12.
Figure 2-14 (b) shows the microstructure of sample #12 after annealing at 723 K (450°C)
for 27 days having typical eutectoid structure. Based on the Ce-Mg binary phase diagram
(Figure 2-1), besides the eutectoid structure, it is expected to have the primary solidified
(CeMg). Figure 2-14 (b) proves that this is what happened after annealing at 723 K
(450°C) for 27 days. However, due to the fine eutectoid structure, EDS was not accurate
enough to obtain the phase composition of its microconstituents. Thus, XRD was carried

out to identify the phases present in the as-cast and annealed conditions.

(CeMg)+(CeMgs3)
eutectoid

v
TMG 15.0kV 9.0mm x500 BSECOMP 100um TMG 15.0kV 9.5mm x500 BSECOMP 100um

Figure 2-14: SEM micrographs of sample #12 (a) in the as-cast condition; (b) annealed for 27
days

The as-cast and annealed XRD patterns of sample #12 are shown in Figure 2-15.
The XRD pattern of the as-cast sample #12 showed the presence of CeMg, along with
(CeMg). After annealing for 27 days, the XRD pattern of the same sample showed
(CeMg) and (CeMg3) only. No peaks of CeMg, were detected. This ascertains that the

eutectoidal decomposition of CeMg; led to the formation of (CeMg) and (CeMgs). This
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also provides additional evidence of the presence of the (CeMg)+(CeMgs) phase

equilibrium in the Ce-Mg-Mn isothermal section at 723 K (450°C).

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

+ CeMg, N
1000 o ¢ CeMg
CeMg,
4 *Si
*
+
800 — + . Sample #12-annealed

600 —

Counts

400 -

200 +

Figure 2-15: The as-cast and annealed XRD patterns of sample #12

The phase boundaries obtained from the studied key alloys are consistent with
those obtained from the diffusion couples technique. These results were combined to
establish the Ce-Mg-Mn isothermal section at 723 K (450°C) as described in the

following section.

2.4.3. Ce-Mg-Mn isothermal section at 723 K (450°C)

The isothermal section of the Ce-Mg-Mn system at 723 K (450°C), constructed
based on the results obtained from the diffusion couples and the equilibrated samples, is
shown in Figure 2-16. The key alloys at the actual composition were shown as solid
circles. The arrows indicate the phases obtained from XRD and EDS spot analysis for

each alloy.
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The (CeMg)+Mn two-phase field was constructed based on the EDS analysis,
where Mn showed solid solubility in CeMg up to 5 at.%. The homogeneity range of the
CeMgj; binary solid solution was determined at 723 K (450°C), in the current work, using
diffusion couple #3 as can be seen in Figure 2-5. The composition profile across the
binary diffusion layers, shown in Figure 2-5 (b), showed that the composition of Mg
changed from 74.5 to 76.7 at.% Mg. Accordingly, the binary homogeneity range of
(CeMgs) was determined. The ternary solubility of Mn in (CeMgs) was determined as 3.2
at.% Mn by the diffusion couples and key alloys. Thus, the (CeMg3)+Mn two-phase filed
was confirmed. The homogeneity range of the (CeMg),) binary compound at 450°C is
taken from the Ce-Mg binary phase diagram [50] as 0.8 at.% Mg. This small solubility
could not be accurately determined by the EDS in the current work due to the relatively

high error limits of Ce (around £1.5 at.%).

o
Mole fraction, Mg

Figure 2-16: Phase relationships inferred from phase equilibria and diffusion paths analysis
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The Ce-Mg-Mn system shows unique phase relationships, where Mn is in
equilibrium with all phases in the system. Because Mn has no tendency to form
intermetallic compounds with Ce and Mg, it was always observed as either dissolved in
the Ce-Mg compounds or as pure element in all microstructures. Therefore, the phase

boundary lines are pointing towards the Mn-rich corner.

2.5. Conclusions

The isothermal section of the Ce-Mg-Mn phase diagram at 723 K (450°C) was
constructed for the full composition range. The phase relationships were determined
using 6 solid-solid diffusion couples and 12 key alloys. No ternary compounds were
detected in the studied system at 723 K (450°C). Diffusion couple experiments were
instrumental in revealing the phase equilibria in this system. However, diffusion couples
are not always successful due to the possible missing of some of the phases due their
slow kinetics. Therefore, key alloys are essential to complement the diffusion couples.
Key alloy experiments were designed to verify the results obtained from the diffusion

couples and both results were found to be consistent.

Based on the accepted Ce-Mg binary phase diagram the thermal stability range of
CeMg, phase is between 888 K (615°C) and 984 K (711°C), while annealing in this work
was performed at 723 K (450°C). Thus, CeMg, is not a stable phase in the Ce-Mg-Mn
isothermal section at 723 K (450°C). This was confirmed by SEM/EDS, XRD and

metallographic studies.
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Many two-phase regions, composed mainly of Mn and other phase, were
observed in the microstructure of each zone. This confirms that Mn was not reacting, and
the Mn source was from the ternary alloy end-members. However, the existence of a

continuous thin layer of Mn in diffusion couples #1 and 3 indicates that Mn is diffusing.
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2.7. Author’s notes and significance of paper to thesis

In this chapter, the phase relationships of the Ce-Mg-Mn system were determined
at 450°C by means of diffusion couples and equilibrated key alloys. The diffusion couple
technique showed great efficiency in determining the phase equilibrium in this system
from different perspectives. Firstly, the diffusion couple technique was used to overcome
the problem associated with alloys preparation. These are: (a) significant evaporation of
Mg when it is alloyed with Ce and Mn, both having relatively high melting temperature,
and (b) the problem of inhomogeneous structures, which arises from the inability of Mn
to form intermetallic compounds with Ce and Mg. Secondly, diffusion couples could
cover large compositional ranges in the ternary isotherm by forming several diffusion
zones. Thirdly, they can describe the diffusion behavior of the diffusing species. For

instance, based on the microstructures of the diffusion zones, it was concluded that the
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affinity of Ce to Mg was higher than that of Ce and Mg to Mn. This can be referred to the
ability of Ce and Mg to form intermetallic compounds; whereas, Mn is not able to form

any with either Ce or Mg.

The formation of a continuous pure Mn thin layer and several ternary solid
solutions are evidences of Mn diffusion. Nevertheless, the microstructures of diffusion
zones and key alloys showed Mn as stationary phase islanding within matrices of Ce-Mg
compounds. The formation of the Mn thin layer was essential to fulfill the phase

equilibrium between Mg and Mn.

In order to study the effect of different RE additions on the Mg-Mn system, Ce
was replaced by Nd. The next chapter presents the Mg-Mn-Nd isothermal section at
450°C. The knowledge gained through the study of the Ce-Mg-Mn system is essential for

understanding the phase relationships in the Mg-Mn-Nd system.
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Chapter 3 : Experimental investigation of the Mg-Mn-Nd isothermal
section at 450°C

ABSTRACT

The Mg-Mn-Nd isothermal section at 450°C was constructed experimentally
using solid-solid diffusion couples and key alloys. Diffusion couples and key alloys were
annealed at the same temperature for different annealing time periods to understand the
diffusion behavior of the system components, and to achieve the phase equilibrium in the
system. The phase relations and solubility limits were determined using scanning electron
microscope coupled with wave/energy dispersive X-ray spectrometers, X-ray diffraction
and metallography. No ternary compounds could be observed in this system at 450°C.
The microstructures of the diffusion zones showed Mn either as a pure element or as a
solute atom. However, microstructures of the annealed key alloys near the Mn-rich side
showed the formation of Mn;Nd, at 450°C. Other Mn binary compounds, Mn,;Nd and
Mn;,3Ndg, were observed only in the as-cast alloys, because they are not stable at 450°C.
The experiments showed that Mn remained stationary in some diffusion zones forming
Mn+(MgNd), Mn+(Mg3;Nd) and Mn+Mg4;Nds two-phase regions. However, some of Mn
atoms were diffusing in the system forming a continuous thin layer of pure Mn at the
interface of pure Mg end-member, or to form (a-Nd)M*™", (MgNd) and (Mg;Nd) ternary
solid solutions. The solubility of Mn in these solutions was estimated as 3.0, 13.0 and 3.5
at.% Mn, respectively. Since Mn is in equilibrium with most of the phases in the system,
the phase boundary lines are pointing towards Mn-rich corner except that of (a-
Nd)M&#M+(MgNd)+Mn7Nd, three-phase field. This was confirmed based on the

consistency of the results obtained from diffusion couples and key alloys.
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3.1. Introduction

Magnesium and its alloys show an increasing commercial importance in
automotive and electronic consumer products because of many advantages. Their light-
weight, high specific toughness and rigidity, good machinability, castability and
weldability using commonly known techniques, made them attractive for the use in
industry [60]. In terms of structural properties, pure Mg is not suitable for direct
commercial use. The liquid of pure Mg, however, is used to extract neodymium from
solid FeNdB magnet scrap materials [61]. It was found that addition of Nd to Mg alloys
improves their strength, ductility, toughness, weldability and machinability [11, 12, 30].
This is attributed to grain refinement and the formation of secondary phase precipitates at
the grain boundary regions. On the other hand, addition of Mn improves the hot and cold
strengths, resistance to corrosion and formability compared with the pure Mg [62]. This
is due to high reactivity of Mn with other elements such as Fe [63], which leads to form a
complex sequence of intermediate compounds [64]. Thus, it is necessary to understand
the phase equilibria in the Mg-Mn-Nd system; which is essential for alloy design and

development.

3.2. Literature review

3.2.1. The Mg-Mn binary system

The Mg-Mn system has been thoroughly studied [39-42]. According to these
authors, no intermediate compound exists between Mg and Mn terminal sides. The

maximum solubility of Mn in solid Mg was found to be 0.998 at.% Mn at the peritectic
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temperature, just below 650°C. Another invariant reaction of monotectic type L;—L,+9d-
Mn, takes place at 96 at.% Mn and 1198°C [41, 42]. Because of the difficulty of
measuring the temperature of the liquid miscibility gap experimentally, attempts to
estimate that temperature were carried out using thermodynamic calculations [38, 42, 43].
The calculated temperature of the liquid miscibility gap was reported as 3202°C [42],
1902°C [65] and 3415°C [43]. The temperature is significantly lower in the work of [65].
They adjusted the Mg-Mn binary model parameters to obtain consistency for the

extrapolated Mg-Mn-Y ternary system.

3.2.2. The Mg-Nd binary system

According to Nayeb-Hashemi and Clark [66], who assessed the Mg-Nd phase
diagram based on the literature data, five intermetallic compounds, MgNd, Mg,Nd,
Mg;Nd, Mgs1Nds and Mg;,Nd, along with the terminal solid solutions of Nd in Mg, Mg
in 0-Nd and Mg in B-Nd, were reported. The Mg;,Nd compound was considered
metastable, since it was observed in the samples quenched directly from liquid and not
after annealing [67]. Three eutectic reactions were observed at 42.5 at.% Mg and 775°C,
64.5 at.% Mg and 750°C and 91 at.% Mg and 546°C. The terminal solubility of Mg in
solid a-Nd was estimated as 8.2 at.% Mg [68] and in B-Nd as 34 at.% Mg [67] at 551°C
and 775°C, respectively. Whereas, the terminal solubility of Nd in solid Mg was
determined as 0.1 at.% Nd [69, 70]. Moreover, the two congruently melting compounds,
MgNd and Mg;Nd have solid solubility ranges. The solid solubility range of Mg;Nd was
estimated as 6 at.% extending towards the Mg-rich side [67]. The solid solubility range of

MgNd was not determined quantitatively, its existence was proposed by Delfino et al.
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[67] based on the change in the lattice parameters. Mg,Nd phase was suggested to appear

as a Laves phase with narrow stability range between ~660 and 755°C [71].

3.2.3. The Mn-Nd binary system

Many contradictory information on the Mn-Nd system were found in the literature
[64, 72, 73]. Thus, three different versions of Mn-Nd phase diagram are available in the
literature. To overcome these uncertainties, a self-consistent Mn-Nd phase diagram was
reconstructed based on combination of experiments, CALPHAD methodology and first-
principle calculations by our group [74]. A eutectic was found to occur at 27 at.% Mn and
685°C. Three incongruent intermetallic compounds, Mn,Nd, Mn;3Nds and Mn;7Nd,,
were reported at 850, 940 and 1025°C, respectively. The compounds Mn,Nd and
Mn;,3Ndg were found to decompose eutectoidally in the temperature ranges of 550-650°C
and 400-550°C, respectively. The maximum solid solubility of Mn in a-Nd at the eutectic
temperature was estimated as 2.3 at.% Mn based on EPMA results. However, the
solubility of Mn in B-Nd was determined as 5.0 at.% Mn by extrapolating the DSC points

to 728°C. No solid solubility of Nd in Mn was detected.

3.2.4. The Mg-Mn-Nd ternary system

The system was first assessed by Drits et al. [75] using thermal analysis,
microscopic investigation, and electrical resistivity measurements. The study was limited
to the Mg-rich corner up to 4 wt.% Mn and 10 wt.% Nd to determine the boundaries of
the solid solution region (by rapid quenching and annealing at 570°C, 600°C, and
630°C). Based on the resistivity measurements, they [75] reported a peritectic reaction

L+Mn < a+MgyNd at 559.6°C. Also, they found that Mn and MgyNd are in equilibrium

51



with Mg solid solution. The compound MgoNd was later given the formula Mg4;Nds with
t192-CesMgy type structure [67]. The results obtained by Drits et al. [75] were used later
by Drits and Bochvar [76] to investigate the Mg-Mn-Nd-Ni quaternary alloys.

Very limited experimental information on the Mg-Mn-Nd ternary phase diagram
could be found in the literature. The available study [75] covered the Mg-rich corner only
and focused on finding the solid solubility ranges of Mn and Nd in Mg. The main
objective of the present work is to construct the isothermal section of Mg-Mn-Nd phase
diagram at 450°C experimentally for the whole composition range by means of solid-

solid diffusion couples and key alloys using XRD, SEM/WDS and metallography.

3.3. Experimental procedure

The samples for diffusion couples and key alloys were prepared from pure metals.
Mn-99.90 wt.% and Nd-99.95 wt.% purity were supplied by Alpha Aesar®, Johnson
Matthey Company, Inc. Mg-99.8 wt.% purity was supplied by CANMET Materials
Technology Laboratory (CANMET-MTL). Samples of 4-5g in weight were prepared in
an arc-melting furnace with water-cooled copper crucible and non-consumable tungsten
electrode under argon. Excess Mg (about 10%) was added to compensate for Mg losses
due to evaporation, since Mg has to be alloyed with relatively high melting temperature
elements (Mn and Nd). Samples were melted several times to ensure the composition
homogeneity. The actual global composition was determined using Ultima2 inductively
coupled plasma with optical emission spectrometer (ICP-OES). For each sample, three
pieces from different locations were chosen. Average of the three corresponding

compositions was considered as the actual composition. The difference between the three
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locations was found in the range +2 at.%. Key alloys were subjected to a step annealing
approach, which includes annealing for different time intervals. Then, the as-cast and
annealed microstructures were compared in order to understand the phase equilibrium.
Solid-solid diffusion couples were prepared from two blocks of alloys and/or pure metals.
The contacting surfaces were ground gradually up to 1200 grit SiC emery paper, then
polished down to 1um using alcohol-based diamond suspension and 99% ethanol as a
lubricant. The blocks were attached together using stainless steel clamp rings. The
samples and diffusion couples were wrapped in tantalum foil, encapsulated inside an
argon-flushed quartz tube with inside pressure of (~8x10™" torr) and annealed at 450°C for
different time intervals to address the microstructural changes with time. Annealing time
intervals were chosen systematically, based on the alloy composition, by performing
annealing and quenching after different time increments. The microstructures, of the
diffusion couples and/or alloys, were then compared to understand the phase equilibria
and phase evolution.

Philips X’Pert pro X-ray diffractometer (XRD) was used. X-ray diffraction
analysis was performed on powder-form samples in the range from 20 to 120 degree 26
with 0.02° step size to identify the phases. Rietveld analysis was used to measure the
relative amounts of these phases. The crystal structure of the compounds was
characterized using X’Pert Highscore plus software [58]. The diffusion couples and
equilibrated alloys were analyzed using Hitachi S-3400 scanning electron microscope
(SEM) equipped with wavelength dispersive x-ray spectrometer (WDS) and energy
dispersive X-ray spectrometer (EDS). WDS spot analysis was used to identify the phase

composition of the diffusion zones and key alloys. WDS line-scans were performed
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across the diffusion zones to determine the solubility ranges of the various phases in the
system. The WDS experimental error was estimated to be ~1 at.%, based on the actual
difference between the readings. EDS elemental mapping was used to determine phase

composition and distribution of elements within diffusion zones.

3.4. Results and discussion:

In the following section, the binary and ternary solid solutions are described using
parentheses and superscripts. For example, (MgNd) indicates the ternary solid solubility
of Mn in MgNd, the binary solid solution of Mg in a-Nd is represented as (0-Nd)™¢, and
the extended solid solubility of Mg and Mn in a-Nd is represented as (a-Nd)“&M",

Solid-solid diffusion couples were annealed at 450°C to accelerate diffusion
without causing melting, since the lowest liquidus temperature was estimated as 500°C
based on the preliminary thermodynamic calculations of the system. Diffusion couples
were annealed for different intervals to reveal the phase equilibrium between the formed
layers and their constituents based on the microstructural changes of diffusion couples

versus time. Different annealing time intervals were also essential to assure that all

diffusion layers are present.

3.4.1. Solid-solid diffusion couples

The end-members of diffusion couple #1 were made from two binary alloys. The
first end-member was made from an alloy containing 78Mn-22Nd at.%. The second end-
member was made from an alloy containing 87Mg-13Nd at.%. Diffusion couple #1 was

annealed at 450°C for 10 days. SEM micrographs of this diffusion couple are shown in
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Figure 3-1. WDS spot analysis was carried out to identify the composition of the
diffusion zones and their constituents. The results of WDS spot analysis are listed in
Table 3-1. WDS line-scan performed across diffusion zones of diffusion couple #1 is

shown in Figure 3-2.
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Figure 3-1: (a) SEM micrograph of the solid-solid diffusion couple #1 annealed at 450°C for
10 days; (b) magnified part showing diffusion zones #2; (c) microstructure of Mnl7Nd2+(a-
Nd)Mn end-member; (d) magnified part showing the phase morphology of diffusion zone #3.
The numbers represent the diffusion zones and correspond to those in Table 3-1 and
Figure 3-2

Initially, the as-cast composition of the first end-member (zone #1) contained (a-
Nd)Mn+Mn23Nd6. Mn;3Ndg is a peritectic compound forms at 930°C and decomposes

eutectoidally at ~500°C [64, 74]. End-member (zone #1) was homogenized at 450°C for

15 days, before coupling with the second end-member (zone #5), in order to achieve the
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(0-Nd)M"+Mn,7Nd, equilibrium structure. It is necessary to start with homogenized end-
member to avoid forming diffusion layers amongst non-stable compounds. Although
diffusion is a dynamic process and relies on the thermodynamic equilibrium between the
adjacent layers and their constituents, it will take very long time to reach equilibrium if

meta-stable compounds are presented.

Table 3-1: WDS spot analysis of diffusion couple #1

Composition (at.%)

Zone # Mg Mn Nd Corresponding phase
1 (end-member) - 2.6 97.4 (0-Nd)M
- &9.1 10.9 MIl17Nd2
2 46.5 3.5 50.0 (MgNd)
3 21.3 3.7 25.0 (Mg3Nd)
- 100 - Mn
4 75.0 - 25.0 MgsNd
5 (end-member) 89.3 - 10.7 Mg4Nds
75.0 - 25.0 Mg;Nd

Diffusion zone #2, shown in Figure 3-1 (c), represents the (MgNd) diffusion
layer. The composition profile across this layer is shown in Figure 3-2 (a). The profile
shows that Mn is substituting Mg with about 3.5 at.% at constant concentration of 50
at.% Nd. These points were obtained from a very thin layer (1.7 um width). Thus, this
solubility limit needs to be confirmed by key alloys. Nevertheless, the results obtained
from the composition profile still important for the preliminary prediction of the phase
relationships. It is worth noting that the elemental scan shown in Figure 3-2 (a) is done in
a selective way by avoiding the secondary phases in the diffusion layers (i.e. Mn and

Mn,;7Nd,), whereas a blind line-scan is shown in Figure 3-2 (b).
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Figure 3-2: (a) Selective line-scan across zone #2 avoiding the secondary phases (Mn and
Mn;;Nd;); (b) blind line-scan across diffusion couple #1. The numbers represent the diffusion
zones and correspond to those in Table 3-1 and Figure 3-1

(MgNd) layer seems to appear only when (a-Nd)™" has a large contact with
(MgsNd). Hence, it is not a continuous diffusion layer. Figure 3-1 (c) is redrawn to show
the phase relations between the constituents of diffusion zones #1, 2 and 3 as illustrated
in Figure 3-3. As can be seen from Figure 3-3, (MgNd) (zone #2) is in equilibrium with
(0-Nd)™™ and Mn;;Nd, from zone #1 and with (MgszNd) from zone #3. Thus, the three-

phase equilibrium (a-Nd)M"+Mn,;Nd,+(MgNd) was determined at the interface between

zone #1 and zone #2. Furthermore, the equilibrium between (MgNd) and (Mg3;Nd) was
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determined at the interface between zone #2 and zone # 3. The contact between zone #1
and zone #3 represents the phase equilibrium between Mn;7Nd; and pure Mn. These
phase relations are shown on the Mg-Mn-Nd triangle below at the end of diffusion couple

#1 discussion.

