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ABSTRACT

Experimental Investigation of the Mg-Al-Ca Ternary Phase Diagram
Xiao Zhao Wang
This work focuses on the experimental investigation of the ternary Mg-Al-Ca system
using Differential Scanning Calorimetry (DSC), X-ray Diffraction (XRD) and
metallographic techniques. Twenty one samples were chosen in the critical regions with
the guidance of the phase diagrams developed by thermodynamic modeling.

The DSC has permitted real time measurement of the temperature and enthalpy of
the phase transformations. The experimental results were compared with thermodynamic
calculations using the phase assemblage diagrams and vertical sections.

The thermodynamic calculations are consistent with the experimental results in
some samples, especially in the solidus temperature, whereas discrepancy was observed
in several cases especially in the liqudus phase transformation temperature. This suggests
that Mg-Al-Ca system should be reoptimised considering the new experimental findings.
Nevertheless, the phases that were identified with the XRD and metallographic
techniques show agreement with thermodynamic modeling. One of the invariant
transformations predicted by thermodynamic modeling was verified experimentally and
found to occur at 512°C and the composition is close to 10.8 at.% Ca 79.5 at.% Mg and
9.7 at.% Al.

In this study, a new phase region was found close to the Mg-Al side and a new

ternary solid solution (Mg,Ca ) was confirmed.
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CHAPTER 1

Introduction

1.1 Introduction

Magnesium is the eighth most abundant element in the earth’s crust and the third most
plentiful element dissolved in seawater. It is the lightest structural metal with a density of
1.741g/cm® compared with the Al (2.70g/cm’) and Fe (7.86g/cm®). Mg has the best
strength to weight ratio of common structural metals, and it has exceptional die-casting
characteristics. This makes magnesium alloys particularly attractive for transportation
applications such as in the automotive and aircraft industries for weight reduction and
higher fuel efficiency. Demand from the automotive industry is the main driver of a 7%
annual growth rate in the world’s magnesium consumption, which is currently quoted by
the International Magnesium Association as 415,000 tonnes/year. The use of Mg alloys in
the automotive and electronic industries together has reportedly increased by 350% over

the past 10 years, and is expected to grow at 25% per year until 2008 [1-4].

This rapid growth has highlighted the need for a greater understanding of factors
that influence the properties of magnesium alloys and industry’s increasing demands for a
wider range of magnesium alloys with lower thermal expansion, higher fatigue strength,
higher creep strength, and better corrosion resistance [3,4]. The current use of Mg in
automotive applications is limited to non-critical parts because of its restricted creep

properties. Rare earths additions improve creep resistance of these alloys by forming
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precipitates, but the main drawback of using rare earth elements in Mg-based alloys is

their high cost [5].

A large amount of effort has been made to increase the service temperature of the
Mg alloys [6-8, 10]. The addition of Ca element has been reported in recent years to
replace the cost intensive rare earths metals. The improvement of creep resistance is
attributed to the thermal stability and the interface coherency of the Mg,Ca and Al,Ca
compounds. Calcium additions also protect the melt surface combined with less slag
formation and additive loss. And the resulting alloys show lower secondary creep rates
and higher tensile strength than AZ91 combined with comparable castability and good

melt handling [5, 7, 9-12].

However, to date little effort has been made to construct the phase relationships of
the Mg-Al-Ca system. The limited publications on this system mainly focus on the
calculations without sufficient experimental work. And these calculations exhibited a
considerable discrepancy among the published results and substantial disagreement with
experimental data. These problems were inferred from the thermodynamic modeling of
the Mg-Al-Ca ternary system which did not take account of ternary phases [13].
Moreover, the accuracy of the thermodynamic model which the calculations are based on
depends on the reliability of the experimental data. Therefore, parallel to the calculation
work, there is a great need for a sufficient and reliable experimental data for

reoptimization of the system.
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1.2 Thesis organization

The present chapter of introduction illustrates the significance of developing Mg-Al-Ca
based alloys and puts forward the existing problems. As a result, there is a great need for

experimental work.,

In chapter 2 literature review, as a warm-up and preparation to the current study,
it is necessary to know the previous work and the problems. Therefore, this chapter
outlines the major past research work on the Mg-Al-Ca phase diagram, the phase species
and the methodology of the thermal analysis as well as the binary subsystems Mg-Al,

Mg-Ca and Al-Ca that contribute to the properties of the ternary system.
Chapter 3 illustrates the specific objectives of this work.

Chapter 4 Experimental determination describes the alloy preparation, the DSC
parameter determination and the calibration and the interpretation of the DSC
experimental results. An introduction of phase identification with XRD and

metallography is also provided in this chapter.

Chapter 5 includes the results and discussion of samples on each studied phase
field. It discusses the consistency of experimental results obtained from XRD,
microscopy and the DSC. Then the experimental results were compared with the

thermodynamic values.

The thesis ends with Chapter 6, which provides the summary of this work,

contribution to the current knowledge and suggestions for the future work.
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CHAPTER 2

Literature review

Past researchers have worked on different facets of this system. For this work to go one
step further, it is necessary to know the merits and deficiencies of the previous work. This
chapter outlines some past research work on the Mg-Al-Ca phase diagram, the latest
reports of the phase species in the system, and the methodology of the thermal analysis

used. The constituent binary systems are also addressed.
2.1 Experimental Survey and Thermal Analysis

Principles

2.1.1 Experimental Survey

To measure the phase transformation temperature, currently two thermal techniques are
prevalent: Differential Thermal Analysis (DTA) and Differential Scanning Calorimetry
(DSC).

DTA is a conventional thermal analysis means, but its major function is limited to
the determination of phase transformation temperature. Grobner et al. [5] used DTA to
investigate the Mg-Al-Ca system. The pre-molten sample was placed in a tantalum
crucible which was sealed under argon by welding to avoid oxidation and evaporation.
The DTA provided transformation temperatures tﬁat were later compared with the

thermodynamic calculations. Grébner ef al. [16] followed the same approach to study the
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Al-Li-Si system and provided extremely important information for the analysis of the
DTA results. Tkachenko et al. [17] used DTA to construct the isotherms on the projection
of the liquidus surface in the Mg-Al-Ca system. They also determined the composition
and temperature of some of the invariant points in the system.