[(J(cx-Ndy¥»
[J(Mg3Nd)
B (MgNd)

Figure 3-3: Schematic representation of the phase relations observed in Figure 3-1 (c)
showing the phase equilibrium between (MgNd) (zone #2) and both (a-Nd)™" from zone #1 and
(Mg;Nd) from zone #3. Also, it demonstrates the three-phase equilibria (a-
Nd)M"+Mn ;;Nd,+(MgNd) between zones #1 and #2

Diffusion zone #3 appeared with a total thickness of ~100um. This zone resulted
mainly from the interatomic diffusion between Mg and Nd, when (a-Nd)™" first reacted
with diffusing Mg. Because of the high affinity of Mg to Nd, diffusing Mg continues to
react with the Nd stemming from the decomposition of Mn;;Nd; that is originally present
in the first end-member (zone #1). The decomposition of Mn;7Nd, liberates Mn particles
due to Nd consumption. More Mn was liberated from the initial reaction between (o-
Nd)M" and the diffusing Mg. 3.7 at.% of the liberated Mn was dissolved in Mg;Nd to
form (Mgs;Nd) solid solution in zone #3, which is relatively wider than other zones. When

the maximum solubility of Mn in (MgszNd) was reached, no more Mn could be dissolved.

Therefore, pure Mn regions remained stationary in zone #3 as shown in Figure 3-1 (b)
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and (d). WDS line-scan in Figure 3-2 (b) shows scattered data in this zone due to the
random distribution of Mn in this layer. The phase morphology of Mn;7Nd, within zone

#1 and later becoming Mn in zone #3 is shown in Figure 3-1 (b).

In terms of phase equilibrium, diffusion zone #3 represents the Mn+(Mg3;Nd)
two-phase region in the Mg-Mn-Nd isothermal section at 450°C. It is worth noting that
Mn;7Nd; (zone #1) is not in equilibrium with (MgszNd) (zone #3). This is clear from the
microstructure shown in Figure 3-1 (b) and Figure 3-3, where the extension of Mn;;Nd,
morphology becomes pure Mn regions in zone #3. Because zone #1 contains two phases,
two possible paths can be depicted from diffusion couple #1. The first possibility can be
represented as follows: Mn;7Nd, — Mn — Mn+(MgsNd) — MgsNd —
Mg;Nd+Mg,Nds. The second possibility can be as follows: (a-Nd)™"+Mn;;Nd; — (a-
Nd)M+Mn;Nd,+(MgNd) — (MgNd) — (MgzNd) — (MgzNd)+Mn — MgiNd —
MgzNd+Mgs;Nds.

Zone #4 represents the MgiNd binary compound, which resulted from the
diffusion reaction of Nd and Mn4;Nds. The spot analysis in Table 3-1, line-scan in
Figure 3-2 (b) and EDS elemental mapping in Figure 3-4 revealed that there is no Mn in
zone #4. Accordingly, the original interface of diffusion couple #1 could be determined at
the interface between zones #3 and #4 as demonstrated in Figure 3-1 (a).

EDS elemental mapping, shown in Figure 3-4, was performed to detect the
distribution of the three elements among diffusion zones of diffusion couple #1.
Figure 3-4 (a) represents the backscattered electron image of diffusion couple #1.

Figure 3-4 (b-d) represents the elemental maps of Mg, Mn and Nd, respectively.
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Couple #1

Figure 3-4: EDS elemental mapping of diffusion couple #1. Reader is encouraged to see the
online version for the colored images

Mg map in Figure 3-4 (b) shows that Mg concentration decreases from 89.1 at.%
(zone #5) to 46.5 at.% (zone #2). No Mg was detected in zone #1, which is the Mn-Nd
binary alloy end-member. Because of the low magnification of the elemental mapping
image, Mn was only observed in zones #1 and #3 as shown in Figure 3-4 (c). However,
WDS line-scan (Figure 3-2 (b)) showed that zone #2 contains 3.5 at.% Mn as discussed
earlier. Mn trace could be evidence of the original interface location, where the Mn
liberated from Mn;7Nd, disappeared at the interface between zone #3 and zone #4
marking the original interface. On the other hand, Nd map (Figure 3-4 (d)) shows that Nd

concentration decreases from 97.4 at.% in zone #1 to 10.7 at.% in zone #5.
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According to the phase equilibrium analysis of diffusion couple #1 using WDS
and EDS techniques, the phase relationships can be determined graphically on the Mg-
Mn-Nd isothermal section at 450°C as shown in Figure 3-5. The two end-members (A-B)
are connected by a dashed line. The width of the two-phase region Mn+(Mg3Nd) is taken
as 1.7 at.% Mg based on the binary solubility range of MgsNd at 450°C [67]. The
drawing in Figure 3-3 is used to describe the phase relationships on the Mg-Mn-Nd

triangle at 450°C based on the microstructure of diffusion couple #1.
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2- (MgNd)+(Mg,Nd)
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B (MgNd)

Figure 3-5: Phase equilibria obtained from diffusion couple #1 annealed at 450°C for 10 days.
The numbers represent the corresponding phase field based on the obtained phase equilibrium.
A and B represent the actual composition of the two end-members obtained by ICP

Diffusion couple #2, prepared from two ternary alloys whose details are listed in
Table 2, was annealed at 450°C for 4 days. The annealing time here was shorter than that
for couple #1, because the quartz tube was observed to be dark indicating significant

evaporation of some of the elements. Longer annealing resulted in losing one of the end-

61



members, which was experienced during the several attempts to obtain a successful

diffusion between these two end-members.

The first end-member (zone #1) contains Mn, Mn;7Nd, and (MgNd). The second
end-member (zone #4) contains Mn, Mg4;Nds and (Mgz;Nd). WDS spot analysis was used
to determine the composition of the diffusion zones and their constituents. The results of
WDS spot analysis are listed in Table 3-2. The SEM micrograph of diffusion couple #2 is
shown in Figure 3-6. Figure 3-6 (a) shows that diffusion couple #2 contains four
diffusion zones. The original interface between the two end-members is marked by a
dashed line in the same figure. Figure 3-6 (b) is a magnified part from diffusion zone # 2
showing the Mn particles resulting from the dissolution of Mn;7Nd; to provide Nd which
reacts with the diffusing Mg to form (MgszNd). The same figure shows that the Mn

particles are dispersed in the (Mgz;Nd) solid solution matrix with 3.7 at.% Mn.

200um TMG 15.0kV 10.0mm x4.00k BSECOMP

Figure 3-6: (a) SEM micrograph of the solid-solid diffusion couple #2 annealed at 450°C for 4
days; (b) magnified part of zone #2 showing the fine particles of Mn due to Nd consumption

from Mn;;Nd,. The numbers represent the diffusion zones and correspond to those in
Table 3-2
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Table 3-2: WDS spot analysis of diffusion couple #2

Composition (at.%)

Zone Mg Mo Nd Corresponding phase
1 (end-member) - 100 - Mn
- &9.3 10.7 MIl17Nd2
39.7 11.2 49.1 (MgNd)
2 74.0 3.7 223 (MgsNd)
- 100 - Mn
3 75.8 <2.0 22.5 (Mg3Nd)
4 (end-member) - 100 - Mn
88.3 - 10.7 Mg41Nds
75.1 <2.0 23.6 (Mg3Nd)

Besides the two three-phase equilibria  Mn;7Nd,+(MgNd)+Mn and
Mn+(Mg3Nd)+Mg4Nds inferred from the end-members of couple #2, the
Mn+(MgNd)+(Mgs;Nd) three-phase equilibrium was observed at the interface between
zones #1 and #2. The WDS results in Table 3-2 show that Mn concentration in zones #1
and 2 is relatively higher than that in zones #3 and 4. The relatively high Mn
concentration can be as a result of Mn;7Nd, decomposition, which produced appreciable
amount of free Mn atoms that have enough driving force to diffuse in a wide (Mgz;Nd)
matrix (zone #2). However, most of the Mn in the second end-member alloy (zone #4)
remained pure in the microstructure as can be seen in zone #4 of Figure 6 (a), because the
composition of the end-member alloy lies in the Mn+Mg4Nds+(Mgs;Nd) triangulation.

Thus, only a little amount of Mn was dissolved by (Mgs;Nd) as indicated in Table 3-2

The solubility of Mn in (MgNd) was determined from the composition of the end-

member alloy (zone #1) in diffusion couple #2. WDS spot analysis revealed that (MgNd)
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solid solution contains 11.2 at.% Mn. Whereas, the solubility of Mn in (MgszNd) was
measured as 3.7 at.% in both diffusion couples #1 and 2.

Based on the obtained results from diffusion couple #2, the phase relationships
are represented in Figure 3-7. The two end-members (A-B) are connected by a dashed
line. The shaded areas represent the triangles of the end-members’ alloys used in

diffusion couple #2.

@ End-members (ICP)
A-Mn Nd +Mn+(MgNd)
B- Mn+(Mg,Nd)+Mg, Nd,
1- Mn+(MgNd)+(Mg,Nd)
2- (Mg,Nd)+Mn

Z
Mole fracti%n, Mg f
Figure 3-7: The phase relations determined from diffusion couple #2 annealed at 450°C for 4
days. The numbers represent the corresponding phase field based on the obtained phase
equilibrium. A and B represent the actual composition of the two end-members obtained by
Icp
The SEM micrograph of diffusion couple #3 is shown in Figure 3-8. The first
end-member contains three phases, Mn;7Nd,, (MgNd) and (o-Nd)#™". The second end-
member is made from pure Mg (99.98 wt.% purity). During annealing, various phases
formed due to the interdiffusion between Mg and Nd. The diffusion layers of this
diffusion couple were similar to those of Mg-Nd binary system, i.e.: MgNd, Mgs;Nd and
MgsNd4. The only difference is that the ternary diffusion couple contains pure Mn

within these layers, forming two-phase region within each. The Mn content in all
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diffusion layers stemmed originally from Mn;7Nd, in the ternary alloy of the second end-
member (zone #6). WDS spot analysis was used to identify the composition of the phases

in each zone. The results of WDS spot analysis are summarized in Table 3-3.

Six diffusion zones were observed in diffusion couple #3 as shown in Figure 3-8
(a). Figure 3-8 (b) represents a magnified region from diffusion couple #3, showing that
(MgsNd) is in equilibrium, selectively, with (MgNd) (the grey phase). Figure 3-8 (c)

shows the presence of pure Mn, resulting from the decomposition of Mn;;Nd,, in

diffusion zones #3 and 4.
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Figure 3-8: (a) SEM micrographs of the solid-solid diffusion couple #3 annealed at 450°C for
5 days; (b) magnified portion showing zones #4, 5 and 6; (¢) magnified portion showing
Mg, Nds/Mg;Nd interface (zones #3 and 4). The numbers represent the diffusion zones and
correspond to those in Table 3-3 and Figure 3-9
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Table 3-3: WDS spot analysis of diffusion couple #3

Composition (at.%)

Zone Mg Mo Nd Corresponding phase

1 (end-member) 100 - - Mg
2 - 100 - Mn

3 88.4 - 11.6 Mg41Nd5
- 100 - Mn

4 72.6 2.6 24.8 (MgsNd)
- 100 - Mn

5 44.8 52 50.0 (MgNd)
- 100 - Mn

6 (end-member) 44.6 6.1 49.3 (MgNd)

6.0 2.0 92.0 (a-Nd)MeMn
- &9.5 10.5 Mn17Nd2

Diffusion zone #1 represents the pure Mg end-member. Diffusion zone #2
represents a continuous thin layer of pure Mn whose exact composition was difficult to
acquire using WDS spot analysis, because it is very thin. The composition profile in
Figure 3-9, however, shows the drop in both Mg and Nd compositions with increase in
Mn content in zone #2. This supports the presence of the observed Mn thin layer in zone
#2. It is suggested that the pure Mn layer formed due to the diffusion of Mn atoms that
were liberated from the Mn-containing phases. This suggestion was supported
experimentally by diffusion couple #4, which will be discussed later. The formation of
this thin layer is necessary to fulfill the equilibrium condition near the Mg-rich side,
where Mg (zone #1) equilibrates with Mn (zone #2) and Mn equilibrates with Mg4;Nds to
form the Mg4;Nds+Mn two-phase region in zone #3. Diffusion zones #4 to 5 represent
other two-phase layers, where Mn is in equilibrium with (Mg;Nd) and (MgNd). Diffusion

zone #6 represents the three-phase alloy end-member. Besides the three two-phase
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equilibria Mg4Nds+Mn, (MgzNd)+Mn and (MgNd)+Mn, two three-phase equilibria;
namely: Mn+Mg4;Nds+(Mg3zNd) and Mn+(MgzNd) +(MgNd), could be obtained at the

interface of zones #3 and 4 and zones #4 and 5, respectively.
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Figure 3-9: Measured composition profile across diffusion couple #3 using WDS line-scan
with a spatial distance of ~1um

Figure 3-9 shows the WDS line-scan that was performed with a step size of ~1pm
across the diffusion zones of diffusion couple #3 as illustrated in Figure 3-8 (a). It is
worth noting that zone #6 contains three phases. However, the WDS line-scan shows

only one phase, because the line did not cross the other two phases.

The line-scan showed that no remarkable solubility of Nd and Mn in Mg end-
member (zone #1). The composition profile through the Mg4Nds+Mn diffusion layer
(zone #3) showed constant composition of the three elements. The profile across
(Mg3Nd)+Mn (zone #4) shows an irregular distribution of the three elements at certain
points. This was attributed to the presence of Mn in this diffusion zone. The composition
profile across (MgNd)+Mn (zone #5) shows that up to 5.2 at.% Mg is substituted by Mn

at constant concentration of Nd. This was also supported by the WDS spot analysis

67



summarized in Table 3-3. According to these profiles, the solubility of Mn in both
(Mg3Nd) and (MgNd) was determined as 2.6 and 5.2 at.% Mn, respectively. This will be

confirmed by key alloys in the next section.

The diffusion path was determined based on the local equilibria between the
phases of diffusion couple #3 as follows: (MgNd)+(a-Nd)M&M*+Mn,,Nd, (end-member)
— (MgNd)+Mn — (MgNd)+Mn+(Mg3;Nd) — (MgzNd)+Mn — Mgy Nds+(MgzNd)+Mn
— Mg4NdstMn — Mn — Mg (end-member). The phase equilibria determined by
diffusion couple #3 are shown in Figure 3-10. The two end-members (A-B) are connected
by a dashed line. The shaded area represents the triangle of the three-phase end-member.
@ End-members (ICP)

A-Mn_Nd +(a-Nd)"*""+(MgNd
B-Mg
1- Mn+(MgNd)

- Mn+(MgNd)+(Mg Nd)

2
3- (Mg,Nd)+Mn

4- Mn+(Mg Nd)+Mg, Nd,
5

6

- Mn+Mg, Nd,
- Mn+Mg, Nd +Mg

Nd 7/ 7 7 7 7 /6 7 /9'_/ /@ 7
% ° % Mg
> 3 3

Mole fraction, Mg

Figure 3-10: The phase equilibria determined by diffusion couple #3 annealed at 450°C for 5
days. The numbers represent the corresponding phase field based on the obtained phase
equilibrium. A and B represent the actual composition of the two end-members obtained by
icp

Diffusion couple #4 was prepared to provide better understanding of the

formation of pure Mn layer near the Mg end-member. The first end-member of this

diffusion couple was made from pure Mg (zone #1). The second end-member was from a
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ternary alloys containing Mn+Mn;7Nd,+(MgNd) (zone #5). Diffusion couple #4 was
annealed only for 2 days. Because the objective of this couple was to interrupt annealing
at early stages of diffusion process to confirm the observations about Mn as pure metal
and as solute atoms as discussed in previous diffusion couples #1-3. SEM micrograph of
diffusion couple #4 is shown in Figure 3-11. Five diffusion zones were observed in this
diffusion couple. The WDS results of the constituents of every diffusion zone are listed in

Table 3-4.

TMG 15.0kV 11.6mm x500 BSECOMP

Figure 3-11: (a) SEM micrograph of the solid-solid diffusion couple #4 annealed at 450°C for
2days; (b) magnified portion showing different forms pure of Mn. The numbers represent the
diffusion zones and correspond to those in Table 3-4

It is clear that diffusion couple #4 did not reach equilibrium, because three phases
were observed in zone #3. This is not acceptable from thermodynamics point of view,
since the maximum number of phases per diffusion layer in a ternary diffusion couple
must be two, except at the interface. Nevertheless, this diffusion couple is discussed here
to shed some light on the kinetics of diffusion in this system. The three phases seen in
zone #3 are, (MgsNd), MgsNds and Mn. Figure 3-11 shows that Mn grain morphology
did not change from one diffusion zone to another, while Mg and Nd atoms are actively

diffusing. Not only that, the pure Mn grain (in the rectangle in Figure 3-11 (a)) is also
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blocking the movement of the other diffusing atoms as shown clearly in Figure 3-11 (b),
where a plate of non-diffusing Mg exists on the left-hand side of the Mn grain. Other
parts of the pure Mg end-member were diffusing across the interface. On the other hand,
Mn freed from Mn;7Nd; and (MgNd) in zone #5, is observed to be dispersed or dissolved

by the growing (Mg3;Nd) ternary solid solution with time.

Table 3-4: WDS spot analysis of diffusion couple #4

Composition (at.%)

Zone Mg M Nd Corresponding phase
1 (end-member) 100 - - Mg
2 - 100 - Mn
3 88.4 <2.0 10.5 Mg4;Nds
- 100 - Mn
73.2 <2.0 25.3 (Mg3Nd)
4 73.1 <2.0 24.1 (Mg3Nd)
- 100 - Mn
75.0 - 25.0 MgsNd
5 (end-member)  44.6 6.1 49.3 (MgNd)
- &9.1 10.9 MIl17Nd2
- 100 - Mn

According to the phase equilibria determined from diffusion couple experiments
and alloys of the end-members, the phase relationships are shown in Figure 3-12. In the
next section, key alloys are used to confirm the phase relations obtained by diffusion
couples and to determine the solubility limits of the solid solutions extended in the
ternary.

Different annealing time intervals were used to assure that no diffusion layer was
missing. It is worth emphasizing that Dybkov [77] reported that diffusion layer formation

is a sequential process, where the first formed layers are those adjacent to the end
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members. Other layers start to form in between when the initial layers reach their
maximum thickness. Hence, some thin layers may be consumed by the reaction between
the diffusing species and the constituents of the layer when they are over annealed. Thus,
it was necessary to observe the microstructural changes after every annealing step.

As can be understood from the diffusion behavior of Mn, it has relatively lower
diffusivity than that of Mg and Nd. Thus, pure Mn was observed stationary in some
diffusion zones of the diffusion couples. However, the mobility of Mn atoms improves as
they liberate from the Mn-rich compounds. These atoms can be dissolved by some of the

stable Mg-Nd compounds to form extended ternary solubility.

Phase fields

Mg,Mn

1-Mn Nd,+(a-Nd) ™" +(MgNd)
2- Mn Nd,+Mn+(MgNd)

3- Mn+(MnNd)

4- Mn+(MgNd)+(Mg,Nd)

5- (Mg ,Nd)+Mn

6- Mn+(Mg ,Nd)+Mg, Nd,

7- Mn+Mg, Nd,

8- Mn+Mg, Nd_+Mg
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Figure 3-12: The phase equilibria inferred from the diffusion couple experiments
3.4.2. Key alloys experiments

Although diffusion couple studies are very useful to determine the phase relationships,

they are not always successful. The possibility of missing a phase is a common
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phenomenon [78]. Sometimes the formation of some phases is too slow to form a
detectable diffusion layer. Hence, key alloys experiments are designed to verify the
experimental results obtained from the diffusion couples. Also, they are important to
determine the maximum solid solubility of the binary and ternary components in the
system.

The constituent phases and their compositions in the annealed alloys are listed in
Table 3-5. XRD analysis was carried out to confirm the WDS findings. The XRD and
WDS results of the annealed samples are consistent. Because of slow kinetics of the
solid-solid phase transformation, step annealing approach was used and the key alloys
were analyzed after each annealing step including the as-cast alloys. Accordingly, the
phase equilibrium can be determined based on the microstructural and morphological

changes that occur after each annealing step.

Some alloys showed significant difference between their as-cast and annealed
microstructures. For instance, the as-cast microstructure of the sample #1 is shown in
Figure 3-13 (a). Four phases (Nd, Mg4;Nds, Mg;,Nd and Mn) were observed and labeled
in the same figure indicating non-equilibrium condition. However, the microstructure of

Mn,Nd an d

the same alloy after annealing for 14 days showed three phases (Mg4;Nds, (Mg)
Mn) as shown in Figure 3-13 (b). Mg;»2Nd was observed in the as-cast alloy only, because
it is a peritectic compound [7, 66] formed during the non-equilibrium cooling. Mg;,Nd
was reported as metastable phase [67, 71, 79] below 552°C. Thus, during annealing at
450°C, Mg ,Nd decomposed to form Mg4Nds and (Mg)™¢, because its composition falls

between these two phases. The formation of MgsNds from Mg;:Nd explains the

72



significant increase in the amount of MgsNds in the annealed alloy as shown in

Figure 3-13 (b).

Table 3-5: Selected key alloys and their experimental results

Phase composition

ICP
Sample . o XRD WDS (at.%)
(Actual composition at.%) Results Results WDS
Mg Mn Nd Mg Mn Nd
1 88.5 2.3 9.2 Mn Mn 0.0 100 0.0
Mg MMM 990 <10 <0.1
Mg Nds Mg Nds 88.0 <1.0 11.0
2 52.2 16.5 31.3 Mn Mn - 100 -
MgsNd (Mg3Nd) Small to be detected
(MgNd) (MgNd) 41.7 9.1 49.2
3 247  19.1 56.2 o-Nd (a-Nd)M#M* 6.0 3.0 91.0
(MgNd) (MgNd) 37.3 13.2 49.5
Mn;7Nd, Mn;7Nd, <20 875 11.3
4 10.9 70.0 19.1 Mn Mn 0.0 100 0.0
Mn;7Nd, Mn;7Nd, <1.0 889 10.6
(MgNd) (MgNd) 38.3 12.0  49.7
5 91.1 6.5 2.4 Mn Mn 0.0 100 0.0
Mg MMM 990  <1.0 <I1.0
Mg41Nd5 Mg41Nd5 88.8 <1.0 10.4
6 71.6 12.4 16.0 Mn Mn - 100 -
Mg Nds Mg Nds 88.0 <2.0 10.9
(MgsNd) (MgsNd) 75.0 2.7 223
7 70.8 5.8 234 Mn Mn - 100 -
(Mg3Nd) (MgsNd) 75.0 3.5 21.5
8 57.6 2.4 40.0 MgNd (MgNd) 50.7 2.4 46.9
Mg;Nd (Mg3Nd) Small to be detected
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Figure 3-13: The microstructure of sample #1 (a) the as-cast condition; (b) annealed at 450°C
for 14 days

The as-cast microstructure of sample #2, shown in Figure 3-14 (a), represents the
three phases, Mn, (MgNd) and Mg,Nd. Figure 3-14 (b) is for the microstructure of the
same alloy after annealing at 450°C for 14 days. The annealed microstructure contains
the three phases Mn, (MgNd) and Mg;Nd. It is assumed that (Mg3;Nd) resulted from the
eutectoidal decomposition of Mg,Nd, which is known as a Laves phase with a narrow
thermal stability range of 657-750°C [66, 67]. Thus, Mg,Nd is not stable at 450°C. The
phase morphology in Figure 3-14 (b) is evidence that Mg,Nd decomposed eutectoidally

as following Mg, Nd«>MgNd+Mg;Nd.

WDS spot analysis was not able to acquire the composition of the lamellae of the
eutectoid phase individually, because they are very thin. However, the WDS area analysis
of the eutectoid structure (Figure 3-14 (b)) revealed the following composition: 57.4Mg-
9.2Mn-33.4Nd at.%, which falls in the (MgNd)+(Mg3;Nd) two-phase field. Therefore, X-
ray powder diffraction was performed on the sample before and after annealing to
identify the composition of the phases. The X-ray spectra of sample #8, before and after
annealing, are shown in Figure 3-15. Silicon was used in the powder samples as a
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calibration standard to correct the zero shift and specimen displacement. XRD spectrum
of sample #8 before annealing showed the presence of MgNd and Mg,Nd, which is
consistent with WDS results as can be seen in Table 3-5. The XRD spectrum of sample
#8 after annealing showed Mg;Nd peaks instead of Mg,Nd. This elucidates the

eutectoidal decomposition of Mg,Nd.

TMG 15.0kV 9.8mm x500 BSECOMP 100um TMG 15.0kV 10.0mih x500 BSECOMP 100um

AR (MgNd)+(Mg;Nd) [l
Ny eutectoid :

TMG 15.0kV 9.9mm x3.00k BSECOMP

Figure 3-14: The microstructure of sample #8 (a) the as-cast condition; (b) annealed at 450°C
for 5 days; (c¢) (MgNd)+(Mg;Nd) eutectoid
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Figure 3-15: X-ray spectrum of sample #8 (a) before annealing; (b) annealed at 450°C for 5
days

Sample #3 was prepared to investigate the phase relationships near the Nd-rich corner.
This can also provide valuable information on the maximum solid solubility of Mg and
Mn in a-Nd at 450°C. The as-cast and annealed microstructures of sample #3 are shown

in Figure 3-16 (a) and (b), respectively.

[ S
50.0um

Figure 3-16: The microstructure of sample #3 (a) the as-cast condition; (b) annealed at 450°C
for 14 days
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The as-cast microstructure contains Mn, Mn,Nd, (MgNd) and (a-Nd)MeEM™ The
annealed microstructure contains Mn;7Nd,, (MgNd) and (a-Nd)M&M* Mn,Nd is another
peritectic Laves phase in the system with a thermal stability range of ~600-830°C [64,

Mg,M .
&M eutectoid

74]. It was observed with a lamellar morphology in the Mn,;Nd+(a-Nd)
microstructure of the as-cast sample as shown in Figure 3-16 (a). The target annealing
temperature in this study is 450°C, which is lower than the stability temperature of
Mn,Nd. According to the Mn-Nd phase diagram [64, 74], Mn,Nd decomposes
eutectoidally at ~570°C to form Mna;Nds and (a-Nd)™', and Mna3Nds decomposes
further at ~485°C to form Mn;7Nd, and (a-Nd)™". From the microstructures of this alloy,
Mn;Nd, was obtained due to Mn,Nd decomposition. Evidence is seen in Figure 3-16 (b)

where Mn7Nd, exists and the lamellar eutectoid microstructure changed to equiaxed

grains.

Mn,Nd was not the only source of Mn;7Nd, formation, pure Mn played additional
role in the formation of Mn;7Nd,. Based on the morphology of Mn grains, it seems that
Mn reacted with Nd to form Mn;7Nd, as shown in Figure 3-16 (b). This can be an
indication that the affinity of Mn to Nd atoms is higher than that of Mn to Mg; since Nd
forms intermetallic compounds with Mn unlike Mg and Mn. The Mn;;Nd, formation
reaction in this case is reversible to produce pure Mn due to Mn;7Nd, decomposition in

the presence of Mg atoms as concluded from diffusion couples experiments.

It was also noticed that the available Mn was not completely transformed into
Mny7Nd,. Part of Mn atoms were dissolved by (MgNd) and (a-Nd)™*™" to form ternary

solid solutions. It is evident from the WDS analysis that the solid solubility of Mn in
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(MgNd) varied from 9 at.%, in the as-cast alloy, to 13 at.% Mn upon annealing. The

solubility of Mn in (a-Nd)&#™" was determined as 3.0 at.% Mn.

3.4.3. The Mg-Mn-Nd isothermal section at 450°C

According to the diffusion couples and key alloys experiments, the Mg-Mn-Nd
isothermal section at 450°C was constructed in the full concentration range as shown in
Figure 3-17. The solubility of both Mn and Nd in Mg was relatively small; it was
measured as <1.0 at.% Mn and <1.0 at.% Nd. These values fall within the WDS error of
measurements, therefore, the solubility limits of both Mn and Nd in Mg at 450°C are

taken from the work of Drits et al. [75] as 0.5 wt.% Mn and 1.3 wt.% Nd.

o
Mole fraction, Mg

Figure 3-17: The Mg-Mn-Nd isothermal section at 450°C based on the phase equilibria of the
diffusion couples and key alloys
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Five three-phase regions were observed and confirmed by WDS and XRD
analysis. The system showed unique phase relationships due to the presence of Mn. For
instance, because Mn does not form intermetallic compounds with Mg, it was always
seen as either solute in the Mg-Nd compounds or pure element in all microstructures.
However, Mn forms a stable compound with Nd at 450°C, and this compound, Mn;7Nd,,

Mg, Mn

is in equilibrium with (a-Nd) , (MgNd) and pure Mn. Therefore, the phase boundary
lines are pointing towards the Mn-rich corner, except for the (a-Nd)M&M+(MgNd)+

Mn;Nd, three-phase field, as shown in Figure 3-17.

3.5. Conclusions

The Mg-Mn-Nd isothermal section at 450°C was constructed in the full composition
range using diffusion couples and key alloys, analyzed by XRD, SEM/EDS/WDS and
metallography. No ternary compounds were observed in the system at 450°C. Key alloys
were used to confirm the phase relations obtained from diffusion couples and to
determine the solid solubility limits.

Diffusion couples revealed that Mn has relatively lower diffusivity than that of
Mg and Nd. Thus, pure Mn was observed stationary in some diffusion zones forming
Mn+(MgNd), Mn+(MgzNd) and Mn+Mg4;Nds two-phase regions. However, relatively
small amount of Mn diffused towards the interface with Mg end-member forming a
continuous thin layer of pure Mn. The remainder of Mn was dissolved in (a-Nd)“&M",
(MgNd) and (MgzNd).

(0-NdM&EM" solid solution is considerably wider than the other single-phase

regions, because of the wide binary solid solubility of Mg in a-Nd at 450°C, which is
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about 7.5 at.% Mg. The solubility of Mn in (MgNd) was characterized as a substitution of
Mg by Mn atoms at constant Nd concentration with maximum solubility of 13 at.% Mn.
Other extended solid solution, (Mg;Nd), was found to have ~3.7 at.% Mn.

The microstructure of the studied alloys showed that Mn is in equilibrium with
most of the phases in the system, since it appeared as individual particles within matrices
of Mg-Nd phases. Accordingly, the phase boundary lines are pointing towards the pure-

Mn corner, except for the (a-Nd)M&M*+Mn;;Nd,+(MgNd) phase field.
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3.7. Author’s notes and significance of paper to thesis

The phase relationships of the Mg-Mn-Nd isothermal section at 450°C were
established in the full composition range using diffusion couples and key alloys.
Diffusion couples and key alloys were annealed for different time intervals to reveal the
phase equilibrium. Diffusion zones of diffusion couples showed grains containing pure
Mn, resulting from Mn;,Nd, phase decomposition. These grains are spread within layers
of Mg-Nd compounds. It was concluded that the phase decomposition occurred as a
result of the high affinity of Mg to Nd during the diffusion reaction. Thus, Nd was
consumed from Mn;7Nd, by the diffusing Mg atoms to form Mg-Nd compounds, leaving

behind pure Mn. Although this work is not focusing on studying the solid phase
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formation and diffusion kinetics, the previous discussion is still necessary to understand
the phase equilibrium resulted from diffusion reaction. In contrary, the key alloys
microstructures revealed that Mn;7Nd, formed from the diffusion reaction of Mn and Nd
upon annealing. This conclusion was achieved by comparing the microstructures and

XRD patterns of the alloys before and after annealing.

The Mg-Mn-{Ce, Nd} isothermal sections at 450°C, established in Chapters 2 and
3, showed some similarity in terms of phase relationships, where most of the phase
boundary lines were pointing towards the Mn-rich corner. The next chapter discusses the
effect of Mn replacement by Zn in the Ce-Mg-Zn isothermal section at 300°C. It is
important to note that unlike Mn, Zn forms compounds with both Ce and Mg. Therefore
it would be interesting to see the type of equilibrium phase relationships that would occur

in this case.
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Chapter 4 : Phase equilibria of the Ce-Mg-Zn ternary system at 300°C

ABSTRACT

The isothermal section of the Ce-Mg-Zn system at 300 °C was experimentally
established in the full composition range via diffusion multiple/couples and key alloys.
Annealed key alloys were used to confirm the phase equilibria obtained by diffusion
multiple/couples and to determine the solid solubility ranges. Spot analysis was carried
out, using wavelength dispersive X-ray spectroscopy (WDS), to identify the composition
of the observed phases. The composition profiles were obtained using WDS line-scans
across the diffusion zones. X-ray diffraction (XRD) was performed to identify the phases
in the annealed alloys and to confirm the WDS results. Eight ternary compounds, in the
Ce-Mg-Zn isothermal section at 300 °C, were observed from 45-80 at.% Zn. These are:
11 (CesMg3Znyg), 12 (CeMgroZngs), 13 (CeaMgsZns), 14 (CeMgsZns), 15 (CeMgrZnyy),
T6 (CeMga3-Zni28+; 0 <x < 1.1), 17 (CeMgZny) and 13 (Ce(Mg;-,Zn,)11; 0.096 <y < 0.43).
The ternary solubility of Zn in the Ce-Mg compounds was found to increase with a
decrease in Mg concentration. Accordingly, the ternary solid solubility of Zn in CeMg,
and CeMg; was measured as 5.6 and 28.4 at.% Zn, respectively. Furthermore, the CeMg
and CeZn showed a complete solid solubility. The complete solubility was confirmed by

a diffusion couple made from alloys containing CeMg and CeZn compounds.
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4.1. Introduction

Casting magnesium alloys exhibit low mechanical strength and ductility, and Mg
alloys, in general, are limited to certain applications, because of their poor plastic
properties at room temperature and poor creep resistance at elevated temperatures [80].
Thus, the development of Mg alloys with high mechanical properties becomes essential
for many applications. Zn is one of the potential alloying elements added to Mg to
improve its mechanical properties and corrosion resistance [81]. The problem with the
Mg-Zn binary alloys is the low melting point, deeming these alloys not suitable for
elevated temperature applications. In order to improve the mechanical properties at
elevated temperatures, rare earth (RE) elements are added to form precipitates by age
hardening [82], on the one hand. On the other hand, the addition of rare earth elements
can also refine the grains and form stable compounds with a high melting point [83].
Cerium, as a major component of the mischmetal, is considered one of the most
important additives to modify the Mg-Zn binary alloys [84], because it forms a series of

stable intermetallic compounds.

Diffusion couples are valuable experimental techniques for phase diagram studies.
They are subjected to the assumption of the local equilibria in the diffusion zone, where
the diffusion reaction takes place [20]. Thin layers in thermodynamic equilibrium are
formed adjacent to one another. The phase equilibria, then, can be depicted via the
diffusion paths across these layers [17]. In this work, diffusion couples and one diffusion
multiple were used to understand the phase relationships in the Ce-Mg-Zn isothermal
section at 300 °C. Key alloys, used to verify the phase relations obtained from diffusion
paths and to study the regions that were not covered by the diffusion couples, were
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analyzed using X-ray powder diffraction (XRD), energy dispersive X-ray spectroscopy
(EDS), wavelength dispersive X-ray spectroscopy (WDS) and scanning electron

microscopy (SEM).

4.2. Literature review

The solubility of Ce and Zn in Mg in the Ce-Mg-Zn system was first studied by
Korolkov and Sal'dau [85] using XRD, thermal and microstructural analysis. Thermal
analysis results were used to construct six vertical sections with a mass ratio of Ce:Zn of
5:1, 2:1, 1:1, 1:2, 1:4.5 and 1:10, and to draw the liquidus surface near the Mg-rich
corner. On the other hand, the microstructural studies were used to determine the
combined solubility of Ce and Zn in Mg in the furnace cooled samples and those
annealed at 200, 300 and 335°C. Korolkov and Sal’dau [85] reported an invariant
reaction at 50 at.% Mg-47.5 at.% Zn-2.5 at.% Ce occurring between 341 and 343°C
without giving further explanations on the reaction type. The partial phase diagram,
shown in Figure 4-1 (a), was investigated by Melnik ef al. [86] in the region Mg-MgZn,-
CeMg-CeZn at 300°C using XRD. Four ternary compounds were discovered Tt;
(CeMg7Zn2), 12 (Ce(Mg,Zn)i0.1), 13 (CeMg3Zns) and 14 (Ce(Mg,Zn)s). 12 and 14 showed
extended solubility ranges from 9.1 to 45.5 at.% Zn and from 35 to 45 at.% Zn at 300°C,
respectively. The crystal structures of 1, and 13 are unknown. They [86] suggested the
existence of a wide two-phase region between the ternary solid solutions extending from
CeMg;> up to 40 at.% Zn, and CesMg up to 48 at.% Zn at 300°C. However, these
findings have not been confirmed experimentally yet. Drits et al. [87], using XRD,

differential thermal analysis (DTA), EPMA and microstructural analysis, constructed two
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vertical sections in the Mg-rich corner, at 24 wt.% Zn and 34 wt.% Zn, both from 0 to 20
wt.% Ce. Two ternary compounds were confirmed using X-ray analysis; these
compounds are: CeMg;Zn;; and Ce(Mgo2-.03Zn¢1-03)10.1. In addition, two invariant
reactions, L+Ce(Mgo2-03Zn0.1-03)10.1<>(0-Mg)+CeMg7Zn;, at 349+£1°C and L (a-

Mg)+CeMg;Zn ,+Mgs 1 Znyg at 341+£1°C, were detected.

Later, Kolitsch et al. [88] re-evaluated the partial isothermal section constructed
by Melnik et al. [86] at 300°C. In their review, the tie line between t; and Mgs;Zn,o was
omitted, because Mgs;Zny, is not considered stable at 300°C [89]. Kevorkov and
Pekguleryuz [90] studied the Ce-Mg-Zn phase diagram at 350°C, shown in Figure 4-1
(b), by means of diffusion couples and SEM/EDS analysis. As a starting point, they [90]
used the isothermal section constructed by Kolitsch et al. [88] at 300°C. Two new
ternary compounds, labeled as phase 2 (Ce;gMgs314Zn4504) and phase 6
(Ces21Mgia56Zn7923), were observed. In addition, solid solubilities of the ternary solid
solutions were determined using EDS/EPMA techniques. Several tie-lines were not
certainly recognized in the work of Kevorkov and Pekguleryuz [90]. These tie-lines were
indicated as dashed-lines in the Ce-Mg-Zn isothermal section at 350°C. Also, the phase
relationships with the Ce-Zn compounds were not well determined. Chiu et al.[91], using
thermodynamic modeling and experimental investigation, studied the solubility ranges
and the invariant reactions in the Mg-rich corner (34-85 at.% Mg) at 300°C. Their aim
was to find the missing key data for their model using DSC, DTA, SEM/EDS techniques.
They recalculated a ternary eutectic L— MgZn+Mg7Zns+1, (12-CeMgag2Znjag) at
~341°C with 2.5 at.% Ce in the liquid. The calculated eutectic temperature [91] was very

close to the temperature reported by Korolkov and Sal'dau [85] at 342°C. Although
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Kevorkov and Pekguleryuz [90] studied the system at 350°C. However, they [90] did not
report any liquid at that temperature. Later, Huang et al. [80] studied the phase
relationships in the Ce-Mg-Zn system, near the Mg-rich corner, at 350°C; using
SEM/EPMA, XRD, selected area electron microscopy (SAED) and transmission electron
microscopy (TEM). One linear ternary compound (7-phase), containing 7.7 at.% Ce and
19.3-43.6 at.% Zn, in equilibrium with (a-Mg) and (a-Mg)+Ce;sMgssZngz, was
observed. The 7T-phase was designated as Ce(Mg;.xZny);1; x=0.096-0.43 at.% which is
different than the extended solid solution Ce(MgxZny)i2; x=0-0.078 at.%. The crystal
structure was reported as C-centered orthorhombic with lattice parameters of a=0.96-
1.029nm, »5=1.115-1.204nm and ¢=0.94-1.015nm. Recently, the crystal structures,
compositions and phase relationships in the Ce-Mg-Zn system were identified at 400°C
by Huang et al. [84]. The T-phase was found in equilibrium with the liquid phase at
400°C. Thus, the phase equilibria of (a-Mg)+(CeMgi,), (a-Mg)+T-phase, (a-Mg)+7-
phasetliquid and (a-Mg)+T7-phase+(CeMg;,) were identified. The maximum solubility of
Zn in CeMg;, was measured to be 7.8 at.% Zn. More recently, Pavlyuk et al. [92]
established the Ce-Mg-Zn isothermal section at 197°C, shown in Figure 4-1 (c), using
single crystal XRD and EPMA techniques. Seven ternary compounds; namely: t;
(Ce(Mgo.137Zn0.863)11), T2 (CeMga92Zn043), T3 (CeMgi+xZnyy; x=0.48), 14 (CeMga 571y 5),
15 (CesMg 3Zn30), 16 (CeMgr3xZnin sy x=0.11) and 17 (CeoMg9Zng;), were reported.
The crystal structures and prototypes of the five ternary compounds were determined as
ti-Immm and LasAl;;, 13-Fm-3m and MnCu,Al, t4-P6/mmm and TbCuy, 15-P63/mmc and
SmsMg3Znsy, and 1-F-43m  and CeyyMg9Zng;.  The crystal structures of

CeMg; «Zny continuous solid solution and of CeMg > «Zny and CeMg3_Zny limited solid
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solutions were determined precisely. In the work of Pavlyuk et al. [92], Mgs;Zn;y was
shown to be a stable phase equilibrating with (a-Mg), 12, Mg2Zn;3 and Ce(Mg,Zn);o; at
197°C. However, Mgs;Zny is only stable in the temperature range of 321-341°C [93],
and was not detected by other authors [86, 90], who studied the system at higher
temperatures. Table 4-1 summarizes the ternary phases in the Ce-Mg-Zn system at
different temperatures as reported in the literature [80, 84, 86, 87, 90-92]. The ternary
compounds observed in the current work will be given the same naming system as

reported by Pavlyuk et al. [92].

The lowest temperature liquid in the Ce-Mg-Zn was reported around 340°C [88S,
91]. In order to avoid liquid phase formation, the current work was performed at 300°C.
The main objective of this work is to establish the Ce-Mg-Zn isothermal section in the
full composition range at 300°C experimentally by means of diffusion couples and key
alloys, using XRD, SEM/WDS and metallography. This will help in resolving the
inconsistent data of the literature and will give better understanding of the phase
relationships in the system, which is necessary for Mg-based alloys design and

development.
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Ce (at.%)

ermal section studied by (a) Melnik et al. [86] at
300°C; (b) Kevorkov and Pekguleryuz [90] at 350°C; (c) Pavilyuk et al. [92] at 197°C

Table 4-1: List of ternary phases in the Ce-Mg-Zn system reported in the literature

Reference
Phase [80] [84] [86] [87] [90] [92]
350°C 400°C 300°C 350°C 197°C
T CesMgsZnyo - - - - - Ces(Zng363Mgo.137)11
T CeMg,9Zn;s - - - - Phase2 CeMgy9,7n54 5
T3 Ce,Mg37Zn; - - Ce,Mg37Zn; - Phase3 CeMg .xZny«
0<x<0.48
74 CeMgysZnys - - CeMg;Zn; - Phase4 CeMg, sZny s
175 CesMgisZngg - - CeMg,Zn |, CeMg,Zn, Phase5 Ce;Mg 3Zn;
T6 CeMgy 3xZn o gy - - - - Phase6 CeMgy ;1270125139
0<x<1.1

T7 CeMgZny - - - - - CeyoMgi9Zng;
13 Ce(MgiyZny),;; Ce(MgiyZny);;  Ce(Mg,Zny) Ce(Mg,Zn)yo; Ce(Mg,Zn)io. Phasel -

0.096<y<0.43

0.096<y<0.43

0.096<y<0.43
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4.3. Results and discussion

Diffusion couple technique combined with selected equilibrated alloys was used
to achieve more reliable information about the Ce-Mg-Zn isothermal section at 300°C.
This combination guarantees the accuracy of the obtained phase equilibrium information.
The phase equilibria were determined by means of solid-solid diffusion couples and a
diffusion multiple. In this work, the diffusion multiple and three diffusion couples will be

presented along with the results of the key alloys.