Differential Scanning calorimetry (DSC) is the newest of the entrants in the high-
temperature thermal-analysis derby, having been around for 20 years [18]. There are two
types of DSC: power-compensated DSC and heat-flux DSC. The power-compensated
DSC is used for low temperature measurement because radiation heat is lost at
temperatures above 650°C making the stability and repeatability of the baseline signals
increasingly unstable. Power-compensated DSC is not recommended above this
temperature [18]. About 15 years ago, a new type of thermal analysis instrument was
introduced, dubbed high-temperature DSC (HTDSC). It differs from the previous type in
that it is a heat-flux DSC rather than a power-compensated unit. It can operate at 1500°C
or higher, depending on the model [18].

Instances of the use of DSC as a thermal analysis tool have been reported in
recent years. Graham et al. [19] investigated the extruded Al-Si-Mg alloys with different
heat treatment conditions by DSC. The thermograms generated from the DSC showed the
precipitation events clearly. The DSC was also used to heat the sample to a selected
temperature to allow precipitates to develop to various stages for investigation by TEM.
Inoue ef al. [20] used DSC to measure the thermal stability of Al-Ca and Al-Ca-M (M =
Mg, Zn, Fe, Co, Ni or Cu) alloys at a scanning rate of 0.67 K/s. They detected the
precipitation temperature of Al and Al,Ca from the amorphous phase AljooxCax.

Mahendran et al. [21] investigated the binary LiCl-CaCl, system using DSC. The
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formation of a compound of LiCaCl; at 439+4°C is discerned With the support of the
DSC results. The DSC is also capable of directly measuring the enthalpy changes
associated with other thermal events: melting, solid-state phase transitions, chemical
reactions, and even allotropic change. {18, 22-24].

On account of the limitation of DTA and the multiple applications of DSC in
thermal analysis, the Setaram high temperature heat flux DSC was chosen in this work.
Fruther, this equipment was used in another research [25] to measure the heat capacity of
phases in the Sr-Cu-O system. Their results showed good agreement with literature

values.

2.1.2 DSC principle

Differential scanning calorimetry can determine the variation in the heat flow given out
or taken in by a sample when it undergoes temperature scanning in a controlled
atmosphere. With heating or cooling, any transformation taking place in a material is
accompanied by an exchange of heat; DSC enables the temperature of this transformation
to be determined and the heat from it to be quantified. As mentioned earlier, there are two

kinds of DSC, power-compensated DSC and heat-flux DSC.

Power-compensated DSC principle is shown in Figure 2-1 schematically. The
temperature difference is controlling the electrical power supplied to the sample and
reference in order to keep them at the same temperature. The peak area directly
corresponds to the heat consumed or produced’by the sample. The difference in heat flow
to or from a sample and to or from a reference is monitored as a function of temperature

or time, while the sample is subjected to a controlled temperature program.
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Figure 2-1: Schematic diagram of the power-compensated DSC [26]

A schematic diagram of a heat flux DSC is shown in Figure 2-2. A single heater
heats a block containing both sample and reference pans. Thermocouples mounted under
the pans measure the temperature of each as the block heats, thereby measuring the
difference in heat flow from the crucibles. This gives a signal proportional to the

difference in heat capacities between the sample and reference [18, 26].

Heater

Refersrice  Sample

Atmosphere

Control Computer

Reterence thermooupis Sample thermocougls

Recorder

Figure 2-2: Schematic diagram of heat flux DSC [26]
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The configuration and the signal detection in the two kinds of DSC are

schematically compared in Figure 2-3.

reference pan sample pan

Cruibles

Ptresistance
thermometer thermosouples

Power Compensated Heat Flux-Piate
Figure 2-3: Different techniques of DSC signal detection [26]

2.1.3 Determination of phase diagram using DSC curve

A DSC record of the slow cooling of a molten mixture of composition X, (mole fraction)
initially at temperature T,, as shown in Figures 2-4 and 2-5, would show no deviation
from the baseline until temperature Ty, when solid B begins to crystallize in an exothermic
process. This exotherm is not sharp but tails off as crystallization becomes complete as
can be seen in Figure 2-5. The area under this exotherm will depend upon the amount of
B presents in the sample. As the temperature of the mixture falls further, the eutectic
temperature, Te, is reached and solid A crystallizes in a sharp exotherm. If the
composition had been chosen to be that corresponding to point E, the DSC record would
have shown only a single sharp exotherm as the eutectic composition solidifies [18, 26,

27].
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of composition Xa initially at temperature Ta [26]
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2.2 Ternary system Mg-Al-Ca

To date, there are some research publications on the Mg-Al-Ca system. However, many
publications only deal with part of the system [17, 28-30]. Few of them involved
experimental data, but the number of the samples is not enough especially in the Mg rich

corner [5, 13, 17, 30].

Tkachenko et al [17] studied the phase equilibria in the Mg-Al-Ca system in the
composition range 50-100 wt% Mg using DTA, XRD and microscopic analysis. The
projection of the liquidus surface on the concentration triangle can be seen in the Figure
2-6. They determined that additions of Al and Ca decrease the liquidus temperature of
magnesium alloys from 650°C to 438°C. The ternary eutectic occurs at the composition
18.2 wt% Ca, 72 wt% Mg and 9.2 wt% Al, and at temperature 510°C according to the
reaction Le = (Mg) + Mg,Ca + Al,Ca. The quasibinary eutectic, €3 = (Mg) + Al,Ca,
happens at 535°C, which agrees with the results reported by Dow Chemical Co. [29]. The
peritectic point at P in this figure was calculated corresponding to the transformation L +

Al,Ca = (Mg) + Mgi7Al;; and occurs at 470°C as shown in Figure 2-6.

-10 -
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Figure 2-6: Projection of the liquidus surface of the magnesium-rich
region of the Mg-Al-Ca system [17]

They labeled the DTA results on the vertical section at the concentrations 4.5, 8.5
and 16 wt% Al in Figures 2-7 to 2-9 [17]. The specimens were heated and cooled at the
rate of 80°C/min. But they did not illustrate the corresponding DTA spectra and also did
not mention whether the signal was obtained from the heating or the cooling curves.
Actually, this heating or cooling rate is much higher than the usual 5°C/min. Therefore,

the accuracy of the experimental results is doubtful.
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



L+<Mg>+Mg,Ca

™ Ea%
250+ z’:g <Mg>+<Al,Ca>+Mg,Ca
1504 of |
. A SMg<Al,Ca>+<Mg, Al >
Vol \ i
I

1 ] i ] ] i 1 ] i i i ¥ 1
0 2 4 6 8 10 12 Ca, mass%

Figure 2-7: Vertical section of the Mg-Al-Ca system at 4.5 wt% Al [17]
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Figure 2-8: Vertical section of the Mg-Al-Ca system at 8.5 wt% Al [17]
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In the work of Grébner et al. [5], thermodynamic calculation of the ternary Mg-
Al-Ca phase diagram was performed based on the three binary subsystems. The resulting
liquidus is shown in Figure 2-10. It shows that the phase diagram projection is dominated
by the highly stable phases Mg,Ca and Al,Ca. The four alloys investigated by DTA are
marked by open circles shown in this diagram. The vertical sections of these four alloys
with DTA measurements are shown in the Figures 2-11 to 2-13. They mentioned that the
DTA signals are obtained either from the peak maximum point on the heating spectra or
from the onset point on the cooling spectra [5]. The choice of using the measurements
from either heating or cooling curves leads to inconsistency in the results as for the same
phase transformation the cooling signal may differ from its heating signal by up to 30°C.
Moreover, they did not mention how they match the DTA signals with the calculated

boundaries. For example, in Figure 2-11 there are three DTA measurements but only two

-13 -
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phase boundaries. They match arbitrarily the two upper measurements with the calculated

phase transformation boundaries without justification.
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Figure 2-10: The calculated liquidus surface including isotherms

and four DTA samples [5]
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Figure 2-11: The calculated vertical section CaMgr-Al;Ca with DTA
signals from the alloy Alsss;Cass 33Mgs30 [5]
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Figure 2-12: The calculated vertical section at constant 20 at.% Ca
with DTA signals from alloy Al,oCazMgeo [5]
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Figure 2-13: The calculated vertical section at constant 15 at.% Mg
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Korey et al. [13] built the Mg-Al-Ca ternary thermodynamic model by combining
the data of the three binary systems Al-Mg, Ca-Mg and Al-Ca. They assumed no ternary
solubility and no ternary interactions in the system due to lack of experimental data.
Therefore a discrepancy of the calculated phase diagram based on their modeling is

expected.

In the Mg-Al-Ca ternary system, the binary subsystems, Mg-Al, Mg-Ca and Al-
Ca, contribute to the properties of the ternary system, therefore they will be discussed in

the following sections.

2.3 Mg-Al Phase Diagram

The Mg-Al system is of particular importance to the aluminum industry and
has been explored in several experimental studies. There have been numerous reports on
the Mg-Al phase diagram [31-37], and the crystal structures of the phases [32, 33, 38,
39]. However, phase diagram compilation showed numerous disagreements [40-42]

mainly in the middle range of concentration.

Murray [43] reviewed and optimized the Mg-Al phase diagram based on the work
prior to 1982 and published the optimized phase diagram shown in Figure 2-14. He
indicated that R (Al;pMg,;) phase has a composition of 42 at.% Mg. C (AlseMgs,) phase
was considered in a later optimization instead of R phase [44]. The existence of the {

phase and the temperature range of the R phase had been conflicting.

-16 -
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Figure 2-14: The Al-Mg phase diagram from Murray [12]

Saunders [44] reviewed the work on the Mg-Al system prior to 1989 and he
questioned the existence of R phase. But he was certain about the existence of two
intermediate compounds [ (AljsMgge) and y. He carried out a thermodynamic
assessment on Mg-Al system based on the results of Schurmann and Geissier [45].
Saunders [44] modeled the y phase which has o-Mn structure by a sublattice model with
4 sublattices. However, the greatest disagreement between Saunders and Murray
concerns the solubility range of the y phase. His calculated Al-Mg phase diagram is

shown in Figure 2-135.
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Later another experimental investigation was made by Liang et al. [46] where the
R phase was found to be stable and the £ phase is suggested to be metastable. The crystal

structures of all the stable phases based on Liang et al.’s study are shown in Table 2-1.

Table 2-1: Crystal structure of the stable Al-Mg phases

Phase Space group Prototype Reference
fec-Al Fm-3m Cu
B-AljsoMgso Fd-3m Cd;Na [46]
e-Al;oMga3 R-3 CosCr;Mos [38]
v-Mgi7Al2 1-43m o-Mn [32]
hcp-Mg P6s/mmc Mg
-18 -
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2.4 Mg-Ca Phase Diagram

The liquidus has been explored in several experimental studies throughout the entire
composition range [47-51]. The measurement of the liquidus temperature by Klemm and
Dinkelacker [50] agrees well with [49]. Klemm and Dinkelacher [50] reported an eutectic
point in the Ca-rich corner at 73 at.% Ca, around a temperature of 445°C. Nayeb-
Hashemi et al. [52] collected all the phase diagram information together with
crystallographic data [53, 54]. Then they assessed and calculated the Mg-Ca phase
diagram. Their results are presented in Figure 2-16 and Table 2-2, which showed the
agreement with the experimental results obtained by other researchers.

The melting point of Mg,Ca was determined as 715°C [56]. Kremann and Wostall
reported that Mg,Ca has a very narrow range of homogeneity [56] with a = 6.234, ¢ =
10.12A and c¢/a = 1.62.