4.3.1. Diffusion multiple

The end-members of the diffusion multiple were prepared from three pure metals
(Ce, Mg and Zn). Initially, the interface of the Mg and Zn end-members was polished
using lpum diamond suspension; then, the two members were screwed together using
4mm bolt and nut. After that, the assembled Mg and Zn pieces were treated as one-unit
and polished in the same way as described earlier to be attached with pure Ce member,
using a stainless-steel clamping ring. The idea was to obtain multiple diffusion, in the
reaction zone, between the binaries and the ternary mixing at the triple point. The
micrograph of diffusion multiple is presented in Figure 4-2 (a) and (b). Figure 4-2 (b) is

the diffusion zone, magnified and rotated 90° counter clock wise, of Figure 4-2 (a).

From Figure 4-2, diffusion zones #1, 2, 3 and 4 represent the diffusion in the Mg-
Zn binary system. These diffusion zones were recognized as Mg»Zn;;, MgZn,, Mg,Zn;
and Mg,Zn;3, respectively. Zones #8 and 9 belong to the Ce-Mg binary system, and their
composition represents the CeMgs and CeMg binary compounds. No diffusion occurred

between pure-Ce and pure-Zn at 300°C after 21 days. Diffusion zones #5, 6 and 7
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represent ternary diffusion zones occurred from the reaction at the triple point. WDS spot

analysis was performed for each individual zone. The WDS spot results are listed in

Table 4-2.

<4—Original
‘ Interface

TMG 15.0kV 10.1mm x4.20k BSECOMP 10.0um

Figure 4-2: (a) and (b) SEM micrographs of the Ce-Mg-Zn diffusion multiple annealed at
300°C for 21 days. The end-members are given the chemical symbols and the diffusion layers
are given numbers
WDS line-scan was performed across the microstructure shown in Figure 4-2 (b)

(diffusion layers located between zones #2 and pure Ce end-members). Figure 4-3

demonstrates the composition profile of the three elements along the WDS line-scan.

Table 4-2: WDS spot analysis of different diffusion zones of the diffusion multiple

Composition (at.%)

Zone Co Mg - Corresponding phase
Ce (end-member) 100 - - Ce
Mg (end-member) - 100 - Mg
Zn (end-member) - - 100 Zn
1 - 16.9 83.1 Mgzznn
2 - 32.9 67.1 MgZn;
3 - 37.2 62.8 Mg,Zn;
4 - 43.5 56.5 Mg122n13
5 8.1 31.8 60.1 s
6 9.5 55-67.1  35.5-23.3 8
7 25 46.2-63.8 28.8-11.2 Ce(Mg,Zn)3
8 25.5 74.5 - CeMg;
9 51.6 48.4 - CeMg
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According to the profile shown in Figure 4-3, the ternary compound in zone #6
and the solid solution in zone #7 were characterized based on the substitution of Mg with
Zn atoms. The composition of the three elements in zone #6 matches with the
composition of the ternary compound Ce(Mgi.,Zny); (0.33<y<0.45 at.%) which is
denoted as tg in this work. Zone #7 represents the Ce(Mg,Zn); ternary solid solution with
25 at.% Ce and 46.2-75.0 at.% Mg. It is worthy to mention that the solubility limits of
zones #6 and 7 are not accurate, since it was estimated from thin layers. However, the

obtained data were enough to acquire the phase relations.
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Figure 4-3: WDS line-scan across diffusion layers located between zone #2 and pure Ce end-
member. The black-squared numbers given in the composition profile correspond to the
number of diffusion zones indicated in Figure 4-2 and Table 4-2.

The composition of the ternary compound in zone #5 was detected by WDS spot
analysis as 8.1 at.% Ce, 31.8 at.% Mg and 60.1 at.% Zn. This composition matches with
the composition of CeMg;Zn;; ternary compound and given the symbol ts in this work.

The diffusion scenario between zone #8 and pure Ce end-member represents a binary

diffusion behavior, because no Zn was detected beyond the interface between zones #8
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and 9. This binary diffusion can be described as follows: CeMg; (zone #8) — CeMg

(zone #9) — Ce (end-member).

Based on the microstructures of the diffusion zones and the WDS composition
profile, the diffusion path was depicted as follows: MgZn, (zone #2) — Ce;Mg;3Zn3y —
Ce(Mg,Zn);o1 — CeMgsZns — CeMgs — CeMg (zone #9). The arrows used here
represent the diffusion path and not a chemical reaction. The diffusion path depicted from

diffusion multiple is represented graphically in Figure 4-4.

Mg

m WDS spots
-MgZn |
- MgZn,

-Mg,Zn,

-Mg Zn

-t =CeMg Zn
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Figure 4-4: Diffusion path depicted from the diffusion multiple. Numbers in black boxes
represent the diffusion zones indicated on the diffusion couple micrographs. Numbers on the
right-hand side represent the phase equilibrium at every zone.

4.3.2. Diffusion couples

4.3.2.1. Diffusion couple #1: Zn/5.5Ce-94.5Mg at.%
SEM micrograph of the solid-solid diffusion couple #1 is presented in Figure 4-5

(a-c). The first end-member was made from pure Zn. The second end-member was made
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from an Mg and CeMg;, two-phase binary alloy shown in Figure 4-5 (d). Diffusion
couple #1 showed very peculiar phase morphologies between the two end-members,
indicating the difficulty of extracting the phase relationships from this couple. These
morphologies, however, are rich of information about the phase relationships, which
normally requires large number of key alloys to be revealed. WDS spot analysis was
carried out for every component of these diffusion zones. The WDS spot analysis results

are listed in Table 4-3.

Eutectic{
Mg+CeMg1N

CeMgu

[
TMG 15.0kV 9.4mm x1.50k BS ) MC / 9.5mm x500 BSECOM 100um

Figure 4-5: (a), (b) and (c) SEM micrographs of diffusion couple #1 annealed at 300°C for 21
days; (d) SEM micrograph of the Mg+CeMg,, two phase alloy (end-member)

Upon annealing, nine diffusion zones formed. Diffusion zone #2 represents single
phase with around 20pm in width. Diffusion zones #3-5 show layers with two-phase.

Diffusion zones #6-8 show peritectic-like phase morphologies. Thus, zones #6-8 contain
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two two-phase equilibria, i.e.: solid A with solid B and solid B with solid C, as illustrated

in zone #7 of Figure 4-5 (b) and Table 4-3.

Table 4-3: WDS spot analysis of different diffusion zones of diffusion couple #1

Composition (at.%)

Zone Co Mg 7 Corresponding phase
1 (end-member) - - 100 Zn
2 - 15.6 84.4 MgZZn“
3 - 15.0 84.9 Mg,Zn;; (grey)
10.9 1.3 87.8 (CeaZny7)
4 <1.0 32.8 67.1 MgZn; (grey)
8.0 8.2 83.8 T6
5 - 33.4 66.6 MgZn; (grey)
8.2 30.2 61.6 15 (White)
6 7.9 36.0 56.1 Ts (White)
0.1 32.8 67.1 MgZny(grey)
0.1 32.8 67.1 MgZn;(grey)
23 49.0 48.7 ()
7 2.3 49.0 48.7 T
0.2 38.9 60.9 Mg,Zn; (grey)
8.6 42.4 49.0 T3 (White)
23 49.0 48.7 ()
8 - 100 - Mg
23 49.0 48.7 T
8.1 53.2 38.7 T3 (White)
- 100 - Mg
9 (end-member) 8.66 91.34 - Ce(Mg,Zn)»
- 100 - Mg

The SEM micrograph of diffusion couple #1 in Figure 4-5 (a) showed a white
phase, islanding within diffusion zones #3-8, and the grey phase is the matrix. WDS spots
were performed across diffusion zones #3-8 to measure the composition of the white
phase islands and the grey phase in the matrix. Figure 4-6 (a) and (b) show the

composition profile of the white and grey phases across the diffusion couple. The x-axis
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does not represent a metric distance; hence it was labeled as step, because these readings
were taken across the diffusion zone with no exact spatial measurements. One binary
compound CeMg); and three linear ternary compounds 1 (CeMgs 3.xZnj2 g+x; 0<x<1.1), 15
(CeMg7Zn;y), and 13 (Ce(MgiyZny)i; 0.096<y<0.43) were detected from the white
phase profile in Figure 4-6 (a), whereas, three binary compounds (Mg»Zn;;, MgZn, and
Mg,Zn3) were detected in the grey phase profile, Figure 4-6 (b). The concentration of Ce

was almost constant within the ternary phases’ profile in Figure 4-6 (a).
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Figure 4-6: WDS composition profile of the (a) white phase islanding in the two-phase
diffusion zones # 4-9; (b) grey phase in the matrix of the same diffusion zones including zone
#2

The sequence of the phases in the grey phase matrix was similar to that of the Mg-
Zn binary diffusion couple, annealed at 300°C and 21 days, shown in Figure 4-7 (a).
WDS spot results of the Mg-Zn diffusion couple are listed in Table 4-4. The ternary
diffusion couple #1 was compared with the Mg-Zn binary diffusion couple to give better
understanding of the phase relations between the Mg-Zn binary compounds and the ts, ¢

and T3 ternary compounds. In other words, the ternary compounds were distributed in a

matrix of Mg-Zn compound layers as illustrated in Figure 4-7 (b).
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Figure 4-7: (a) SEM micrograph of the Mg-Zn binary diffusion couple annealed at 300°C for
21 days; (b) sketch of the ternary diffusion couple #1 showing three ternary compounds
islanding in the Mg-Zn compound layers. Reader is encouraged to refer to the online version
for the colored image

Table 4-4: WDS spot analysis of Mg-Zn binary diffusion couple

Zone Composition (at.%) Corresponding
Mg Zn phase
1 (end-member) - 100 Zn
2 15.3 84.7 Mg,Zny;
3 67.1 32.9 MgZn,
4 61.8 39.2 Mg>Zn;
5 52.3 47.7 MgIZang
6 (end-member) 100 - Mg

EDS elemental mapping was used to define the composition of diffusion zones #5
to 9 shown in Figure 4-8 (a). The Ce, Mg and Zn elemental maps are shown in Figure 4-8
(b-d), respectively. The color contrast of the Mg element, Figure 4-8 (c), revealed that the
dark phase at the interface between zones #8 and 9 is pure Mg, and not a crack as was
suspected. The corresponding phase relationships determined from this part of diffusion

couple will be discussed in combination with Figure 4-9.
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Mg katl_2 Zn ka1

Figure 4-8: (a) SEM micrograph of zones #5-8 of diffusion couple #1; (b), (c¢) and (d) EDS
elemental maps of Ce, Mg and Zn respectively. Reader is encouraged to refer to the online
version to see the colored maps

The SEM micrograph shown in Figure 4-9 shows the formation of a dark phase
falling between t3 and pure Mg phases. This phase is in equilibrium with 15, Mg>Zns,
MgZn,, 15 and pure Mg. WDS spot analysis revealed that this phase is T, (CeMga92Zn24%)
according to Table 4-1. Based on its chemical composition, T, is located near the binary
Mgi2Zn;3. However, the binary Mg;,Zn,3 appears as a thin layer in Figure 4-7 (zone #5).
It is expected that the Mg;,Zn;3 layer was breaking into small parts upon the subsequent

formation of the two ternary compounds ts and g, providing the 2.0 at.% Ce necessary to

form 1,.
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Figure 4-9: SEM micrograph of diffusion zones #7 and 8 of diffusion couple #1

One can raise an issue regarding the morphology of the scattered ternary
compounds over a matrix of Mg-Zn compounds. It is presumed that the scattered
formation of the ternary compounds was due to the preferential reaction of the diffusing
species. Referring to the diffusion multiple in Figure 4-2 (a), Mg-Zn binary diffusion
couple has thicker diffusion layers than those of Ce-Mg binary couple, as well as no
diffusion occurred in the Ce-Zn binary diffusion couple at 300°C and 21 days. In
conclusion, the mobility of the atoms in Mg-Zn system is higher than the atoms in both
Ce-Mg and Ce-Zn systems. This conclusion will be discussed further below.

The composition of Ce was constant at 8.2 at.% in the profile of the Ce(Mg,Zn)»
solid solution and the ternary compounds tg, s and 16 shown in Figure 4-6 (a). However,
the Ce concentration must be 7.6 at.% Ce for Ce(Mg,Zn);,. This difference could be due
to the error of the WDS measurements, which was estimated as =1 at.% for Ce. Thus, it is
most likely that the ternary compounds were formed from the Ce(Mg,Zn);, due to the
Mg/Zn atomic exchange. This can also be supported by monitoring the end of the white
phase traces, which can indicate the original location of the interface between the two

end-members. Figure 4-5 (c) shows clearly the location of the original interface where the
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crack exists and the Mg,Zn;; forms on both sides. The Ce(Mg,Zn);, solid solution is
characterized by the substitution of Mg with Zn atoms. However, Zn has smaller atomic
radius (133pm) than Mg (160pm) [25]. Because of this difference in the atomic radii,
distortion in the lattice structure might take place, and various ternary compounds with
constant Ce concentration can be formed when Zn content reaches a threshold value.
Evidence to this distortion, Figure 4-5 (a) shows that the size of the white grains near the
Zn-rich side is smaller than those adjacent to the Ce(Mg,Zn);, solid solution; this was
also illustrated in Figure 4-7 (b). The grains with more Zn, due to substitution, show
smaller grain size. In addition, the substituted Mg atoms can be consumed by excess Zn
atoms through the diffusion reaction to form Mg-Zn compounds. This can provide an
explanation for the presence of pure-Mg (black phase in zones #8 and 9), which might be
filtered from the solid solution due to the substitution mechanism.

In this system, the same phase morphology was observed in all diffusion couples
containing Zn-rich end-members, specifically whenever a substitutional solid solution
encountered within the diffusion path. Diffusion couple #2, for example, showed the
same morphology due to the Mg/Zn substitution in the Ce(Mg,Zn); solid solution. The
results of diffusion couple #2 will be presented next.

According to the phase diagram rules, in a ternary system, the maximum number
of phases in each diffusion layer is 2. However, in diffusion zones #6, 7 and 8, three
phases were detected. These phases are t,+15+MgZn; 1s+tMgrZns+1; and tgt+MgrZns+1s,
respectively. This could be due to the anisotropic diffusion, which results sometimes
during the sequential growth of the diffusion layers [77]. Such anisotropic growth might

result in volumetric mismatch, at the interface between two dissimilar phases, which
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occurs due to the lattice distortion. This can give more chance to the phases in the
diffusion layers to break a part into scattered islands equilibrating with the surrounding
phases.

From the WDS spots and line-scans and the EDS elemental maps, the path of
diffusion couple #1 is represented graphically in Figure 4-10. The two end-members of

diffusion couple #1 are connected by a dashed line.

B WDS spots

- Zn (end-member)
-Mg/Zn

-MgZn +CeZn

- Ce,Zn +MgZn,

- MgZn +t,

- MgZn +t /MgZn +t,
-Mg Zn 1/t +1

- erng/MgH8

- Mg+Ce(Mg,Zn) ,

O 0 N N B W N -

Figure 4-10: Phase equilibria depicted from the WDS spot analysis and line-scans across
diffusion couple #1. Numbers in black boxes represent the diffusion zones indicated on the
diffusion couple micrographs. Numbers on the right-hand side represent the phases in every
Zone.

5.4.2.2. Diffusion couple #2: Zn/27.0Ce-73.0Mg at.%

The SEM micrographs of the solid-solid diffusion couple #2 are represented in
Figure 4-11. The first end-member was made from pure Zn. The second end-member was
made from the CeMg and CeMgj; two-phase binary alloy. Diffusion couple #2, similar to
diffusion couple #1, showed dispersed ternary compounds within a matrix of Mg-Zn

binary compounds. Also, the size of the white grains is decreasing with the increase in Zn
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concentration. The occurrence of this morphology was thoroughly discussed within the
results of diffusion couple #1. In contrast to diffusion couple #1, the results of diffusion
couple #2 showed that 13 is forming from the Ce(Mg,Zn); solid solution due to further
substitution of Mg by Zn, then ts and 16 formed later, due to the increase in Zn

concentration.

Zn

CeMg;

H

8 Ce(Mg,Zn)

TMG 15.0kV 10.7mm x10.0k BSECOMP 5.00um

Figure 4-11: (a), (b), (c) and (d) SEM micrographs of diffusion couple #2 annealed at 300°C
and 21 days

Nine diffusion zones were determined and analyzed using WDS spot analysis and
line-scans. Diffusion zone #2 represents single phase of 10um thickness. Figure 4-11 (c)
is a magnified part from diffusion couple #2 showing diffusion zone #3; which represents
a two-phase equilibrium between Mg,Zn;; and Ce,Zn;;. Diffusion zones #4, 5, 6 and 7

have two compounds. The results of WDS spot analysis of diffusion couple #2 are listed
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in Table 4-5. Figure 4-11 (b) shows a very thin bright phase surrounding 13 (Ce,Mg3Zn3),

the white dendrites of zone #7. Thus, the diffusion zone was magnified up to 10kX

(Figure 4-11 (d)) to find out the composition of that phase using WDS spot analysis. The

WDS spot analysis gave the following stoichiometry: 9.9 at.% Ce, 27.6 at.% Mg and 62.5

at.% Zn, which corresponding to 15 (CeMg;Zn;,). This means that 15 is in equilibrium

with MgZn, and 13. Also, the composition profile is represented in the same figure to

show the concentration gradient within 13, Ce(Mg,Zn); and CeMgs.

Table 4-5: WDS spot analysis of different diffusion zones of diffusion couple #2

Composition (at.%)

Zone Co Mg - Corresponding phase
1 (end-member) 0 100 0 Zn
2 0 15.9 84.1 MgyZny;
3 7.2 2.9 89.9 (CexZnyy)
0 15.9 84.1 Mgzznn
4 7.5 5.2 87.3 (CeaZny7)
0.7 31.6 67.7 MgZn; (dark)
5 5.9 10.8 83.3 T6
0.7 31.6 67.7 MgZn, (dark)
6 9.9 27.6 62.5 15 (white)
0.2 33.5 66.3 MgZn, (dark)
7 24.0 29.2 46.8 3
14.1 31.6 543 s
8 243 57.8 17.9 Ce(Mg,Zn)s
9 (end-member) 25.0 75.0 0 CeMg;
50.0 50.0 0 CeMg

Three ternary compounds, formed within the two-phase diffusion zones #5 to 7,

were observed. These compounds are: 16, ts and 13. The Three compounds were

characterized by the Mg/Zn substitution at constant Ce concentration. The homogeneity

ranges of these compounds were estimated, using WDS spot analysis, to be 6.0-12.4 at.%
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Mg, 24.0-31.6 at.% Mg, and 25.0-29.0 at.% Mg, respectively. EDS elemental mapping
was performed for diffusion zones #6 to 9, as shown in Figure 4-12. The elemental maps
were used to recognize the composition of every phase in the targeted area; as well as, to
determine the boundaries of every diffusion zone. Accordingly, the dark phase in the
matrix of diffusion zones #6 and 7 (Figure 4-12 (a)) was recognized to be a binary
compound containing Mg and Zn, since the trace of this phase in the Ce map is dark. In
contrast, the traces of the bright dendrites, for the same diffusion zones, represent ternary

compounds.

Electron Image 1 50 um Ce La1 _

Mg Ka1_2 Zn Ka1

Figure 4-12: a) SEM micrograph of zones #6, 7, 8 and 9 of diffusion couple #2; (b), (c) and (d)
EDS elemental maps of Ce, Mg and Zn respectively. Reader is encouraged to refer to the
online version for the colored maps
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Figure 4-12 (b), shows that the ternary dendrites of zone #7 contain higher Ce
concentration in Zone #6, whereas, the proportion between Mg and Zn concentrations
remains the same. However, these dendrites seem connected.

The phase equilibria depicted from diffusion couple #2 are represented
graphically in Figure 4-13. The two end-members of diffusion couple #2 are connected

by a dashed line.
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2-MgZn
3-MgZn +CeZn
4- MgZn +Ce Zn
5-MgZn +t,
6- MgZn2+t,
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9- CeMg +CeMg

(end-member)

Zn ¥ ogo'oc/\oyo /o' 7 w7 7 7 7 7~ Ce
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Figure 4-13: Phase equilibria depicted from the WDS spot analysis across diffusion couple #2

5.4.2.3. Diffusion couple #3: Ce/97.0Mg-3.0Zn at.%

Solid-solid diffusion couple #3, shown in Figure 4-14, was made from pure Ce
and a binary alloy containing 83.0 at.% Mg and 17.0 at.% Zn, Figure 4-14 (b). Unlike
other diffusion couples and the diffusion multiple, diffusion couple #3 was annealed for
40 days instead of 21 days, since no diffusion layers were observed after 21 days of

annealing. 30 days was also tried and no diffusion layers could be observed either.
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However, 6 diffusion layers with total thickness of ~12um formed after 40 days of

annealing. The WDS spot results of the diffusion zones are listed in Table 4-6.

TMG 15.0kV 8.3mm x2.00k BSECO|

\
©' ¢

TMG 15.0kV 9.3mm x86.00k BSECOMP £ 5.00um

Figure 4-14: (a), (c) and (d) SEM micrographs of diffusion couple #3; (b) SEM micrograph of
the 83Mg-17Zn (at. %) end-member

Table 4-6: WDS spot analysis of different diffusion zones of diffusion couple #3

Composition (at.%)

Zone Co Mg - Corresponding phase

1 (end-member) 100 0 0 Ce

2 47.8 0 52.2 CeZn

3 32.1 0 67.9 CeZn,

4 24.5 24.0 51.5 T3

5 16.7 20.4 62.9 T7

6 7.9 27.8 64.3 s

7 2.0 53.7 443 T
8 (end-member) 0 48.0 52.0 Mg2Zn;;3

0 97.6 2.4 (Mg)™"
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WDS line-scan was performed across the diffusion zones of diffusion couple #3.
The composition of each layer was determined by, at least, two spots along the WDS

line-scan as shown in Figure 4-15.
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Figure 4-15: WDS line-scan across diffusion couple #3

Based on the WDS spot analysis and line-scan, the solubility of Zn in Ce, zone
#1, was determined as 4.0 at.% Zn. As well as, the solid solubility of Zn in Mg, zone #8,
was determined as 3.6 at.% Zn. Diffusion zones #2 and 3 represent the CeZn and CeZn,
binary compounds, respectively. Diffusion zones #4 and 6 represent the ternary
compounds 13 and 15, which is characterized by the Mg/Zn substitution at constant Ce
composition. Diffusion zones #5 and 7 represent the stoichiometric ternary compounds 17
and 1, respectively.

According to WDS spot analysis and line-scans, the diffusion path of diffusion
couple #3 can be represented as follows: Pure Ce (end-member) — (Ce)”” — CeZn —
CeZnp — 13 — 177 — 15 — T — (Mg)™ — (Mg)”+Mg»Zn;; (end-member). The
diffusion path is represented graphically in Figure 4-16. The two end-members are

connected by a dashed line.
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Figure 4-16: Diffusion path depicted from diffusion couple #3

The diffusion path of diffusion couple #3 (Figure 4-16) shows some of the phases,
corresponding to the diffusion zones #2-6 (Figure 4-14), that form near the Zn-rich side.
In order to understand the diffusion reaction, the mass balance principle must be taken
into account. In this case, the diffusion reaction can be described as following: the pure
Ce exists in the end-member of diffusion couple #3 was diffusing against Mg and Zn
atoms, which were provided by the two-phase alloy of the other end-member. The atomic
exchange took place, and the Ce concentration dropped gradually across the formed
diffusion zones as shown in the WDS composition profile in Figure 4-15. Accordingly,
several Zn-rich ternary compounds were formed to the left side of the line connecting the
two end-members. In this case, the mass of the reacted Ce and Zn must to be
compensated with more Mg. Thus, the diffusion reaction switched its path sharply
towards the Mg-rich corner after zone #5, and the two-phase end-member contributed to

this compensation by forming a considerably thick layer of Mg-rich solid solution,

107



(Mg)™ in zone #8, to balance the mass. Therefore, the diffusion path fulfilled the mass
balance condition by intersecting the line connecting the two end-members at least once.

Seven ternary compounds were detected in diffusion multiple and diffusion
couples # 1, 2 and 3; these phases are: 15, T3, T4, Ts, T, T7 and 13. Obviously several of
these compounds were observed in more than one couple, providing confirmation of their
presence in the system at 300°C.

The three diffusion couples gave clear idea about the phase equilibria in the Zn-
rich corner, up to 33 at.% Mg and 10 at.% Ce; since their results in that part were
consistent. Other regions of the Ce-Mg-Zn isothermal section at 300°C were determined

by the key alloys experiments and their results are discussed in the following section.

4.3.3. Key alloys analysis

Key alloys were used to verify the results obtained from diffusion couples
experiments, and to cover the remaining parts of the Ce-Mg-Zn isothermal section at
300°C. Thus, twenty eight key alloys were prepared with different compositions. The
actual composition was obtained by average of three EDS area-analysis. The actual
composition of few samples (#1, 2, 4, 13 and 14), selected randomly, was measured using
inductively coupled plasma-optical emission spectrometry (ICP-OEM) to confirm the
EDS area measurements. Both EDS and ICP-OEM measurements were in good
agreement. Figure 4-17 shows the actual composition obtained from the EDS and ICO-
OEM methods.

Alloys were brought to equilibrium after annealing at 300°C for 30 days. WDS

spot analysis was performed on the annealed samples to determine the composition of the
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observed phases. X-ray diffraction of the samples’ was performed to identify the

equilibrated phases and verify the phase relations obtained from WDS analysis.
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Figure 4-17: The actual composition of the key alloys obtained by EDS area analysis and ICP-
OEM

5.4.3.1. Alloys with three-phase equilibria

Several three-phase regions in the Ce-Mg-Zn isothermal section at 300°C were
determined by key alloys experiments. WDS spot analyses of samples with three-phase
equilibria are listed in Table 4-7. Figure 4-18 shows the SEM micrographs of some
selected alloys with three-phase equilibria with the labels of the detected phases. X-ray
powder diffraction patterns of samples #1, 2 and 12, shown in Figure 4-19, are given as
example of phase identification using X-ray diffraction analysis. However, XRD was
performed on the all prepared samples. The results of WDS spot analysis and XRD were
consistent for the phases of known crystal structures. More studies regarding the phases

on the unknown crystal structures are still needed.
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Figure 4-18: SEM micrographs of some samples of three-phase equilibria (a) sample #1; (b)
sample #2; (c) sample #8; (d) sample #12; (e) sample #16; (f) sample #17
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Table 4-7: WDS spot analysis of samples with three-phase equilibria

Actual composition ~ WDS composition

Eaﬂgi‘: EDS (at.%) (at.%) Corre;f;‘ggdmg
" Ce Mg Zn Ce Mg /n p
1 40 6.0 900 104 0.8 888  (CexZniy)
0.0 15.8 84.2 MgQZnn
00 1.0 99.0 (Zn)Me
2 25 192 783 104 12 884  (CexZnyy)
00 151 849 MgoZny;
00 331 669 MgZn,
5 172 89 738 164 166 67.0 7
165 41 794 (CeZns)
201 87 712 T
7 202 183 615 163 167 67.0 7
245 233 522 T3
206 86 708 T
8 234 99 667 324 05 67.1 (CeZny)
208 72 720 T
250 220 530  Ce,MgiZns
12 3.1 86 553 500 85 415  Ce(MgZn)
333 19 648 (CeZny)
250 250 500 T3
16 137 417 446 25 25 50 T3
143 289 568 T
85 56.8 347 T8
17 153 812 35 250 695 55  Ce(MgZn);
108 892 0 CesMgy
83 889 28  Ce(MgZn),
24 257 16 727 320 0 680 CeZn,
205 26 769  (CesZny)
204 75 721 T
25 123 56 821 163 45 792 CeZns
112 22 866  (CexZnyy)
112 139 749 Ts
28 52 895 53 86 79 124 T8

8.6 85.3 6.1 Ce(Mg,Zn)»
1.0 975 1.5 (Mg)“e"
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Figure 4-19: The X-ray powder diffraction of the annealed samples #1, 2 and 12 showing three
Pphase equilibria. Silicon was used as a calibration standard to correct the zero shift and
specimen displacement errors
It 1s worth noting that Figure 4-18 (f) exhibits a lamellar structure in the white
grains. This structure has similarity to what so called Widmanstétten pattern, which forms
due to lamellar growth of one phase in the crystal lattice of other phase. Because these
phases are very small, it was difficult to determine their composition by WDS spot
analysis. However, using XRD analysis, Ce(Mg,Zn);,, CesMgs4; and Ce(Mg,Zn); were

positively determined in the diffraction pattern of sample #17. Since Ce(Mg,Zn);, and

CesMgy; are well identified according to WDS measurements, the white phase containing
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lamellar structure is assigned as Ce(Mg,Zn);. The maximum solubility of Zn in

Ce(Mg,Zn); was found to be 5.5 at.% Zn.

5.4.3.2. Alloys with two-phase equilibria

Many two-phase regions, in the Ce-Mg-Zn isothermal section at 300°C, were
determined. In this section, selected alloys with two-phase equilibrium are presented in
Figure 4-20. The WDS spot analyses of samples with two-phase equilibria are listed in
Table 4-8. XRD patterns of samples #3, 10 and 23, shown in Figure 4-21, are given as

example of phase identification using X-ray diffraction analysis.

SEM micrograph of sample #3, shown in Figure 4-20 (a), represents the two-
phase equilibria between the two extended solid solutions from (Ce,Zn;7) and (CesZny,).
Figure 4-20 (b) represents the two ternary solid solutions (Ce;3Znsg) and (Ce;Zn;;)
occurring in sample #6. The maximum solubility of Mg in Ce-Zn binary compounds is

listed in Table 4-8.

High magnification was required to observe the phase relationships of sample #9.
Thus, SEM micrograph of sample #9 was magnified up to 5kX, as shown in Figure 4-20
(c). Fine eutectic-like structure, containing Ce+Ce(Mg,Zn), was in equilibrium with the
Ce(Mg,Zn) ternary solid solution. Other micrographs correspond to the phase equilibrium

that can be inferred from the labels.
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Figure 4-20: SEM micrographs of (a) sample #3; (b) sample #6; (c) sample #9; (d) sample #10;
(e) sample #14; (f) sample #18
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Table 4-8: WDS spot analysis of samples with two-phase equilibria

Actual composition

WDS composition

Eaﬂgi‘: EDS (at.%) (at.%) Corre;f;‘ggdmg
. Ce Mg Zn Ce Mg Zn P
3 10.1 25 874 119 1.1 87.0 (CesZnyy)
105 13 882  (CexZnp)
4 9.8 12.8 774 10.7 7.2 82.1 T6
8.6 314  60.0 Ts
6 2000 4.1 759 208 2.1 77.1 CesZny;
181 35 784  (CeZns)
9 63.5 13.1 234 100.0 0 0 Ce
500 210 29  Ce(MgZn)
10 376 71.0 314 25 55 20 Ce(Mg,Zn)
50 24 26 Ce(Mg,Zn)s
11 374 21.0 416 50 9 41 T3
25 352 398  Ce(MgZn)
13 151 633 206 25 47 28  Ce(MgZn)s
7.8 77.6 14.6 T
14 147 495 358 25 295 455 T3
8.2 65.5 263 T
15 10.1 253 64.6 88 412 50.0 Ts
105 10.8 78.7 T6
18 28.1 345 374 50 10 40 Ce(Mg,Zn)
25 38 37 T3
19 9.2 413 495 10.1 20.8 69.1 Tg
7.3 415 51.2 Ts
20 12.8 335 537 143 289 568 T4
8.1 448 47.1 Ts
23 8.1 11.2 80.7 10.5 3.6 85.9 (CerZny7)
0 334 66.6 MgZn,
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Figure 4-21: The X-ray powder diffraction of the annealed samples #3, 10 and 23. Silicon was
used as a calibration standard to correct the zero shift and specimen displacement errors

Based on the WDS and XRD analyses, the determined phases from the
equilibrated key alloys are shown graphically in Figure 4-22. The key alloys with the
actual composition are shown as bold circles. The arrows indicate the phase equilibria
determined from WDS and XRD studies of each alloy. In addition to the seven ternary
compounds observed by diffusion couples experiments, one ternary compound was

detected by the key alloys experiments. This compound is t; (CesMgsZn).
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Ce (at.%)

Figure 4-22: Phase relationships of the Ce-Mg-Zn isothermal section at 300°C obtained from
key alloys experiments

4.3.4. Ce-Mg-Zn isothermal section at 300°C

The Ce-Mg-Zn isothermal section at 300°C, constructed based on diffusion
multiple/couples and equilibrated key alloys studies, is shown in Figure 4-23. Eight
ternary compounds were found and named from t; to tg. The system shows the ternary
compounds and the solid solutions with wide homogeneity ranges.

Because of many wide two-phase fields, the determination of the boundary tie-
lines needs a lot of key alloys to verify the phase equilibrium. In this work, however, tie-
lines were interpolated based on the mass balance principle [20]. In this method, at least
three tie-lines must be determined experimentally for each two-phase field. Two lines,
parallel to the boundary composition lines, are extended from the two ends of each
experimental tie-line until they intersect. Three intersection points are determined.
Matching these points gives the balance curve, which represents the amount of the

equilibrated phases versus composition. Each point on the curve represents an
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intersection of any tie-line that occurs in that field. Once the curve is determined, the
process can be reversed and additional tie-lines can be interpolated by extending two
lines parallel to the phase boundary composition lines. Using the tie-line interpolation
method, many regions in the Ce-Mg-Zn isothermal section could be determined,
specifically the two three-phase regions, ts+13+Ce(Mg,Zn); and t3+Ce(Mg,Zn);+

Ce(Mg,Zn).

Figure 4-23: The Ce-Mg-Zn isothermal section at 300°C

The ternary solubility of Zn in the Ce-Mg compounds was found to increase with
decreasing Mg concentration. The same was observed by [86], whereas no solubility
trend was reported by [90] and [92]. In this work, the ternary solid solubility of Zn in
CeMg;, and CeMg; was measured at 300 °C as 5.6 and 28.4 at.% Zn, respectively. These
are in good agreement with the solubilities reported by [86] at the same annealing
temperature. Furthermore, a complete solubility between CeMg and CeZn compounds

was reported by [86, 90, 92] at different annealing temperatures. In this work, the
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complete solid solubility was confirmed experimentally using a diffusion couple made
from alloys of these compounds, as shown in Figure 4-24 (a). This diffusion couple was
annealed at 300°C for 40 days. The composition profile obtained by the WDS line-scan is
shown in Figure 4-24 (b). The composition profile shows the exchange of Mg and Zn

around the interface (from left to right), whereas, the concentration of Ce is constant.
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Figure 4-24: (a) SEM micrograph of the CeMg/CeZn diffusion couple annealed at 300°C for
40 days; (b) the composition profile obtained by the WDS line-scan

The Zn-rich side showed very complex phase relationships due to the existence of
many ternary compounds. However, it was not possible to compare the current results
with the available data of Melnik et al. [86] at 300 °C, because they did not establish the
phase relations between all the compounds in this region. Furthermore, the phase
relations in the same region were different than those in [90] and [92], due to the different
annealing temperatures. Nevertheless, in the results obtained in the current work were
verified using diffusion multiple/couples and equilibrated key alloys. The Mg-rich side
showed relatively less complexity, since the (Mg)“**" ternary solid solution forms wide
two-phase fields with 13 and Ce(Mg,Zn),. In this work, Mgi,Zn;3, T2, 13, Ce(Mg,Zn);»
and CeMg;, were found in equilibrium with (Mg)”". This is similar to the results of

Melnik et al. [86] to some extent, except that they reported equilibrium with 15 instead of
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15. The Ce-rich side shows the simplest phase relations, because Ce is equilibrating with

the complete solid solution Ce(Mg,Zn).

4.4. Experimental procedure

In order to study the phase relationships in the Ce-Mg-Zn isothermal section at
300°C, solid-solid diffusion couples along with key alloys were prepared and analyzed
using Hitachi (Tokyo, Japan) S-3400N SEM equipped with Oxford® (Abingdon, UK)
EDS/WDS detectors and PANalytical (Almelo, The Netherlands) X-ray diffractometer
(Cu K-a radiations). EDS and WDS analysis were used to determine the phases and to
quantify their compositions. Pure metals (Ce, Mg and Zn) were used as standards for
WDS calibration. X-ray scans were performed on powder-form samples, in the range
from 20 to 120 degree 20 with 0.02° step size, to identify and confirm the phases
obtained by WDS measurements; since the stoichiometry of the Zn-rich compounds falls
within the WDS error of measurements. X-ray phase analysis was carried out using
X’pert Highscore Plus software [58]. The standard intensity data were taken from
Pearson’s Crystal Database [55]. Silicon was used in the powder samples as a calibration

standard to correct the zero shift and specimen displacement.

4.4.1 Key alloys preparation

Pure elements were used for the preparation of key samples and diffusion couple
end-members. Ce and Zn ingots with purity of 99.9% and 99.99%, respectively, were
supplied by Alfa Aesar Co. (Haverhill, USA). Mg ingots with purity of 99.8% were

supplied by CANMET Materials Technology Laboratory (Ottawa, Canada). The key
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alloys were prepared in an electric-induction furnace with a tantalum crucible and argon
atmosphere. It was difficult to prepare the Zn-rich alloys (75-92 at.% Zn) by melting the
three pure metals together. A severe exothermal reaction between liquid Zn and solid Ce
took place, and the material evaporated as a result. Because of this difficulty, Pavlyuk et
al. [92] prepared the Ce-rich (>50 at.%) samples by sintering the metal powders followed
by arc-melting in argon atmosphere, whereas the Mg-rich and Zn-rich samples were
prepared in a sealed Ta crucibles.

Alloys near the Zn-rich corner were prepared by adding pure Zn to Ce-Mg alloys;
whereas, other compositions were prepared by melting the three pure metals. Excess
amount of Mg and Zn (around 10%) were added to compensate for losses due to
evaporation. The alloys were melted several times to ensure the composition
homogeneity. The actual global composition was determined using Ultima (Longjumeau,
France) optical emission spectrometer (OEM)-inductively coupled plasma (ICP). ICP
standards of pure metals, 1000 mg/L in HNOs, were supplied by Fischer Scientific Co.
(Waltham, USA). Average of three readings, at least, was considered as the global
composition of the alloy. EDS/SEM area analysis was also performed to obtain the actual
composition prediction; because the samples structure was homogeneous. Both ICP and

EDS results were in good agreement.

4.4.2 Solid-solid diffusion couples

The end-members of the solid-solid diffusion couples were prepared from pure
metals and/or alloys. The contacting surfaces were ground gradually up to 1200 grit SiC
paper using 99% pure ethanol as a lubricant and to prevent oxidation. High friction

between samples and SiC papers was avoided to eliminate sparking during grinding due
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to Ce. After that, the ground surfaces were polished down to 1um using alcohol diamond
suspension. The end-members were strongly tightened together using stainless steel

clamping rings.

For annealing purposes, samples and diffusion couples were wrapped in tantalum
foil and encapsulated inside an argon-purged quartz tube with the inside pressure of about
8x10'torr. To reach equilibrium, diffusion couples and key alloys were heated up to
300°C for a predefined period of time. Annealing time was chosen as 21 days based on
the composition of the selected end-members. Also, visual observation of the annealing
tubes was used to stop the annealing process when the quartz tube becomes dark
indicating significant evaporation. After annealing, the quartz tubes, containing samples
and diffusion couples, were rapidly quenched in cold water in order to obtain the high
temperature structure. The equilibrated phases and the diffusion zones were analyzed
using SEM/WDS spot analysis and line-scans. WDS line-scans were performed across
diffusion zones with a spatial distance of ~1 um to obtain the concentration profile of the
three elements. Based on the phase equilibrium data from the solid-solid diffusion
couples and key alloys obtained by SEM/WDS analysis, the isothermal section of the Ce-

Mg-Zn phase diagram at 300°C was constructed.

4.5. Conclusions

The Ce-Mg-Zn isothermal section at 300°C was constructed for the whole
composition range using diffusion couples and key alloys experiments. Most of the

ternary compounds and extended binary compounds have wide homogeneity ranges. The
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solid solutions in the system seem to occur due to the mutual substitution between Mg
and Zn.

Diffusion couple studies coupled with key alloys experiments provide powerful
tool in phase diagram determination. The diffusion couples of this system showed
complex relationships due to the dispersed morphologies. However, their understanding
provided very valuable information, which would be not possible without preparing large
number of samples.

The fast interatomic diffusion between Mg and Zn atoms led to consume Mg from
the CeMg;, end-member by diffusion reaction to form Mg-Zn compounds in the matrix.
As a result, pure Mg was freed from Ce(Mg,Zn);, solid solution, and a series of ternary
compounds with constant Ce concentration, indicating the Mg/Zn substitution, were
observed.

The ternary solubility of Zn in the Ce-Mg compounds was found to increase with
decrease in Mg concentration. Accordingly, the ternary solid solubility of Zn in CeMg,
and CeMgs; was measured as 5.6 and 28.4 at.% Zn, respectively. Furthermore, the CeMg
and CeZn showed a complete solid solubility. The complete solubility was confirmed by

a diffusion couple made from CeMg and CeZn alloys.
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4.9. Author’s notes and significance of paper to thesis

The isothermal section of the Ce-Mg-Zn system at 300°C was constructed for the
full composition range by means of diffusion couples and key alloys. Alloys of Ce-Mg-
Zn system are known for their high strength and creep resistance at relatively high
temperatures. This can be attributed to the formation of stable intermetallic compounds
that have high melting temperatures. This is expected because the Ce-Zn binary phase

diagram has nine intermetallic compounds.

Ternary diffusion couples of this system showed very complex phase
morphologies. However, large amount of phase equilibrium data could be extracted. In
this chapter, the phase equilibrium analysis of these complex morphologies was described

thoroughly and the phase boundaries were established accordingly.

Equilibrated key alloys, used to confirm the obtained results from diffusion

couple experiments, were analyzed using WDS and XRD techniques. XRD could not
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determine some of the new phases, because of the lack of the crystal structure data. Thus,
more crystallographic studies are still needed to determine the crystal structure of the new

phases.

Diffusion multiple, prepared from three pure elements Ce/Mg/Zn, was annealed at
300°C for 21 days. Based on the microstructural studies of the diffusion zones, it is
concluded that the interdiffusivity between Mg and Zn is higher than that between Ce and
Mg, which is evident from the wider diffusion zones in the case of Mg-Zn systems. No
diffusion was detected between Ce and Zn at 300°C and 21 days. To understand the
differences between diffusivity values of these systems, the study of binary diffusivity
between the different components pertinent to the current work was carried out as

detailed in Chapter 5.