The solid solubility of Ca in Mg was investigated by various methods. The results
differ considerably. The solubility of Ca in solid Mg between 508 and 365°C is in the

range of 0.58 to 0.95 at.% Ca [51, 53, 57, 59].

-19-
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Figure 2-16: The calculated and assessed Mg-Ca Phase Diagram with
Experimental points [52]

Table 2-2: Special points of the Assessed Mg-Ca Phase Diagram by [52]

Reaction Compositions of the Temperature Reaction Type
respective phases, at.% o)
Ca ‘

L =Mg) 0 650 Congruent point
L =(Mg) + Mg.Ca 10.5 0. 82 33.33 | 516.5 Futectic
L =MgCa + (aCa) {73 33.33 | - 455 Eutectic
L = Mg.Ca 33. 33 714 Congruent point
L = (BCa) 100 842 Congruent point
(BCa) = (acCa) 100 443 Allotropic

2.5 Al-Ca phase Diagram

Several experimental investigations were made on the Al-Ca system [60-63]. Matsuyama
et al. [62] reported two intermetallic compounds: Al,Ca, which melts congruently at
1079°C and AlsCa, which melts incongruently at 700°C. Recently, Kevorkov and

Schmid-Fetzer [63] investigated the Al-Ca system experimentally and determined the

-20 -
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complete phase diagram using XRD, metallography, EDX as well as DTA. The binary
diagram is shown in Figure 2-17. Two binary compounds AlsCa and Al,Ca were
confirmed. And two new compounds AlCa and Al;Cag were found. But they did not
report the crystal structure of AlCa. Nevertheless Huang and Cobett [64] reported the
occurrence of a Alj4Ca;3 compound with monoclinic structure instead of AlCa. Later on,
Ozturk et al.[65] reoptimised the system with Alj4Ca;s intermetallic compound and

reported the phase diagram shown in Figure 2-18.

1200
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Figure 2-17: The calculated Al-Ca phase diagram and experimental
DTA data [63]
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Figure 2-18: The calculated Al-Ca phase diagram using random
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Analysis of the most recent publications [64-66] reveals that the stable phases in
this system are: the liquid, Al-fcc, Ca-bee, Ca-fce and four intermetallic compounds:
AlCa, AlL,Ca, Alj4Cay; and Al;Cas.

The solubility of Ca at 600°C was found to be less than 0.03 at.% by Itkin et al.
[67]. Kovorkov and Schmid-Fetzer [63] mentioned that, during XRD investigation of the
Al and Ca-rich alloys, no deviation from the theoretical powder pattern were detected.

Therefore the solubility regions of Ca in Al and Al in Ca are supposed to be negligible.
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CHAPTER 3
The Objectives of this Study

The objective of this study is to carry out a systematic investigation on the ternary Mg-
Al-Ca system using Differential Scanning Calorimetry (DSC), X-ray Diffraction (XRD)
and metallography. Experimental results will be compared with the pertinent

thermodynamic calculations. Specific objectives include:

v’ Verification of the solid phase transition, the liquidus and compound
formation temperatures with the calculated ones based on the current

thermodynamic modeling [14].

v' Identification of the phases presented in the samples by XRD and

comparing the results with thermodynamic predictions.
v' Analysis of the morphology of the phases by metallographic technique.

v Calculation of the isothermal section, vertical sections and phase
assemblage diagrams for the studied samples using the thermodynamic
database developed by Islam [14] and with the aid of FactSage [15]

computer program.

v’ Providing sufficient experimental data for the reoptimization of the Mg-

Al-Ca system in future work.

v Developing an experimental methodology to verify the thermodynamic

modeling.

223 .
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CHAPTER 4

Experimental Procedures

4.1 Alloy Preparation

Twenty one samples were prepared based on thermodynamic calculations. These samples
with their expected phase fields are listed in Table 4-1 and shown on the Gibbs triangle in
Figure 4-1 in mole fractions.

Special attention was paid to the Mg-rich corner that is always a promising region
for alloy development, shown by samples 2, 4, 5, 12 and 13. To verify the eutectic point
in the Mg-rich corner, samples 10 tol3 were chosen based on the compositions predicted
by thermodynamic modeling. Samples 9, 14 to 17 and 24 were chosen along or close to
the phase boundaries in order to verify these calculated phase borderlines. Also, to
compare with other experimental results from the literature, the composition of some

samples, such as sample 6, were prepared.

Table 4-1: Samples in different phase fields

Group Sample Nos. Phase field
#1 1,2,3,4,5 (Mg) + Al,Ca+7y
#2 6,7,8,9,10,11,12,13 Mg) + Al,Ca + Mg,Ca
#3 14,15,16,17 AlLCaty + Al
#4 18,19,20 MgZCa + Al,Ca + Al4Cays
#5 21 Mgzca + Al,Ca + A;zCag
.24 -
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The Mg-Al-Ca alloys were prepared with magnesium of 99.8 wt%, aluminum of
99.9 wt. % and calcium of 99 wt. % at CANMET-MTL, Ottawa. The charge was melted
in a graphite crucible in an induction-melting furnace under argon with 1% SF6 to protect
the melt from oxidation. The actual chemical composition was measured quantitatively
by the Inductively Coupled Plasma (ICP) technique. Table 4-2 lists the actual and
nominal compositions of the studied alloys.

It can be noticed that there is a difference between the nominal and actual
compositions, which is due to the volatility of Ca. Nevertherless, the actual composition

was used in the analysis during this work.