In the next chapter, the binary interdiffusion coefficients of the Mg-{Ce, Nd, Zn}
and Zn-{Ce, Nd} systems are calculated by means of diffusion couples and Boltzmann-
Matano analysis. Arrhenius equation is used to calculate the activation energy and pre-

exponential factor of the growth of the Mg-{Ce, Nd, Zn} binary compounds.
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Chapter 5 : On the atomic interdiffusion in Mg-{Ce, Nd, Zn} and Zn-
{Ce, Nd} binary systems

ABSTRACT

Binary interdiffusion data as function of composition in the Mg-{Ce, Nd, Zn} and
Zn-{Ce, Nd} systems were obtained experimentally using solid-solid diffusion couples.
For the studied systems, all intermetallic compounds formed based on the equilibrium
phase diagrams, eliminating the problem of missing compounds in the diffusion couples
found in the literature. The composition profiles were obtained using WDS line-scans
across diffusion couples. The composition-dependent diffusion coefficient at each
interface was determined using Boltzmann-Matano analysis. For the available literature
data for some of the compounds in the Mg-{Ce, Nd, Zn} systems, the calculated
interdiffusion coefficients were in good agreement. No diffusion data regarding Zn-{Ce,
Nd} systems could be found in the literature. The activation energy and the pre-
exponential factor of the growth of the Mg-{Ce, Nd, Zn} compounds were determined
using Arrhenius equation. The activation energies of the growth of the Mg-Ce
compounds showed relatively higher values than those of Mg-Nd and Mg-Zn

compounds.
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5.1. Introduction

Improving the mechanical and structural properties of Mg alloys is needed in
order to increase their use in the automobile and aircraft industries. However, low
formability and strength, especially at high temperature, can limit their use in certain
applications. It was found that the problems of such poor mechanical properties could be
improved by adding proper amounts of alloying elements. For instance, Zn is one of the
alloying elements added to Mg to improve its room temperature strength and corrosion
resistance [81]. Mg can dissolve small amount of Zn necessary for solution strengthening
and precipitation hardening. Larger amounts of Zn result in the formation of Mg-Zn
intermetallic compounds. Rare earth elements are also added to improve the mechanical
properties of Mg-Zn alloys, because they form various intermetallic compounds with
different crystal structures [47, 95]. These compounds usually show high thermal stability
and distribute along the grain boundaries in the form of fine precipitates [96]. The
existence of such precipitates leads to enhancing the mechanical properties by hindering

the dislocations motion which thereby provides the strengthening effect.

Among the available rare earths, diffusion of Ce and Nd in Mg and Zn will be
investigated in this work. Commercial sources of Nd are commonly extracted from
Monazite ores, which normally contain high Ce content [97]. Recently, many studies
were carried out to produce sheet metals out of Mg alloys containing rare earth elements
[98]. Attempts were performed to replace Nd by Ce; since they show almost the same
phase relationships with Mg and Zn. Furthermore, because Nd ores contain higher Ce

content, using Ce could be the best economical choice on the industrial level.

127



Understanding the interatomic diffusion is very important to describe the
solidification, crystal growth and precipitation processes of different metallic systems.
The main goal of this work is to determine the interdiffusion coefficients of Zn in Mg and
Ce and Nd in both Mg and Zn using diffusion couples and Boltzmann-Matano analysis
[23, 24]. Different diffusion couples between pure elements were prepared and annealed
at different temperatures, in which several phases in thermodynamic equilibrium formed
by diffusion reaction. Once the interdiffusion coefficients are determined, the activation

energies and pre-exponential factors can be obtained using Arrhenius equation [25].

5.2. Literature review

The diffusion coefficients of Ce and La in Mg were first determined by Lal and
Levy [99] using diffusion couple technique. The diffusion couples were made from pure
Mg and MgRE (RE=Ce and La) end-members annealed at several temperatures for
different time periods. Table 5-1 gives the diffusion coefficients along with the activation

energy (Q,) and pre-exponential factor (D) of Ce in Mg at different temperatures.

Table 5-1: Diffusion coefficients along with the activation energy and pre-exponential factor of
Ce in Mg at different temperatures [99]

Temperature  Diffusion coefficient 07} Do
(°C) (cm’s™) (kJ/mole)  (cm’s™)
Ce-Mg 550 2.9x107 175.72 450
565 5.4x10”
585 8.2x107
598 1.3x10°®

Many studies were made to find an alternative commercial source for Nd metal.
Extracting Nd from NdFeB magnet scrap was one of the suggested ideas. Xu et al. [61]

developed a new approach to recycle magnets scrap. They [61] used liquid Mg to extract
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Nd from NdFeB scrap relying on the capability of Nd to form several intermediate
compounds with Mg. Since Fe and B are immiscible in liquid Mg, they will not be
accepted by liquid Mg. In their [61] experiments, the molten Mg was held in a
temperature range of 675-750°C for 2-8hr. Thickness of the formed diffusion layers was
measured at 700, 725 and 750°C and 2-8hr as 280-600, 220-700 and 600-1200um,
respectively. To calculate the diffusion speed of Nd in Mg, Xu et al. [61] assumed that
the flux of Nd out of the scrap equals to the flux into the liquid Mg. Based on that, the

average diffusion coefficients of Nd in liquid Mg were reported and given in Table 5-2.

Table 5-2: Calculated values of average diffusion coefficients of Nd in liquid Mg [61]

Temperature D
(°C) (cm’s™)
675 4.20%x10"°+1.86x10™"
700 4.61x10°+1.34x10®
725 4.78x107°+1.56x10®
750 8.98x10°+3.50x10®

Later, the binary interdiffusion coefficients of Dy, Nd, and Pr in Mg were
measured by Xu et al. [100] using diffusion couple technique and Boltzmann-Matano
analysis. The Nd/Mg diffusion couples were annealed at 500°C for 300, 100 and 300hr,
respectively. The composition profiles across the diffusion zones were measured using
SEM/EDS. The diffusion coefficients at each interface of the Mg/Nd diffusion couple,
measured by Xu et al. [100] at 500°C, are mentioned in Table 5-3. In their [100] study,
many compounds were missing; these compounds are: DyMg, DyMg,, Mg4Nds and
MgPr. They presumed that the proposed phase diagrams were incomplete and with large
amount of uncertainty. Also, they related the absence of these phases to the difficulty of

working with Mg. In contrast, Mg, Nds, for example, was observed in the work of
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Brennan ef al. [101] who annealed three Mg/Nd diffusion couples at 400, 450 and 500°C
for 504, 360 and 240hr, respectively. However, Brennan et al. [101] missed the MgNd
compound from all the diffusion couples. They [101] calculated the activation energy and
pre-exponential factor of the Mgs;Nds and Mgz;Nd compounds as listed in Table 5-4.
Resolving the difficulty of missing some of the compounds in the diffusion couples and

explaining the possible reasons for this phenomenon will be attempted in this work.

Table 5-3: Diffusion coefficients of Mg-Nd system at 500°C [100]

Interface (crr?.s’l)
Nd/MgNd 9.75x10™"
MgNd/Mg;Nd 9.22x10™

MgzNd/Mgs;Nds missing

Mg, Nds/Mg missing

According to Kulkarni and Luo [102], two isothermal diffusion couple
experiments at two different times are required to accurately determine the layer growth
constant. Brennan et al. [101] determined the Mgs Nds and MgzNd layer growth
constants at three different temperatures and one annealing time only. Thus, similar
experiments with different annealing time periods were carried out in this work in order

to obtain more accurate results.

Table 5-4: Activation energy and pre-exponential factor for the growth of Mg, Nds and Mg;Nd
phases according to Brennan et al. [101]

D (cm’s™) oF D,
400°C 450°C 500°C  (kJ/mole) (cm’s™")
MgyNds  8.3x10"" 2.7x10™° 5.1x10™  79.0 1.2x10™
Mg Nd ~ 5.2x10"%  1.7x10"" 8.5x10""  120.0  9.6x107

Phase

Sakakura and Sugino [103] calculated the growth constants and interdiffusion

coefficients of Mg-Zn system using diffusion couples technique, considering the
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diffusion mechanism in the eutectic alloys. Diffusion couples were annealed at 250°C for
100 and 148hr and at 300°C for 72, 110 and 148hr. Two intermetallics were observed,
MgZn, and MgyZn;;, and their growth rates were evaluated. The interdiffusion
coefficient, activation energy and pre-exponential factor of phase growth calculated by

Sakakura and Sugino [103] are listed in Table 5-5.

Table 5-5: Interdiffusion coefficient, activation energy and pre-exponential factor for the
growth of MgZn;, and Mg,Zn; phases according to Sakakura and Sugino [103]

D Qu Dy
Phase (cm”s') (kJ/mole) (cm’s™)
MgZn,  4.4x10” 73.2 1.7x10™"
Mg,Zn;  5.0x10"°  61.9 3.2x107

Recently, Brennan et al. [104] calculated the activation energy of growth of
MgZn, and Mg,Zn3 phases using diffusion couples technique. Diffusion couples were
annealed at 295, 315 and 325°C for 384, 168 and 120hr, respectively. In their [104] work,
the MgZn phase was not observed in all diffusion couples. Also, the activation energy
and pre-exponential factor of the layer growth was calculated for MgZn, and Mg,Zn;
only, as listed in Table 5-6. These will be obtained for all the stable Mg-Zn compounds in
this work up to 300°C.

Table 5-6: Activation energies and pre-exponential factors for the growth of Mg,Zn; and
MgZn; phases according to Brennan et al. [104]

5 (sz.S_]) Qd 50
Ph ]
©¢ T295°C_ 315°C__ 325°C__ (kV/mole) (cm’s)
Mg,Zns  7.3x107%  1.1x107"" 2.4x10™ 105 1.2x10™
MgZn, 9.0x10"" 4.9x10" 7.7x10"° 207 1.1x10"!
Mg,Zn; - 1.2x10""  1.5x10™" - -
Mgs1Zny - - 1.6x107"2 - -
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No data regarding the binary interdiffusion coefficients of the Zn-{Ce, Nd}
systems could be found in the literature. Thus, it is essential to provide the diffusion

information about these systems as well.

5.3. Analytical background

The Boltzmann-Matano analysis [23, 24] is widely used to measure the
composition-dependent interdiffusion coefficients D(C°) from experimental composition
profiles. The composition profiles are usually obtained by elemental analysis techniques
across the diffusion zones in the diffusion couples experiments. Once the composition

profiles are measured, then, D (C) can be obtained as [23, 24]:

D(ch _( ! dx) C’( )dcC Equation 5-1
- thC |C' c- X xO q

where, C is the concentration and C'is the concentration at a specific location x,, C~ is
the concentration of the terminal component, x is the diffusion distance and ¢ is the time.
The position of Boltzmann-Matano plane, x,, can be determined based on mass balance
by the following equation [102, 105]:

[roe - cydx = [F (€t~ Cdx Equation 5-2
where, C* and C~ are the concentrations of the terminal components of the diffusion
couple and x* and x~ are the left and right far distances from Boltzmann-Matano plane
X,. According to Mehrer [22], if the following boundary conditions are applied

C=C for(x<0,t=0),
Equation 5-3
C=C"for(x>0,t=0).

The following integrals balance across the Matano plane
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c’ c~

f xdC +f xdC =0 Equation 5-4
ct c’

This method is applicable for both single and multi-phase systems since the
assumption is valid even when there is a discontinuity at the phase boundary in the
concentration profiles [106].

In order to measure the activation energy (Q,) and pre-exponential factor (D,) at
any interface in a diffusion couple, diffusion couple experiments are carried out at
different temperatures. After obtaining D(C°) for each temperature, Arrhenius equation

[25] can be applied as following:
D =D, exp (— —d) Equation 5-5

where, Q; and D, are the activation energy and the pre-exponential factor for
interdiffusion, respectively, R is the gas constant and 7 is the absolute temperature.
Equation 5-5 suggests that the Q4 and D, for interdiffusion can be determined by plotting
log D versus 1/T [102]; in which the slope of the linear segment is equal to —0,/2.3R and

the intercept at 1/T=0 is the value of log D, [25].

5.4. Experimental procedure

Diffusion couples were prepared from pure Mg (99.8%), Ce (99.96%), Nd
(99.98%) and Zn (99.99%) metals. The contacting surfaces were ground gradually up to
1200 SiC paper using 99% pure ethanol as a lubricant and to protect metals from
oxidation. After that, the ground surfaces were metallographically polished to 1um using
alcohol-based alumina suspension. The end-members were ultrasonically cleaned in pure
ethanol and then clamped together using stainless steel clamping rings. The clamped end-
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members were then wrapped in tantalum foils, to eliminate direct contact with the tube
walls, and encapsulated inside an argon-flushed quartz tube with a vacuum of around
1x107 torr. The diffusion couples were then annealed at the target temperature in a box
furnace with a temperature control of + 3°C. The annealing time periods of the Mg-Nd
diffusion couples were chosen carefully based on our systematic annealing and
quenching studies and benefiting from the literature data [100, 101]. For instance, Xu et
al. [100] annealed the Mg/Nd diffusion couple at 500°C for 100hr, but their micrographs
showed the formation of MgNd and Mgs;Nd layers only. On the other hand, Brennan et
al. [101] annealed the Mg/Nd diffusion couples at 400, 450 and 500°C for 504, 15 and
24hr, respectively. Their [101] micrographs showed the formation of Mg4Nds and
MgsNd layers only. The MgNd phase was not observed. This could be due to over-
annealing which makes other phases dominate the MgNd layer. Hence, in this work,
different annealing temperatures and times were tried to obtain all the compounds in all
the studied systems. After the diffusion annealing, the diffusion couples were quenched
from the annealing temperature into cold water in order to obtain the high temperature
structure.

The composition profiles were obtained using Hitachi S-3400 scanning electron
microscope (SEM) equipped with wavelength dispersive spectroscopy (WDS) and energy
dispersive X-ray spectroscopy (EDS) detectors. The WDS error of measurements was
estimated to be + 1.0 at.% for Mg, Nd and Zn, whereas Ce oxidation resulted in higher
error of about + 2.0 at.%, in the worst case, because Ce end-member was used as
calibration standard for WDS measurements. It is worth noting that in some layers the

error was significantly lower than this limit, e.g. CeMg layer, as will be discussed later.
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Besides, this is not expected to give significant errors in the diffusion coefficients
calculations because composition gradient is more critical for interdiffusion coefficients

calculation than the absolute composition values.

5.5. Results and discussion

The diffusion couples of five binary systems studied in this work were evaluated,
and the diffusion layers, representing intermetallic compounds, were compared with the
equilibrium diagram of each system to gain confidence about the reliability of the results.
For each system, composition profiles were measured using EDS/WDS line-scans across
the diffusion zones. Accordingly, position of Matano plane [24] was identified at the
interface between each two diffusion layers. Composition-dependence diffusion
coefficients were measured from the concentration profiles using Boltzmann-Matano
analysis. The activation energies and pre-exponential factors of the intermetallic phases

were calculated using Arrhenius equation.

In this section, the results of the diffusion couples are presented in two groups.
The first group contains Mg-{Ce, Nd, Zn} diffusion couples annealed at three different
temperatures for different time intervals. Thus, the activation energies and pre-
exponential factors along with composition dependent diffusion coefficients are provided.
The second group contains Zn-{Ce, Nd} diffusion couples annealed at 400°C for 240hr.
For this group, only the composition dependent diffusion coefficients are presented. It is
highly challenging to obtain all the expected phases for such systems at every annealing
temperature, because they have large number of intermetallic compounds. The detection

of these compounds is also difficult, since there is no big difference in their composition,
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specifically in the Zn-rich side. Thus, there would be higher chance for experimental
errors than for the first group. The experimental data of the first group diffusion couples

are summarized in Table 5-7, and the results of the second group are in Table 5-8.

Table 5-7: Annealing conditions of the Mg-Ce, Mg-Nd and Mg-Zn diffusion couples and the
layers thickness of intermetallics

Thickness (um)

System Temperature (°C) 400 450 490

Time (hr) 120 96 48

Mg-Ce MgCe 3.5 5.9 8.7
Mg;Ce 5.8 8.6 16.7
Mg4,Ces 39.7 71.5 101.4

Mg,Ce 21.6 31.2 19.6

Mg-Nd MgNd 1.5 1.9 2.1
Mg;Nd 47.5 40.5 40.5

Mg, Nds 62.5 62.4 33.5

Temperature (°C) 250 275 300

Time (hr) 552 408 504

Mg-ZIl Mg122n13 ~1 ~1 2.5
Mg,Zn; 30.5 34.8 50.9
MgZn, 227.6 2453 327.2

Table 5-8: The layers thickness of intermetallics in Ce-Zn and Nd-Zn diffusion couples
annealed at 400°C for 240hr

System  Compounds Th(lflkn?)e 58 System  Compounds Th(lftknrll)e 5

Ce-Zn CeZn 4.4 Nd-Zn NdZn ~1
CeZn, 19.5 NdZn, 17.8
CeZns 14.7 NdZn; 9.7
Ce3zn11 16.5 Nd3Zn11 243
C€13Zn58 266.4 Nd13Zn5g 414.2
CeZns Missing” NdsZn,, 13.4
CesZny, Missing* Nd»Zn;7 84.1
CeZZnn 37.9 Nle’l11 26.9
CCZIll 1 574

* These compounds were observed in the diffusion couple annealed at 400°C
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5.5.1. Mg-{Ce, Nd, Zn} binary systems

Backscattered electron images of the Mg-Ce diffusion couples, annealed at 400,
450 and 490°C for 120, 96 and 48hr, respectively, are shown in Figure 5-1 (a-c). Four
diffusion layers were observed in all the diffusion couples. EDS spot-analysis confirmed
the presence of four compounds; namely, MgCe, Mgs;Ce, Mg4;Ces and Mg;,Ce. This is
consistent with the Mg-Ce phase diagram [52], shown in Figure 5-1 (d), in the
temperature range between 400°C and 490°C. The interface between diffusion layers
indicates the local equilibria between the corresponding compounds. The occurrence of
the correct number of layers and associated compounds is necessary for sound

interdiffusion analysis using diffusion couples.

WDS line-scans were performed across the diffusion zones between the end-
members. The composition profile of Mg-Ce diffusion couple, annealed at 490°C and
48hr, is presented in Figure 5-2. The composition profiles within the Mg;>Ce and
Mg4iCes layers show constant compositions of 92 and 88.6 at.% Mg, respectively. This
means that these compounds are stoichiometric. The diffusion layers of MgCe and
Mg;Ce show deviation from constant composition. Thus, Mg;Ce is a solid solution with a
homogeneity range of 1.0, 1.3 and 2.3 at.% at 400, 450 and 490°C, respectively.
Although the Mg and Ce terminal far ends of the diffusion couples were used as standard
metals for WDS calibration, the stoichiometry in the MgCe phase was not 1:1 in the three
diffusion couples. However, this deviation is not expected to give significant errors in the

diffusion coefficients calculations.
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Figure 5-1: Backscattered electron images of Mg-Ce diffusion couples annealed at (a)
400°C for 120hr; (b) 450°C for 96hr; (c) 490°C for 48hr; (d) Ce-Mg binary phase diagram [52]
with the annealing temperatures marked as dashed lines
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Figure 5-2: Composition profiles of the Mg-Ce diffusion couples annealed at 490°C and 48hr
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Backscattered electron images of Mg-Nd diffusion couples, annealed at 400, 450
and 490°C for 120, 96 and 4hr, respectively, are shown in Figure 5-3 (a-c). Three
diffusion layers appeared in all diffusion couples. These three layers are MgNd, Mg;Nd
and Mg Nds. This agrees with the Mg-Nd phase diagram [93] shown in Figure 5-3 (d).
WDS line-scans were used to determine the homogeneity ranges of the terminal members
and intermediate compounds. The terminal solubility of Mg in Nd was determined from
the three diffusion couples as 6.3, 7.6 and 8.2 at.% Mg, at 400, 450 and 490°C,

respectively.
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Figure 5-3: Backscattered electron images of Mg-Nd diffusion couples annealed at (a)
400°C for 120hr; (b) 450°C for 96hr; (c) 490°C for 48hr; (d) The Mg-Nd phase diagram [93]
with the annealing temperatures marked as dashed lines

The plot of composition profile of the diffusion couple annealed at 490°C and

48hr is presented in Figure 5-4. The composition profiles within the Mg4;Nds layer show
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constant composition of ~88.6 at.% Mg; whereas, the diffusion layers of MgsNd
appeared with a slope, which indicates the presence of a homogeneity range at 400, 450
and 490°C as 3.35, 3.61 and 3.85 at.% Mg, respectively. MgNd occurred in all diffusion
couples with very low thicknesses of 1.5, 1.9 and 2.1um at 400, 450 and 490°C,
respectively. The spatial displacement of WDS line-scans was reduced to ~0.5um across

the MgNd diffusion layer to acquire more readings from its thin layer.
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Figure 5-4: Composition profile of the Mg-Nd diffusion couple annealed at 490°C and 48 hr
The Mg4Nds diffusion layer, in the couple annealed at 400°C for 120hr, shown in
Figure 5-3 (a), appeared with remaining traces of MgszNd. Similar to this was observed in
the Mg-Ce diffusion couple annealed under the same conditions, Figure 5-1 (a). It seems
that the growth rate of the Mg Ces and Mgs;Nds compounds at the Mg;RE/Mg4 REs
interface is relatively high at 400°C. This will be discussed in more details with
experimental evidence in the interdiffusion coefficient calculations of this section.
Although, Mg-Ce and Mg-Nd diffusion couples were annealed at the same time and
temperature, the total thickness of Mg-Ce diffusion layers, Table 5-7, was increasing with
temperature. However, the total thickness of Mg-Nd diffusion layers was decreasing with
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temperature, as shown in Figure 5-5. This means that the diffusion in the Mg-Ce system
is highly temperature dependent; whereas, it is highly time dependent reaction in the Mg-
Nd system. This can also be related to the value of the activation energy and pre-
exponential factor of Mg-Ce compounds; which appeared higher than those of Mg-Nd
compounds, as can be concluded from Table 5-9. This means higher energy is required

for the Ce-Mg compounds to grow at the same rate as those of Nd-Mg.
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Figure 5-5: The total thickness of Mg-Ce and Mg-Nd diffusion zones with temperature
regardless the annealing time

Backscattered electron images of Mg-Zn diffusion couples, annealed at 250, 275
and 300°C for 552, 408 and 504hr are shown in Figure 5-6 (a-c). The 300°C diffusion
couple was firstly annealed for 350hr to follow the growth trend, i.e. higher temperature
would require less annealing time. All the phases at 300°C were observed; nevertheless,
the cracks in the Mg,Zn;; diffusion layer did not allow for determining the interfaces on
both sides clearly. This could be due to brittleness of this compound as well as the
presence of the original diffusion interface. Thus, the same diffusion couple was annealed

for 504hr to overcome the cracking problem by obtaining thicker Mg,Zn;; layer. Four
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intermetallic compounds; namely, Mg;,Zn;;, Mg,Zn;, MgZn, and Mg,Zn;;, were
observed. Figure 5-6 (d) shows the Mg;»,Zn;3 as a thin layer growing between Mg,Zn;3
and pure Mg. The Mgs;Zny, was not observed in the Mg-Zn diffusion couples, because
the annealing temperatures were intentionally selected below its stability temperature.
This provides more practical diffusion data regarding the low temperature compounds

that are present in Mg alloys at service temperature.