Mg | 0.8 06 04 02 AI

mole fraction

Figure 4-1: The distribution of investigated compositions in
mole fractions
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Table 4-2: Sample composition in wt. % percent
(N: Nominal and A: Actual)

23.40 32.60 100.00
20.43 34.78 100.00
4.50 17.50 100.00
3.59 17.57 100.00
6.70 26.50 100.00
2.50 27.71 100.00
10.30 20.00 100.00;
7.09 20.75 100.00
3.30 5.00 100.00
2.66 5.17 100.00
34.50 27.90 100.00
32.68 36.30 31.02 100.00
33.80 60.10 6.10 100.00
35.62 58.07 6.30 100.00,
28.60 52.10 19.30 100.00,
26.16 52.30 21.54 100.00!
44.50 40.50 15.00 100.00
42.32 42.29 15.39 100.00
19.90 70.40 9.70 100.00,
16.44 73.61 9.95 100.00
15.50 80.30 4.20 100.00
12.65 77.46 9.89 100.00
23.20 62.90 14.00 100.00,
19.32 62.65 18.04 100.00
24.00 73.30 2.70 100.00
21.69 75.38 2.94 100.00
20.90 7.70 71.40 100.00
19.12 7.91 72.97 100.00
13.20 19.80 67.00 100.00;
11.67 22.04 66.29 100.00,
16.20 32.70 51.10 100.00,
15.68 33.28 51.04 100.00
26.40 13.60 60.00 100.00
22.81 15.31 61.88 100.00
43.70 23.90 32.40 100.00
44.30 23.76 31.94 100.00
50.40 11.50 38.20 100.00
46.73 13.00 40.27 100.00
43.40 15.80 40.90 100.00
47.47 22.42 30.11 100.00
60.80 14.70 24.50 100.00
59.39 15.78 24.83 100.00

226 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



4.2 Differential Scanning Calorimetry

4.2.1 Procedure and Analysis

A Setaram Setsys DSC-1200 instrument, shown in Figure 4-2, was used to detect the
phase transformations and the invariant equilibrium temperatures of the bulk samples.
This equipment operates based on the heat flux principle and is capable of reaching up to
1200°C. Endothermic reactions, which absorb heat, are denoted as downward pointing
peaks; and exothermic reactions, which release heat, are denoted as upward pointing
peaks in this work. The sample and reference cell unit were purged with high purity
argon three times before the heating and cooling sessions in order to prevent sample

oxidation.

Figure 4-2: Setaram Differential Scanning Calorimeter

Determination of sample weight is taken into account, because smaller weight
gives more sensitivity to phase transformation, but yields weak signals. Samples with 35

to 45 mg in mass were used.
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The heating and cooling rates influence the results. The lower heating and cooling
rate generate higher accuracy of the phase transformation temperature; however it will
lead to more Mg evaporation. It was noticed that using 2°C /min rate did not provide
better results than 5°C /min. Table 4-3 and Figure 4-3 show the experimental parameters
of the DSC experiments used in this work.

The reproducibility was verified through comparing the thermal results of two or
three heating and cooling cycles for each sample.

Table 4-3: Experimental conditions for the determination of
thermophysical properties

Item Conditions
Heating rate 5°C/min
Cooling rate 5°C/min

Temperature range 25~800°C
Atmosphere Flowing argon, 1 atm.
Weight of sample 35-45 (mg)
Thermogram showing

700

experimental procedu

350

Temperature (°C)

0 20000 40000
Time (Sec)

Figure 4-3: The thermal cycles used during DSC experiments

The phase transformation temperature was determined by the onset of peak in the
cooling curve. The choice of determining the transformation temperatures based on the

heating or cooling curves, and whether to choose the onset or the peak point are critical
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issues for the reliability of the experimental data. Grébner et al [5] used either the onset
of heating or the peak point as the phase transformation temperature. The author believes
that the results are not consistent if using the onset or peak point randomly. Secondly, the
use of onset point of heating session is not practical. For example, in Figure 4-4, the
second peak in the heating spectrum can not give an onset point clearly. However, the
cooling spectrum gives a definite onset point. It can be explained that the grain nucleation
accumulates a big energy , which comes from the enthalpy change during the phase
transformation, in the course of supercooling. When this energy bursts out, it produces a
distinct onset point in the DSC cooling spectrum.

The supercooling effect cause reading of measurements lower than the actual
phase transformation temperature. To resolve this problem, the DSC instrument in this
work was calibrated with pure Mg, and the reading of the onset of the peak was
intentionly set to be equal to the known melting point, so it seems that the reading of

onset in the cooling spectrum can be minimised.

20
o EXO | ‘c|earo n S etpomt\
2
2
E 0+
& \
=
g -107 \k’ \/ unclear
T ¥ Lonsetpoint i
i :
Y SR A
"20 T T - T 1
0 200 400 600 800

Furnace temperature /°C

Figure 4-4: Demonstration of DSC spectra with sample 3
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4.2.2 Calibration of the DSC instrument

The DSC was calibrated by using 40mg pure Mg sample with a 5°C/min. heating and
cooling rates. The onset of the peak during cooling occurs at 651°C in Figure 4-5 . It is

identical to the known melting point of Mg as 650+1°C [68].

40

651°C

Heat flow (micro V)
o

| | J

0 200 400 600 800
Furnace Temperature ( °C)

Figure 4-5: The DSC spectrum of pure Mg

4.3 X-ray powder diffraction

A Philips X-ray diffractometer was used for phase identification. A schematic diagram of
an X-ray diffractometer is shown in Figure 4-6. It can be seen that this instrument
consists of three basic parts: a source of X-ray radiation, a specimen and the detector and

counting equipment. This machine uses filtered CuKo radiation, at an accelerating

voltage of 40 kV (£0.1%) and a beam current of 20 mA (£0.1%). The intensity and 20
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data were acquired and stored using a personal computer. Each component wavelength of

a polychromatic beam of radiation falling onto a single crystal will be diffracted at a

discrete angle, in accordance with Bragg’s law expressed by equation 4-1:

sin26 = 3 . 4-1
2d

R

g

Source Divergence slit

Scatter slit~§~_1\>
Receiving sli"‘c%

Specimen

Figure 4- 6: X-ray Diffractometer configurations

The samples were powdered for the investigation by XRD to determine the phases
present. The scanning step was 0.02° of 26 diffraction angle and the exposure time was 1
second. The obtained diffraction patterns were analyzed by comparing with the simulated

ones for each possible phase. The simulation of XRD patterns were calculated using

Powdercell 2.4 [15].
According to Bragg’s law, the peak positions, 20, depend on the wavelength used

and the lattice spacing, d. Furthermore, any calculation of the intensity of a diffracted
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beam depends on the structure factor, which is determined by the arrangement of atoms
within a unit cell. In other words, the crystal structure and atom positions in the unit cell
must be known in order to calculate an x-ray diffraction pattern. Those variables can be
expressed as lattice parameters and Wyckoff position. Calculation of XRD pattern of
Al,Ca will be demonstrated here as an example and the other calculated XRD patterns are
given in Appendix A. By applying the lattice parameters listed in Table 4-4 and Wyckoff

positions in Table 4-5, the resultant XRD pattern is shown in Figure 4-7.