Mg1@‘1113

t :'%O l!)unl'l

Figure 5-6: Backscattered electron images of Mg-Zn diffusion couples annealed at (a)
250°C for 552hr; (b) 275°C for 408hr; (c) 300°C for 504hr

The composition profile across Mg-Zn diffusion couple, annealed at 300°C for
504hr, is shown in Figure 5-7 (a) and (b). The composition profiles confirmed the
existence of three stoichiometric compounds (Mg;,Zn;3, Mg,Zn3; and Mg,Zn;;) and one

intermediate solid solution, MgZn,. The solubility range of MgZn, was determined at
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250, 275 and 300°C as ~1, 1.3 and 2.1 at.%, respectively. Figure 5-7 (b) represents part
of the composition profile shown in Figure 5-7 (a) to emphasis on the solubility of Zn in

Mg. Accordingly, the solubility of Zn in Mg was determined as 1.5 at.% Zn at 300°C.
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Figure 5-7: (a) and (b) The composition profile across Mg-Zn diffusion couple annealed at
300°C for 504hr

The experimental composition profiles determined by WDS line-scans for all

diffusion couples were analyzed for interdiffusion coefficients using Boltzmann-Matano

143



method [23, 24]; in which interdiffusion fluxes can be measured at any location of a
diffusion couple [24]. In this work, the position of Boltzmann-Matano interface was
determined from the composition profiles when the integrated areas above and under the
curve are equal (Equation 5-2)). Using this method, Boltzmann-Matano plane position
was determined at every intermetallic interface within the Mg-{Ce, Nd, Zn} and Zn-{Ce,
Nd} diffusion couples. Once the plane position is known, the composition-dependent
diffusion coefficient can be calculated for any given composition based on Equation 5-1.
The following example illustrates the calculation of composition-dependent interdiffusion
coefficient at the MgsNd/Mg4Nds interface at 450°C. The composition of Nd falls across
the interface from 25 at.% until it reaches 10.8 at.% as shown in Figure 5-8. Then, the
integrated areas above and below the curve can be calculated while changing the location
of the vertical line until the areas are equal. The point at which the areas are equal
represents Boltzmann-Matano plane location. The same procedure is followed to

determine Boltzmann-Matano plane at the other interfaces.
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Figure 5-8: Demonstration of Boltzmann-Matano plane determination at the Mg;Nd/Mg ;;Nd s
interface
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The value of D can be calculated at any given composition C by measuring the

area fcco(x — X,)dC and the slope Z—JCC. For MgzNd/Mg4 Nds interface, fcco(x — x,)dC =

4 dx

. 3¢ = —19145. Thus according to Equation 5-1, D =3.0x 10713 cm?/s.

5.173 x 10~

Similarly calculations at other interfaces in all the studied systems were performed.
Table 5-9 summarizes the Boltzmann-Matano plane positions and the calculated
interdiffusion coefficients at every interface and temperature of Mg-{Ce, Nd, Zn}

diffusion couples.

Figures 5-1 and 5-3 (a) show that apparent two phase regions exist in the Mg-Ce
and Mg-Nd diffusion couples annealed at 400°C for 120hr. The interdiffusion
coefficients at Mg;Ce/Mgs,Ces and MgzNd/Mg4;Nds interfaces, at 400°C, show higher
values than for the other adjacent interfaces, Table 5-9. This means that the interatomic
diffusion of Mg atoms through Mgy, {Ce,Nd}s compound layers is faster than those of
neighboring compounds at 400°C resulting in a very wavy interface that appears as two
phase region. Also, this could be the reason of having traces of Mg;{Ce,Nd} compounds

in the Mgy, {Ce,Nd} s diffusion layers.

Lal and Levy [99] measured the diffusion coefficient of Ce-Mg system
considering a solid solution having a continuous composition profile assuming complete
miscibility between the two components. However, the Ce-Mg should be treated as
multiple-phase system, since four stable intermetallic compounds exist in the temperature

range of 550-600°C.
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Table 5-9: Interdiffusion coefficients at the interfaces of the Mg-{Ce, Nd, Zn} diffusion layers

" C’ 400°C 450°C 490°C
System In‘it;c;[‘n;?a ¢ Mg  x D(C) Xo D(C) Xo D(C)
eriace (at.%) (um) (cm%s) (pm) (cm%s) (um) (cm¥s)
Ce/MgCe 25 97 1.8x10"° 41 35x10° 98 6.0x107"

MgCe/Mg;Ce 625 12.6 87x10™ 92 1.6x10"° 162 3.2x10™"
Mg-Ce Mg;Ce/MgyCes 82 22.0 1.6x107"° 195 32x10"° 335 5.6x10"°
MgsCes/Mg,Ce 907  60.8 1.1x10° 89.6 2.3x10"° 133.3 4.2x107"
Mg;,Ce/Mg 96 844 2.1x10™"° 118.0 4.8x10" 150.9 7.3x107"

Nd/MgNd 25 77 1.1x10"° 89 1.5x10° 3.7 2.1x107"
MgNd /Mg:Nd 625 9.5 24x10™ 105 3.7x10™ 6.5 5.9x10™
Mg;Nd /Mgy Nds 82 57.7 23x10"° 47.0 3.0x10"° 443 4.5x10™"
Mg, Nds/Mg 945 122.5 7.5x10" 113.3 1.1x10"° 79.5 1.8x10™"

Mg-Nd

250°C 275°C 300°C

Mg/Mg»Zn;3 96 301.5 42x10"" 36.8 6.2x10"* 423.5 8.8x10™
MgZnis/MgoZns 66 299.7 9.1x10° 38.8 1.6x10™* 421.0 2.9x107"*

Mg-Zn MgZns/MgZn,  36.5 263.9 2.5x10™* 69.7 4.5x10" 370.1 6.8x10™
MgZn,/MgyZny, 243 315 8.5x107* 315.0 1.4x10"° 429 2.1x107"°
Mg,Zn,,/Zn 75 54 5.8x10" 354.8 94x10™ 6.5 1.4x10"

Xu et al. [61] measured the diffusion coefficients of Mg-Nd system as a result of
solid-liquid diffusion reaction. Therefore their measured coefficients were much higher
than those obtained by Xu et al. [100], who used solid-solid diffusion reaction. Because
Mg;Nd/MgsNds and Mgy Nds/Mg interfaces were missing in the work of Xu et al.
[100], the diffusion coefficient at the Mg;Nd/Mg interface could not be compared with
their work. Comparing the binary interdiffusion coefficients of the Mg-Nd system
calculated in this work, Table 5-9, with the values reported by Xu et al. [100], Table 5-3,
the diffusion coefficients at the Nd/MgNd and MgNd/Mg;Nd interfaces show the same
order of magnitude. However, the magnitude of the current values are much higher than
those calculated by Brennan et al. [101]. Same observation was noticed regarding the
magnitude of the binary interdiffusion coefficients of the Mg-Zn system. There is an

agreement between Sakakura and Sugino [103] and Brennan et al. [104], whereas the
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values provided in this work are much lower. This is due to that the interdiffusion
coefficients were measured within each individual intermetallic layer [101, 104] using the
parabolic growth constant formula [107] instead of the diffusion at the interface.
Boltzmann-Matano interface is defined as being the plane across which an equal number
of atoms have crossed in both directions [108]. The current work focuses on providing
these coefficients at the interface of the intermetallic compounds. Thus, our results are in
good agreement with Xu et al. [100] who also obtained the diffusion coefficients at the

interfaces.

Matano [24] considered the value of D as a function of composition where the
coefficient of diffusion decreases rapidly with composition; except at some point, where
the values retained nearly the same even though the composition is changing. The point
where the diffusion coefficient becomes almost constant represents the location of
Matano plane. This implies that, once we move away from the interface, the diffusion
coefficient value changes. This is illustrated in Figure 5-9, which represents the drop in
the D value with composition and then the value remains almost constant where Matano
plane exists. Thus, the calculated coefficients here could be more or less close to the
values given by [101, 103, 104], if one considers the transient diffusion values and not
those at the interface. The D value near Mg;Nd diffusion layer at 450°C, in Figure 5-9,
reads as 1.63x107'> cm?/s, which is still close to 1.7x10™"" cm?/s which was reported by
Brennan et al. [101] at the same temperature. This indicates that farther from the interface
towards the center of the Mgs;Nd layer, the diffusion coefficient becomes closer to the
values measured by Brennan et al. [101]. The same applies to other intermetallic

compounds.
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Figure 5-9: (a) The composition profile at the Mg;Nd/Mg,;Nds interface; (b) corresponding
interdiffusion coefficient vs. at. % Nd composition at the Mg;Nd/Mg,;Nds interface

The composition-dependent interdiffusion coefficients were then used to calculate
the activation energies and the pre-exponential factors at the interfaces of the Mg-{Ce,
Nd, Zn} diffusion couples based on Equation 5-3. The plots of logD, against /T are

presented in Figure 5-10 (a-c).

These plots were used to estimate the activation energy and pre-exponential
factor, for the growth of the Mg-Ce, Mg-Nd and Mg-Zn diffusion layers at every
interface, based on the data provided in Table 5-9 and Arrhenius equation. The activation
energy and pre-exponential factor of the growth of the Mg-Ce, Mg-Nd and Mg-Zn layers

are listed in Table 5-10.

The compound formation and growth take place at the interface where two
substances of dissimilar chemical natures react with one another. So, the growth rate
depends on the chemical composition of the initial phases. The layer of the same
intermetallic compound may grow at the interface between pure elements, between

another compound and pure element or between two other compounds [109]. Hence, it is
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concluded that the compound itself does not diffuse and the interdiffusion coefficient,
activation energy and pre-exponential factor are characteristics of the diffusing atoms at

certain location in the diffusion couple.

1219 ] b) 24
a) (b) ™4 ]
( 1224 E
A
-12.3 4 i 126 4 e
124 4 E v
-12.8 E

-13.0 v B

-12.5

12.6

logD
logD

12.7
i -13.2 4

-12.8

1294 < Ce/MgCe _
v MgCe/Mg3Ce -134 -
n
-13.04) A Mg3Ce/Mg41Ce5 ] ° lr\\‘/lz/l\'\l/:jg/u(:ﬁNd
4314 ® Mg41Ce5/Mg12Ce i 136 A Mg3Nd/Mg41Nd5 i
. Mg12Ce/Mg v Mg41Nd5/Mg
-13.2 T T T T T T T T
1.3x10° 1.3x10° 1.4x10° 1.4x10° 1.5x10° 1.3x10° 1.3x10° 1.4x10° 1.4x10° 1.5x10°
1/T (1/K) 1T (1/K)
(c) 126 T T T T
-12.8 4 4
-13.0 4 4
]
-13.2 4
o
o -13.4 4 4
kel
-13.6 - 4
-1384 4 Mg/Mgzn b
v MgZn/Mg2Zn3
1404 4 Mg2Zn3/MgZn2 i
: ® MgZn2/Mg2Zn11
T T T T
1.8x10° 1.8x10° 1.8x10° 1.9x10° 1.9x10°

11T (1/K)

Figure 5-10: logD , against 1/T plots at the intermetallic interfaces of (a) Mg-Ce; (b) Mg-Nd;
(c) Mg-Zn diffusion layers

According to the results obtained from Table 5-10, the activation energy values of
the growth of the Mg-Zn intermetallics, obtained from this work, were comparable to
those calculated by Sakakura and Sugino [103]. On the other hand, the pre-exponential
factor of the same compounds is much lower, because of the difference in the
interdiffusion coefficients values. The activation energy of the growth of the Mg-Nd

compounds obtained from this work were lower than the values reported by Brennan et
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al. [101]. This might be due to imposing a parabolic diffusion-controlled growth equation
to calculate the interdiffusion coefficients in the corresponding phases without taking the
diffusion reaction at the interfaces into account. Parabolic diffusion equations can only be
used to examine whether the phases grow by a diffusion-controlled process, because the
growth constant is calculated based on the total layer thickness. This may be correct for
isomorphous systems but for systems that form intermediate compounds, such as the

systems tackled in this paper, Boltzmann-Matano method is more appropriate.

Table 5-10: Activation energy and pre-exponential factor of the growth of the Mg-Ce, Mg-Nd
and Mg-Zn diffusion layers

~

System  Intermetallic interface (kJ /gldole) (crgg 5)
Ce/MgCe 56.1 4.2x107

MgCe/Mg;Ce 61.9 5.4x10”

Mg-Ce Mg;Ce/MgyCes 58.9 5.6x107
Mg, Ces/Mg,Ce 61.3 6.6x10”
Mg;,Ce/Mg 58.1 7.3x10°

Nd/MgNd 29.1 2.0x10‘11

MgNd /Mg;Nd 428  4.9x10

Me-Nd 1o Nd /Megs,Nds 313 6.1x10"
Mg, Nds/Mg 40.7 1.0x10"°
Mg/Mg,7n;3 370  2.1x107
Mg122n13/MgQZn3 58.8 5.8X10-10

Mg-Zn Mg,Zn3/MgZn, 50.3 2.7x10
MgZn,/MgyZn, 45.3 2.9x10”
Mg,Zn,,/Zn 44.7 7.4x10”°

5.5.2. Zn-{Ce-Nd} binary systems

Many attempts were carried out to obtain successful Zn-{Ce, Nd} diffusion
couples by the current authors. Formation of all expected diffusion layers while
preventing Zn evaporation is a real challenge. In the following two systems, pure Zn

disappeared from the contacting interface of the two end-members after annealing at
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400°C for 240hr. However, the diffusion reaction took place and all the expected
compounds formed. It was observed that the diffusion reaction took place due to the
migration of Zn atoms towards RE end-members. No diffusion reaction took place upon
annealing at 300°C for up to 504hr. Annealing at 300°C for longer time might result in
diffusion. However, this could lead to increasing the gap between the two end-members

due to Zn volatility and Kirkendall effect [110].

A backscattered electron image of the Ce-Zn diffusion couple, annealed at 400°C
for 240hr, is shown in Figure 5-11 (a). Figure 5-11 (b) represents the diffusion layers
adjacent to Ce end-member. Seven diffusion layers, representing CeZn, CeZn,, CeZn;s,
CesZn;;, Cej3Znsg, CepZng; and CeZn;;, were observed and determined using WDS spot
analysis. Two sub-layers were also observed at the Ce3Znss/Ce,Zn; interface. WDS
line-scan was performed to measure the composition profile across the diffusion layers as
shown in Figure 5-11 (c). In order to show the composition of all the observed phases
clearly, the data ranged from 60 to 300um, located in the very wide layer of Ce;3Znss,
was cut from the graph. Two intermetallic compounds were not detected by the WDS
line-scan, because they formed in sub-layers with nonuniform interfaces. These
compounds are: CeZns and Ces;Zny,, which are located between Cej3Znsg and Ce,Zn7.
However, these compounds were observed in an other Ce-Zn diffusion couple annealed
at 400°C for 48hr; which means that they are stable at this temperature. The couple
annealed at 400°C for 48hr was not used for interdiffusion calculations, because the

diffusion layers were very thin.
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Figure 5-11: (a) and (b) backscattered electron images of Ce-Zn diffusion couples annealed
at 400°C for 240hr; (c) WDS composition profile; (d) The Ce-Zn phase diagram [111] with the
annealing temperature marked as dashed line

In a binary diffusion couple, the number of the intermetallic compounds in every
diffusion layer cannot exceed one except at the interface. However, the diffusion layers
of Cej3Znsg and Ce,Zn;; show the growth of sub-layers at the interface, as shown in
Figure 5-11 (a). As a result, two intermetallic compounds, CeZns and CesZny,, were
presumed missing. It is highly probable that all the intermetallic compounds of the Ce-Zn
system were formed in the diffusion couple, because of the presence of the Ce-rich CeZn
and the Zn-rich Ce;Zn;; compounds in the sub-layers. This was based on the fact that the

layer-growth kinetics in a diffusion couple is sequential and not simultaneous [112]. This

means that the two far-end compound layers grow initially, at the interface with the pure
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elements, due to the participation of diffusing atoms of one of two components and
surface atoms of the other component. Once these layers reach their maximum thickness,
they are consumed partially to form the next layers [113]. From the Ce-Zn diffusion
couple annealed at 400°C for 48hr, Figure 5-12 (a), it was noticed that the compounds
CeZns and Ce;Zny, were imbedded in the Cej3Znsg and Ce,Zn;; diffusion layers,
representing Cej3Znsg+CeZns and CesZny,+CeyZn;; sub-layers as shown in Figure 5-12
(b). In total, nine intermetallic compounds were found in this diffusion couple, which are
equal to the number of the stable compounds at 400°C of the Ce-Zn binary phase diagram
[111] shown in Figure 5-11 (d). Figure 5-12 (c) shows the wavy growth of Ce, CeZn,,
CeZns, CesZn;; and Cej3Znsg diffusion layers. This is attributed to the anisotropic
diffusion of Ce and Zn resulting in uneven growth of these layers as will be discussed in
the Nd-Zn diffusion couple part of this work. Thus, CeZns and CesZn,; compounds might
have been consumed upon the formation of Ce;3Znsg and Ce,Zn;7 in the Ce-Zn diffusion
couple annealed for 240hr. In addition, the fast formation kinetics of Ce;3Znsg, which has
obviously larger thickness (266.4pum) than other layers, led to the consumption of the
diffusing Zn atoms contributing further to the consumption of the CeZns and Ces;Zny,
compounds. Similarly, Loo and Rieck [114] and Wo&hlert and Bormann [115] reported the
absence of phases other than TiAls in the Al-Ti diffusion couples. Wohlert and Bormann
[115] made their diffusion couples using a,-Ti3Al and y-TiAl sandwiched between Ti and
Al layers. The results indicated that the phase absence in favor of TizAl was caused by
different growth velocities due to different diffusion fluxes. The kinetics of layers

consumption were tackled thoroughly by Dybkov [112, 113].
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Figure 5-12: (a) Backscattered electron image of the Ce-Zn diffusion couple annealed at
400°C for 48hr; (b) diffusion sub-layer formation at the Ce;3Zns/CesZn;; interface; (c)
anisotropic diffusion and irregular growth of the CeZn, CeZn,, CeZn;, Ce;Zn;; and Ce;j3Znsg
diffusion layers

Backscattered electron image of Nd-Zn diffusion couple, annealed at 400°C for
240hr, is shown in Figure 5-13 (a). Figure 5-13 (b) represents an enlarged part near Nd
end-member. Eight diffusion layers, representing NdZn, NdZn,, NdZns;, Nd;Znj,
Nd;3Znsg, NdsZnyy, NdyZnj7 and NdZn;, intermetallic compounds, were observed and

determined using WDS spot analysis. WDS line-scan was performed across these layers

to measure the composition profile shown in Figure 5-13 (c).

Although the diffusion layer of NdZn could be observed in the micrograph
(Figure 5-13 (b)), it could not be detected in the composition profile because it is very
thin. Similar to Figure 5-11 (c), the data ranged from 140 to 500um was cut from the
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graph for clarity. Based on the Nd-Zn phase diagram [116], shown in Figure 5-13 (d), all

the expected sable phases at 400°C were detected.

The composition profile in Figure 5-13 (c) shows that a few values deviated from
the stoichiometric composition of Nd;3Znsg (18.3 at.% Nd and 81.6 at.% Zn) near the
interface with NdsZn;;. This can be explained from the backscattered electron image in
Figure 5-13 (b), which shows a sub-layer containing Mg;3Znsg dendrites extending in

Nd;Zn;; layer. Therefore, the WDS line-scan provided the composition of Nd;Zn;; for

some points and an average composition of the two phases for other points.
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Figure 5-13: (a) and (b) backscattered electron images of Nd-Zn diffusion couples annealed
at 400°C and 240hr; (c) WDS composition profile; (d) the Nd-Zn phase diagram [116] with the
annealing temperature marked as dashed line
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Initially, it was difficult to explain the existence of the sub-layers near the
Nd;3Znsg/Nd;Zn;; interface without experimental proof. Also, the interfaces between the
layers are wavy indicating an isotropic diffusion between Mg and Nd. The same applies
to Mg and Ce diffusion. In this work, an explanation is provided based on extensive
experimental studies of the Nd-Zn diffusion couple annealed at 300°C for 576hr. The
evolution of the diffusion process is discussed in Figure 5-14. Backscattered electron
images of this diffusion couple are shown in Figure 5-14 (a-c). These micrographs were
taken along the diffusion interface, where the diffusion process has just started at one
location at the interface but progressed in another location. The contrast of these
micrographs was modified to show details of the diffusion layers. The colored-schematic,
shown in Figure 5-14 (d), was developed from Figure 5-14 (c) using image processing

software to show the dendritic growth mechanism of Nd,3Znss.