17407 |-

311

8703

1 511

| 331
ol 422

20 25 30 35 40

Figure 4-7: The simulated XRD pattern for Al;Ca

Table 4-4. The crystal structure data of Al;Ca [69-71]

Structure Cu,Mg
Spacegroup Fd-3m
Space number 227
i a b c
Lattice parameter (nm)
0.8040 | 0.8040 | 0.8040
a
Angles P !
90° 90° 90°
Atoms in unit cell 24
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Table 4-5: Atoms positions in the unit cell of Al;Ca [69-71]

Atom | Wyckoffposition {x |y |z
Ca 8a 0 [0 |0
Al 16d 5/8 | 5/8 | 5/8

In many cases, XRD peaks shift due to the dissolution of other elements which
causes distortion of the crystal lattice. For example, the characteristic peaks of pure Mg at
20 = 36.6° shifts to 37.12°, when Mg dissolves 10 at.%. Likewise, the Al,Ca is reported
to dissolve 5 at.% Mg [5], so the lattice expands and the XRD peaks shift to smaller
angles. The Mg,Ca dissolves up to 22 at.% Al énd form (Mg,Al),Ca solid solution, so the
lattice parameters shrink and the XRD peaks shift to higher angles.

A comparison of lattice parameters of pure Mg, (Mg), Al,Ca, Mg,Ca with their

solid solution lattice parameters is shown in the Appendix A.

4.4 Metallographic technique

Optical microscopy was used to examine the microstructure; such as grain size, shape,
distribution of the phases and inclusions that are present.

Usually 500X magnification is the minimum required to reveal clear phase
morphology. Lower magnification pictures such as 100X are also acquired and used for
comparing the relative amount of phases. Experience for preparation of metallographic

samples is summarized in Appendix B.
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CHAPTER S

Result and Discussions

All the samples studied in this work are labelled on the 25°C isothermal section in Figure
5-1. The thermodynamic calculation in this work is based on the thermodynamic model
for Mg-Al-Ca system established by Islam and Medraj [72]. This chapter will describe
how to verify the thermodynamic model by investigating phase transformation
temperatures, identifying the phases as well as the phase morphology using DSC, XRD

and optical microscopy, respectively.

Ca

72Cajy # Al,Ca + Mg,Ca

9
/' (Mg) + Al,Ca + Mg,Ca
; k\ /"

h

Mg 0.8 0.2 AI

Figure 5-1: Isothermal section at 25°C showing the studied samples
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5.1 Thermodynamic calculations

Factsage 5.3 thermodynamic program [73] was used to calculate phase assemblage
diagrams, vertical and isothermal sections of the ternary Mg-Al-Ca system. The phase
assemblage diagram shows the phase transformation temperature during thermal session
as well as the relative amount of each phase at any temperature. It can serve as guidance
to understand the DSC pattern. The vertical section shows the sequence of the thermal
events during heating or cooling. And the isothermal section presents the phases in

equilibrium at the temperature in question.

5.2 Samples in the Mg- Al,Ca - y phase field

Five samples 1 to 5 were studied in this region as shown in Figure 5-1. The experimental
results of these samples will be discussed and compared with the thermodynamic

predictions.

5.2.1 Results and discussion of sample 1

The phase transformation temperatures are obtained from the cooling curve rather than
the heating curve as discussed earlier in chapter 4. The DSC heating and cooling curves
of sample 1 are shown in Figure 5-2. Two exotherms appear in the cooling curve at
442°C and 523°C. This corresponds to the two endotherms that appear in the heating
spectrum at 472°C and 540°C. Another exothermic signal was revealed on the cooling

curve at 750°C, but did not appear in the heating spectrum. It can be seen from this figure
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that the peaks appear to be more distinct in the cooling than in the heating curve. This is
common and is due to the supercooling effect that causes more grain nucleation and more
energy accumulation. Therefore, in this study, the phase transformation temperatures are

always acquired from the onset of the cooling curve,

>
e / -]
& of ond 523°C
E
2
E_O__ 3rd 750°C
= 6 [ | EXO o~
()]
I

-12 1 L

0 300 600 900

Furnace Temperature 7C

Figure 5-2: DSC spectra of sample 1 (20.43/44.79/34.78 Ca/Mg/Al wt%)

In many cases, not all of the phase transformations can be detected by the DSC.
Therefore, it is very important to build a theory to link the observed DSC peaks with the
right phase transformation. In the beginning of this work, the DSC results were explained
by the relevant vertical sections. The slope rate of the phase boundary was used to
analyze the matching of the DSC peaks. The more flat the boundary should be connected
with the sharper peak and the steeper boundary corresponds to the weaker peak. In many
cases, the slope was too steep where the peak was too weak to observe. For example, in

the DSC pattern of sample 1, the three exotherms on the cooling curve correspond to the
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three phase boundaries in the vertical section (Figure 5-3): L/L + Alb,Ca /L + AlCa +
(Mg)/ Al,Ca + (Mg) + . In this figure, the solid triangles are marked on the vertical

section to represent the DSC results.