Figure 5-14 (a) is an initial diffusion stage showing that the thickness of NdZn,
layer is the largest among other layers. At this stage, Nd;3Znsg dendrites were initially
growing in the NdZn; layer. According to the Nd-Zn phase diagram, Figure 5-13 (d),
NdZn; cannot be in equilibrium with Nd;3Znsg. There must be an intermediate layer
representing Nd;Zn;; compound, equilibrating with both NdZn; and Nd;3Znsg
compounds. Also, if the diffusion process is interrupted at this stage, a two-compound
layer, NdZn3;+Nd;3Znss, can appear. Figure 5-14 (b) shows an advanced diffusion stage,
where Nd;3Znsg dendrites are continuously growing, displacing both interfaces,
NdZn3/Nd;3Znsg and NdZn3/NdZn,, forward at the expense of NdZn, layer. In other
words, part of NdZn, is consumed to form NdZn3; and part of NdZnj is consumed to form

Nd;3Znss. The consumption means that more Zn atoms are transferred within NdZnj3
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layer towards NdZn,. This was demonstrated with dotted arrows in Figure 5-14 (c). At
the bottom of Figure 5-14 (b), Nds;Zn;; started to form, which means that Nd;3Znsg

reached its maximum thickness.

'~ Zoomed in'(c)

~ NdZn,

' NdyZny,

20.0um

Figure 5-14: Evolution of phase growth in the Nd-Zn diffusion couple annealed at 300°C for
576hr. (a) initial diffusion stage (b) advanced diffusion stage; (c) dendritic growth
representation; (d) colored-schematic showing the dendritic growth of Nd;;Znss. Reader is
encouraged to refer to the online version for colored image.

In Figure 5-14 (c), the NdZn,/NdZn; interface seems not to be straight; dotted
curves were drawn to show that the wavy interface was due to the growth of Nd;3Znsg
dendrites. With the aid of Figure 5-14 (d), it is concluded that the Nd;3Znsg dendrites

were growing longitudinally across the NdZns layer. The dendrites, then, became wider

due to the side expansion resulted from the formation of secondary dendrites branched
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from the primary ones. The expansion continues with time, and the gaps between these
branches, representing NdZns; become smaller until they disappear. This explanation
might give an approach to understand that the growth mechanism of every diffusion layer

is unique.

The location of Boltzmann-Matano plane and the composition-dependent
interdiffusion coefficients of the Zn-{Ce, Nd} systems are listed in Table 5-11. Zn-{Ce,
Nd} systems are considered among the difficult systems to be studied by diffusion couple
experiments, because they contain large number of intermetallic compounds and the
compositions of the Zn-rich compounds are very close to each other. In this work, two
successful diffusion couples; i.e.: Ce-Zn and Nd-Zn, were obtained and the diffusion data
of the 15 observed compounds are provided. The binary interdiffusion coefficients of the
Ce-Zn system were not calculated at six metallic interfaces, because three phases;
namely, CeZns, CesZny; and Zn, were formed in the sub-layers which were not parallel to
the original interface. These compounds might be partially consumed during the diffusion
process, as discussed earlier in the Zn-{Ce, Nd} diffusion couples section. These
interfaces were marked with single asterisk (). Also, the experimentally observed
interfaces, determined despite the missing compounds, were marked with bold font and
double asterisks ("), as indicated in Table 5-11. The same procedure was applied to the
interfaces in the Nd-Zn diffusion couple. Although NdZn diffusion layer was discovered
by WDS spot analysis to be very thin, the interdiffusion calculations were not performed

at the corresponding interfaces for the accuracy.
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Table 5-11: Boltzmann-Matano plane locations and composition-dependent interdiffusion
coefficients at the interface of the Zn-{Ce, Nd} diffusion layers

. . x, D(C) , cCoox D(0)
Intermetallic Intermetallic

System ) Zn  (pm) (cm%s)  System . Zn  (um)  (cm?s)

interface (at.%) interface (at.%)

Ce-Zn Ce/CeZn 25 1.8  57x10"° Nd-Zn Nd/NdZn" 25 - -
CeZn/CeZn, 58.3 8.1 1.9x10™ NdZn/NdZn," 58.3 - -
CeZn,/CeZn; 70.8  19.6 7.5x10° Nd/NdZn,"” 333 5923 -
CeZn;/CesZny, 76.7 347 3.3x10M NdZn,/NdZn; 70.8  571.5 2.4x10%
CesZn,,/Cej3Znsg 80.1 513 3.3x10™ NdZnsy/Nd;Zny, 76.7 5623 4.1x10"
Ce 3Znsg/CeZns 82.5 - - NdsZn;;/Nd;3Znss ~ 80.1  537.6 4.8x10™
CeZns/CesZny, 85.6 - - Nd;3Znsg/NdsZny, 84.8 1240 4.5x10™
CesZny/CerZny; 88.7 - - NdsZn,»/Nd,Zn;;  88.7  110.0 2.8x10™
Ce3Znsg/CeZn,; 855 317.2 - Nd»Zn,7/NdZny; 90.5 24.7 3.8x10™M
Ce,Zn,;/CeZn,, 90.5 355.6 1.7x10" NdZn,,/Zn" 95.8 - -
CeZn,,/Zn’ 95.8 - -

* Indicates the missing interfaces based on the WDS composition profiles
** Indicates the location of the experimentally available interfaces

5.6. Summary

Diffusion couple experiments were used to measure the interdiffusion coefficients

at the intermetallic interfaces of the Mg-{Ce, Nd, Zn} and Zn-{Ce, Nd} systems. Mg-

{Ce, Nd} diffusion couples were annealed at 400, 450 and 490°C for 120, 96 and 4hr,

respectively. Mg-Zn diffusion couples were annealed at 250, 275 and 300°C for 552, 408

and 504hr, respectively. Zn-{Ce, Nd} diffusion couples were annealed at 400°C for

240hr. WDS line-scans were performed across diffusion layers of every diffusion couple

to obtain the composition profiles. The obtained profiles were, then, analyzed using

Boltzmann-Matano method to calculate the composition-dependent interdiffusion

coefficients at every intermetallic interface. Arrhenius equation was also applied to

calculate the activation energy and pre-exponential factor of the growth of the

intermetallic compounds.
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This work resolved the problem encountered in the literature of the missing
phases in the Mg-{Ce, Nd, Zn} systems. The composition-dependent interdiffusion
coefficient, activation energy and pre-exponential factor at the interfaces of the Mg-{Ce,

Nd, Zn} intermetallic compounds were calculated.

Although Zn-{Ce, Nd} systems are considered among the difficult systems to be
studied via diffusion couple experiments, two successful diffusion couples, annealed at
400°C for 240hr, were obtained. The difficulty stems from the presence of large number
of intermetallic compounds in a narrow range of composition. In addition, some of these
compounds appeared as very thin layers. Nine intermetallic compounds were detected in
the Ce-Zn diffusion couple and eight compounds were detected in the Nd-Zn diffusion
couple. The diffusion couples were analyzed thoroughly and their results were discussed
and supported using the established phase diagrams. Explanation of the evolution of
phases in the Nd-Zn system and the anisotropic diffusion behavior, resulting in wavy
interfaces, were provided. Sequential instead of spontaneous layer formation was
observed and the layer consumption of Ce-Zn compounds was also discussed. The
composition-dependent interdiffusion coefficients at the intermetallic interfaces of these

systems are also provided in this work.
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5.7. Author’s notes and significance of paper to thesis

In this chapter, the diffusion couple technique was used to measure the activation
energy and pre-exponential factor of the growth of the Mg-{Ce, Nd, Zn} binary
compounds. To obtain these values, for each system, diffusion couple experiments were
performed at three different temperatures. The activation energy and pre-exponential
factor values were obtained using Boltzmann-Matano analysis and Arrhenius equation.
The binary interdiffusion coefficients of the Zn-{Ce, Nd} systems were also calculated at
400°C. Section 5.3 provided detailed analytical procedure on how to calculate
interdiffusion coefficient, activation energy and pre-exponential factor of the growth of

the compound layers.

Total thickness of the Mg-Ce diffusion layers was larger than the total thickness
of the Mg-Nd diffusion layers when annealed under the same conditions. This means that
the diffusion reaction in the Mg-Ce system is highly temperature dependent, while it is
highly time dependent reaction in the Mg-Nd system. No diffusion data about the Zn-
{Ce, Nd} systems could be found in the literature, also the available data of the Mg-{Ce,
Nd, Zn} was considered incomplete, because many compounds did not form in the
diffusion couples reported in the literature. This can be attributed to sequential growth of
diffusion layers in multi-compound forming systems. In this chapter, all the stable
phases, of the studied systems, were observed in all diffusion couples. The obtained
diffusion data are essential for the ternary diffusivity measurements, since these values
are important to verify the ternary diffusion coefficients at the early stages of diffusion.

Also, the work provides essential information necessary to understand solidification,
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thermochemical processing, joining and other processes of Mg alloys containing Ce, Nd

or Zn.

In the next chapter, conclusions, contributions and suggestions for future work are

presented.
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Chapter 6 : Conclusions, Contributions and Suggestions for Future

Work

6.1. Conclusions

An extensive experimental investigation was performed on three ternary systems;
Ce-Mg-Mn, Mg-Mn-Nd and Ce-Mg-Zn and five binary systems; Mg-{Ce, Nd, Zn} and
Zn-{Ce, Nd} using solid-solid diffusion couples as the main experimental tool. Selected
equilibrated key alloys were used to provide precise location of the phase boundaries in
the ternary systems. The isothermal sections of Mg-Mn-{Ce, Nd} systems at 450°C and
the Ce-Mg-Zn ternary system at 300°C were established in the full composition range
based on the current experimental investigation. In addition, the binary interdiffusion
coefficients of the Mg-{Ce, Nd, Zn} and Zn-{Ce, Nd} systems were calculated and

provided in this thesis.

The diffusion couple method is an efficient tool for phase diagram determination,
because it can provide myriad phase equilibrium information, which would normally
require a large number of key alloys. It also eliminates the problems associated with alloy
preparation especially for systems with components having high melting temperatures.
However, the possibility of missing phases must be considered while using diffusion
couples for phase diagram studies. This may occur because of the phase boundary
migration due to the change in the driving force of the growing layers. In order to obtain
more accurate and reliable information, diffusion couples are combined with equilibrated
key alloys to obtain precise location of the phase boundaries. For this purpose,

combination of diffusion couples and key alloys is used in the present work.
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The isothermal section of the Ce-Mg-Mn phase diagram at 450°C was constructed
for the full composition range. The phase relationships were determined using 6 solid-
solid diffusion couples and 12 key alloys. No ternary compound was detected in this
system at 450°C. Based on the accepted Ce-Mg binary phase diagram, the thermal
stability range of CeMg, phase is between 615°C and 711°C, while the annealing
temperature in this work was performed at 450°C. Thus, CeMg; is not a stable phase in
the Ce-Mg-Mn isothermal section at 450°C. This was confirmed by SEM/EDS, XRD and
metallographic studies. Many two-phase regions, composed mainly of Mn and other
phase, were observed in the microstructure of each zone. However, a continuous thin
layer of Mn was detected in two diffusion couples of this system indicating that Mn was
diffusing. On the other hand, the ternary solid solubility extending from (y-Ce)™&M",

(CeMg), (CeMg3) and (CeMg)2) compounds were measured at 450°C as 3.0, 5.1, 3.2 and

1.8 at.% Mn, respectively.

The Mg-Mn-Nd isothermal section at 450°C was constructed over the full
composition range using diffusion couples and key alloys, analyzed by XRD,
SEM/EDS/WDS and metallography. No ternary compound was found in the system at
450°C. Key alloys were used to confirm the phase relations obtained from diffusion
couples and to determine the solid solubility limits. Diffusion couples revealed that Mn
has relatively lower diffusivity than that of Mg and Nd. Thus, pure Mn was observed
stationary in some diffusion zones forming Mn+(MgNd), Mn+(Mg;Nd) and
Mn+Mg4Nds two-phase regions. However, relatively small amount of Mn diffused
towards the interface with Mg end-member forming a continuous thin layer of pure Mn.

The reminder of Mn was dissolved in Mg-Nd binary compounds forming ternary
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extended solid solutions. (a-Nd)M*™", (MgNd) and (Mgz;Nd) were found to have ternary

extended solid solubility of 3.0, 13.0, and 3.7 at.% Mn, respectively.

The Ce-Mg-Zn isothermal section at 300°C was constructed for the whole
composition range using diffusion couples and key alloys experiments. Most of the
ternary compounds and extended binary compounds have wide homogeneity ranges. The
solid solutions in the system seem to occur due to the mutual substitution between Mg
and Zn. Diffusion couples of this system showed complex relationships due to the
dispersed morphologies. The high affinity of Mg to Zn atoms led to consumption of Mg
from the CeMg, end-member by diffusion to form a series of Mg-Zn compounds. As a
result, pure Mg was freed from the CeMg); solid solution, and ternary compounds with
constant Ce concentration were observed. The ternary solubility of Zn in the Ce-Mg
compounds was found to increase when the Mg concentration is decreasing. Accordingly,
the ternary solid solubility of Zn in CeMg;, and CeMg; was measured as 5.6 and 28.4
at.% Zn, respectively. Furthermore, a complete solid solubility was observed between
CeMg and CeZn. The complete solubility was confirmed using a diffusion couple made

from CeMg and CeZn end-members.

Diffusion couple experiments were used to measure the binary interdiffusion
coefficients of the Mg-{Ce, Nd, Zn} and Zn-{Ce, Nd} systems. Mg-{Ce, Nd} diffusion
couples were annealed at 400, 450 and 490°C for 120, 96 and 4hr, respectively. Mg-Zn
diffusion couples were annealed at 250, 275 and 300°C for 552, 408 and 504hr,
respectively. Zn-{Ce, Nd} diffusion couples were annealed at 400°C for 240hr. This
work resolved the problem encountered in the literature of the missing phases in the Mg-

{Ce, Nd, Zn} systems. Thus, the composition-dependent interdiffusion coefficient,
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activation energy and pre-exponential factor at the interfaces of the Mg-{Ce, Nd, Zn}

intermetallic compounds were calculated.

Although Zn-{Ce, Nd} systems are considered among the more difficult systems
to be studied via diffusion couple experiments, two successful diffusion couples,
annealed at 400°C for 240hr, were obtained. The difficulty stems from the presence of
large number of intermetallic compounds in a narrow range of composition. In addition,
some of these compounds appeared as very thin layers. Nine intermetallic compounds
were detected in the Ce-Zn diffusion couple and eight compounds were detected in the
Nd-Zn diffusion couple. The diffusion couples were analyzed thoroughly and their results
were discussed and supported using the established phase diagrams. Explanation of the
evolution of phases in the Nd-Zn system and the anisotropic diffusion behavior, resulting
in wavy interfaces, were provided. Sequential instead of spontaneous layer formation was
observed and the layer consumption of Ce-Zn compounds was also discussed. The
composition-dependent interdiffusion coefficients at the intermetallic interfaces of these
systems are also provided. For the available literature data for some of the compounds in
the Mg-{Ce, Nd, Zn} systems, the calculated interdiffusion coefficients are in good
agreement. No diffusion data regarding Zn-{Ce, Nd} systems could be found in the
literature compare with. The activation energies for the growth of the Mg-Ce compounds

showed relatively higher values than those of Mg-Nd and Mg-Zn compounds.

6.2. Contributions

In this work, three promising Mg-based ternary systems, Ce-Mg-Mn, Mg-Mn-Nd

and Ce-Mg-Zn, have been studied experimentally to provide accurate description of the
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phase equilibria. Also, the binary interdiffusion coefficients of the Mg-{Ce, Nd, Zn} and

Mg-{Ce, Nd} systems were calculated. Some of the main contributions of this work are

given below:

Comprehensive binary and ternary diffusion couple analysis is provided for
different systems.

The isothermal section of the Ce-Mg-Mn system at 450°C was established for the
full composition range based on the results of diffusion couples and key alloys.
The solubility of Mn in the (y-Ce)#™" (CeMg), (CeMg;3) and (CeMg;,) solid
solutions is determined as 3.0, 5.1, 3.2 and 1.8 at.% Mn, respectively, using XRD
and EDS analysis. No ternary compound is found in the system at 450°C.

The isothermal section of the Mg-Mn-Nd system at 450°C was established for the
whole composition range by means of diffusion couples and key alloys. The
solubility of Mn in (a-Nd)™*™" (MgNd) and (Mg;Nd) was measured at 450°C as
3.0, 13 and 3.7 at.% Mn, respectively.

The diffusion behavior of Mn in the Mg-Mn-{Ce, Nd} systems is described based
on microstructures of the diffusion couples and key alloys. Because Mn is found
in equilibrium with most of the phases, the phase boundary lines in both systems
are pointing towards the Mn-rich corner.

The isothermal section of the Ce-Mg-Zn system at 300°C was established for the
full composition range. Eight ternary compounds 1, (CesMgiZnyy), T2
(CeMgyoZnys), 13 (CeaMgsZng), 14 (CeMgszZns), 15 (CeMgrZnyy), 16 (CeMgy s

Ly gix; 0<x<1.1), 17 (CeMgZns) and 13 (Ce(Mgi.yZny)i1; 0.096<y<0.43) are

167



observed. The ternary solid solubility of Zn in CeMg,, and CeMgs was measured
at 300°C as 5.6 and 28.4 at.% Zn, respectively.

e The complete solid solubility between CeMg and CeZn compounds is confirmed
using a diffusion couple containing these compounds as end-members.

e The complex morphologies observed in the Ce-Mg-Zn ternary diffusion couples
are described based on the volumetric mismatch at the interface between two
dissimilar phases, which occurs due to the lattice distortion.

e Interpolation of tie-lines in a ternary diagram is described based on the
preliminary experimental tie-lines. This can retrieve the scientific meaning of the
mass balance principle along these lines.

e The binary interdiffusion coefficients of the Mg-{Ce, Nd, Zn} and Zn-{Ce, Nd}
systems are calculated. The activation energy and pre-exponential values of the
growth of the Mg-{Ce, Nd, Zn} compounds are also calculated. The obtained
results are in good agreement with the available data from literature.

e Diffusion couple studies confirmed the phase diagram data of the Mg-{Ce, Nd,
Zn} and Zn-{Ce, Nd} binary systems.

e Evolution of the phase growth in the Zn-{Ce, Nd} systems is explained based on
the sequential growth of the compound layers. The wavy interface phenomenon is

presented based on the anisotropic growth of diffusion layers.

Four journal publications were used in the body of the entire thesis. In addition, the

following publications have been accomplished during the course of the current work:
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Journal publications

1.

Ahmad Mostafa and Mamoun Medraj “Phase equilibria of the Mg-Nd-Zn ternary
system at 300°C by means of diffusion couples and key alloys techniques” (In
preparation).

Tian Wang, Dmytro Kevorkov, Ahmad Mostafa, and Mamoun Medraj,
“Experimental investigation of the phase equilibria in the Al-Mn-Zn system at
400°C”, Journal of Materials, submitted on April 2014.

Mohammad Mezbahul-Islam, Ahmad Mostafa, and Mamoun Medraj, "Essential
Magnesium Alloys Binary Phase Diagrams and their Thermochemical Data",
Journal of Materials, Volume 2014, Article ID 704283.

Md. Imran Khan, Aahmad Mostafa, Mohammad Aljarrah, Elhachmi Essadiqi
and Mamoun Medraj, "Influence of cooling rate on microsegregation behavior of
magnesium alloys", Journal of Materials, Volume 2014, Article ID 657647, 18
pages.

A. O. Mostafa, A. E. Gheribi, D. Kevorkov, M. Mezbahul-Islam, and M. Medraj,
“Experimental Investigation and Thermodynamic Modeling of Mn-Nd Phase

Diagram”, CALPHAD, 2013, Vol. 42, pp. 27-37.

Conference publications:

1.

A. Mostafa, D. Kevorkov, A. Gheribi, M. Medraj, “The Mg-Mn-Nd System:
Experimental Investigation Coupled with Thermodynamic Modeling”,

ICMAA2012, Vancouver, pp. 245-250.
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6.3. Suggestions for future work

The present work provides the importance of the diffusion couple studies in the Ce-Mg-

Mn, Mg-Mn-Nd and Ce-Mg-Zn ternaries and Mg-{Ce, Nd, Zn} and Zn-{Ce, Nd}

binaries. However, it can be improved by further suggestions as following:

The solubility limits of Mn in Ce-Mg compounds were measured using EDS
analysis. However, EDS cannot determine the small solubilities accurately due to
the high error limits. It is recommended to re-assess these values using WDS
analysis.

Crystallographic studies of the newly discovered intermetallic compounds in the
Ce-Mg-Zn at 300°C are essential. This can be achieved by preparing alloys
containing these compounds and examine them using single crystal XRD analysis
and Transmission Electron Microscopy (TEM) with specimen preparation using
Focused Ion Beam (FIB).

The ternary interdiffusion coefficients of the Ce-Mg-Mn, Mg-Mn-Nd and Ce-Mg-
Zn systems need to be determined. This can be achieved by using diffusion
couples and Boltzmann-Matano analysis. The ternary diffusivities can be
measured at specific composition where two diffusion paths are intersecting.
Thermodynamic description is essential for establishing a self-consistent database
of all ternary systems. This can be achieved using CALPHAD approach relying
on the experimental results obtained from the current work.

Liquidus projections are also essential for the thermodynamic description of the
studied ternary systems. This can be achieved by thermal analysis of the ternary

alloys using DSC.
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e Hydrogen sorption properties of the Mg-Mn-{Ce, Nd} alloys can be tested using

pressure-composition-temperature (PCT) instrument.
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