800

600
—
5 400
@

200

¥
O n n i " i ]
0.1 0.2 0.3 04 0.5

Mole Mg/(Mg + Al + Ca)

Figure 5-3: The calculated vertical section at constant 35.4 at.% Al
with DSC signals from cooling curve of sample 1

But later on it was found that the phase assemblage diagram (Figure 5-4) shed
more light on understanding the DSC peaks and correlating them to their phase
transformations. The DSC peak pattern relies on the phase transformation rate, which can
be revealed easier from the phase assemblage diagram. For example, the steeper the
phase borderline between the liquid and a precipitating phase the higher the phase
transformation rate and the narrower and sharper the DSC peaks will be.

There are three scenarios to correlate the phase assemblage diagram with the DSC

peaks pattern. The first scenario is that the vertical phase borderline, indicating the
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infinite phase transformation rate such as eutectic transformation, which is theoretically
revealed with infinite sharp peak. The second extreme scenario is where there is no peak
revealed on the DSC pattern which corresponds to a phase borderline with too low slope.
The third scenario is between these two extremes. In this scenario, the steeper phase
borderline in the phase assemblage diagram should be linked to the stronger peak on the

DSC pattern and vice versa.

100

80 [
Liquid
60 [

40 |

Al,Ca ]

Phase Distribution, mass%

20 [

0 1 'l Il L L 1
50 250 450 650
T(°C)

Figure 5-4: Phase assemblage diagram of sample I
(20.43/44.79/34.78 Ca/Mg/Al wt%s)

Although the three scenarios are all related to the phase transformation rate, to
facilitate the analysis process of each sample throughout this work, the reasoning for the

first scenario is hereafter named the infinite phase change rate principle and for the third

scenario is named the phase amount involvement principle. This name was given because
steep borderline will cause more precipitation of the new phase per unit temperature drop

during solidification, In another words, the steeper the phase borderline will cause more
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involvement of a new phase. As a result, this amount of the new phase involvement
causes a stronger heat flux in the DSC pan and is revealed by a stronger DSC peak.

The application of these principles is demonstrated in the DSC pattern
interpretation of sample 1. The first peak at 442°C in Figure 5-2 is the sharpest; this is

because of the infinite change rate of y phase as indicated by the vertical borderline on

the phase assemblage diagram shown in Figure 5-4. The formation of (Mg) during
solidification process shown in Figure 5-4 leads to greater amount of nucleation during
cooling, which causes higher system enthalpy change. This results in a stronger and

broader second peak in the cooling curve at 523°C. This respects the phase amount

involvement principle. After the first two peaks are determined, the right most third peak

is nothing but the liquidus because the gentle phase transformation demonstrated by the
low slope of the borderline between the liquid and Al,Ca phases in Figure 5-4 predicts
that only little heat flux would be generated between the sample pan and the reference
pan in the DSC instrument, as a result, the third peak is relatively weak.

The DSC measurements and the calculations of sample 1 are summarized in Table
5-1. The discussion of the rest of the samples listed in the table will follow.

The XRD pattern of sample 1 in Figure 5-5 indicates that the phases that exist in
sample 1 at room temperature are Al,Ca and (Mg) and traces of y. This is consistent with
the micrograph shown in Figure 5-6. The strong peaks of Al,Ca and (Mg) are due to their
large amounts in the sample. Although y peaks are not strong, it can be identified in the

micrograph shown in Figure 5-6.
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Table 5-1 The DSC measurements with thermodynamic calculation in the Mg-Al;Ca-y

phase field (c: denotes cooling and h: denotes heating)

Sample DSC Thermal Thermodynamic calculation based on the database
Signals (°C) reported in [14]
Temp.( °C) Reactions or phase boundary
1 472h/442¢ 430 Mg)* + ALbCa+vy/(Mg) + Al,Ca +L
540h/523c¢ 496 (Mg) + AlbCa+L/ALCa +L
750c 728 Al,Ca+ L/L
2 442h/431c 427 (Mg) + Al,Ca +v/AlLCa +(Mg)+L
- 485 Al,Ca +(Mg)/ Mg) +L
556h /542 ¢ 539 (Mg) +L /L
3 441h /431¢ 428 (Mg) + AlL,Ca + y/ALCa + (Mg)+L
- 450 AlL,Ca + (Mg) Mg) + L
488h /460c 476 (Mg)+ L /L
4 445c¢ 428 (Mg) + Alb,Ca + y/AlL,Ca + Mg)+L
524c¢ 494 Al,Ca + (Mg)y Mg)+L
584c 502 Mg)+ L /L
- 195 (Mg) + Alb,Ca +v/AlLCa + (Mg)
5 534 h/524c¢ 501 AlbCa +(Mg) Mg) +L
585 h/605¢ 616 (Mg)+L /L
* Notation ( ) means solid solution.
2000
R
1600 1 5 (Mg)
x Al,Ca
212007
é 4 ¥
" 8007
X
400
Mﬂ ) o x O Took o
A W
0 T T T T
20 30 40 50 60 70 80
20

Figure 5-5: XRD pattern of sample 1 (20.43/44.79/34.78 Ca/Mg/Al wt%)
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Figure 5-6: Micrograph of sample 1 1000X
(20.43/44.79/34.78 Ca/Mg/Al wt%.)

It is worth mentioning that, in the XRD pattern of sample 1, the Mg peaks match
the pattern of (Mg) with 10 at.% Al better than that of pure Mg, which indicates that Mg
exists in the form of solid solution in this sample.

Figure 5-6 shows that the y phase occurs around the plate-like Al,Ca and within
the (Mg) matrix. This is consistent with y precipitation according to the phase
transformation L + Al,Ca + (Mg) / Al,Ca + (Mg) + v, indicated on the vertical section in

Figure 5-4.

The morphology of the primary and secondary Al;Ca is observed in the
micrograph in Figure 5-6. Being compared with the vertical section in Figure 5-4, the

massive plates is supposed to be the primary Al,Ca phase according to L / Al,Ca + L
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transformation; and the smaller islands are probably the secondary Al,Ca phase yielded
from L + Al,Ca / L + Al,Ca + (Mg) transformation. In fact, the morphology of Al,Ca is

consistent in all the samples in this system.

The XRD pattern and micrograph results are also in agreement with the calculated
phase assemblage diagram and isothermal section shown in Figures 5-4 and 5-1,
respectively. The identified phases for the sample 1 and other samples to be discussed in
this phase field are summarized in Table 5-2. This table compares the experimental
findings of XRD and metallography with the thermodynamic calculations. Thus, DSC,
XRD, morphology and volume fraction of metallographic results are in agreement with

the thermodynamic model in this phase field for sample 1.

Table 5-2: Summary of the phase identification for the samples

in the Mg- Al,Ca - y phase field

Sample Identified phases by XRD Thermodynamic calculation [14]
1 Mg) + AlL,Ca +vy (Mg) + Al,Ca +y

2 (Mg) + v + 1y (less strong peak) Mg) + vy + AL,Ca (little)

3 (Mg) + vy + 11 (stronger peak) Mg) + v + AlyCa (little)

4 (Mg) + AlCa (strong peak) + v (Mg) + ALCa +vy

5 Mg) + AlCa (Mg) + Al,Ca + v (little)

Note: the bold font means the phases are with significant amount.

5.2.2 New ternary phase observed in the Mg-Al-Ca

system
The discussion of the DSC results of samples 2, 3 and 4 has concurrently verified the

invariant phase transformation temperature. The XRD and metallographic investigations

suggest the existence of a new phase and delimit the composition range.
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The DSC spectra of sample 2 are illustrated in Figure 5-7. Two peaks appear on
the DSC pattern. The first peak, featuring a narrow and sharp peak at 431°C in the
cooling session, indicates a eutectic transformation. The tail peak at 542°C represents a
univariant reaction and its onset point corresponds to the liquidus. This finding can be
correlated with the phase assemblage diagram in Figure 5-8. The narrow and sharp peak
is caused by the infinite phase transformation indicated by the horizontal borderline in the

vertical section (Figure 5-9) or the vertical borderline on the phase assemblage diagram.

This can be interpreted with the infinite phase change rate principle. Correspondingly, the
tailing peak represents the liquidus and is created by the formation of (Mg) rather than

AlL,Ca due to the phase amount involvement principle. The phase transformation

temperatures detected by the DSC are labeled on the vertical section shown in Figure 5-9.
The DSC measurements of sample 2 are in perfect agreement with the calculated phase

diagram.

20
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e — / 542°C
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Figure 5-7: DSC spectra of sample 2 (3.59/78.84/17.57 Ca/Mg/Al
wt%.)
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Figure 5-8: Phase assemblage diagram of sample 2
(3.59/78.84/17.57 Ca/Mg/Al wt%)
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Figure 5-9: The calculated vertical section at constant 2.3 at.% Ca
with DSC signals from cooling curve of sample 2

The DSC spectra of sample 3 are illustrated in Figure 5-10. The sharp and high

peak at 431°C on the cooling curve corresponds to the eutectic transformation,
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represented by L = (Mg) + y+ ALCa, in the phase assemblage diagram (Figure 5-11)

according to the infinite phase change rate principle. The onset at 460°C corresponds to

the precipitation of (Mg) rather than Al,Ca according to_the phase amount involvement

principle. The experimental results labeled on the vertical section in Figure 5-12 show

consistency with the thermodynamic calculations for sample 3.
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Figure 5-10: DSC spectra of sample 3 (2.50/69.79/27.71 Ca/Mg/Al

wt%)
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Figure 5-11: Phase assemblage of sample 3 (2.50/69.79/27.71
Ca/Mg/Al wt%)
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Figure 5-12: The calculated vertical section at constant 1.6 at.% Ca
with DSC signals from cooling curve of sample 3.

Referring to the DSC spectra of sample 4 shown in Figure 5-13, the cooling
profile shows four thermal events with the onset temperatures at 584, 524, 515, 445°C.
Note that the peak at 515°C is partially overlapping with the peak at 524°C, and its
temperature is estimated by extrapolation. The sharp peak at 445°C corresponds to an
invariant transformation represented by vertical line in the phase assemblage diagram

(Figure 5-14) according to the infinite phase change rate principle. The peak at 524°C

corresponds to the liquidus according to the phase amount involvement principle. The

peak detected in the cooling curve at 584°C is uncertain because of the weak signal. The
DSC signals labeled on the vertical section (Figure 5-15) are in good agreement with

thermodynamic modeling.
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Figure 5-13: DSC spectra of sample 4 (7.09/72.16/20.75 Ca/Mg/Al

wit%)
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Figure 5-14: Phase assemblage of sample 4 (7.09/72.16/20.75
Ca/Mg/Al wt%)
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Figure 5-15: The calculated vertical section at constant 7.09 wt% Ca
with DSC signals from cooling curve of sample 4

The DSC measurements with thermodynamic calculation of samples 2, 3 and 4

are summarized in Table 5-1.

The XRD patterns of sample 2 and 3 in Figure 5-16 and 5-17 show (Mg) and y as
expected. The y amount in sample 3 is greater than in sample 2 as indicated by the higher
intensity XRD peaks. This agrees with the thermodynamic modeling indicated by the
isothermal section in Figure 5-1 since sample 3 is closer to y than sample 2. The relative

amount of y phase contained in these two samples appears more obviously in the

micrographs shown in Figures 5-18 and 5-19.

Analysis of the XRD pattern of sample 2 shows that peaks at 41.78, 33.9, 47.38,
60.64, and 62.14°, ranked according to peak intensity, do not belong to any known phase
in the Mg-Al-Ca system. These peaks reoccur in the XRD pattern of the neighbor sample

3 in the same fashion. Therefore, the reproducibility suggests a probable new phase,
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named 1; hereafter. However, these peaks did not appear in sample 4. The peaks’
intensity in sample 3 is stronger than that in sample 2, suggesting that sample 3 is closer
to the composition of this phase. Therefore, the distribution region of this new phase shall
be determined around sample 2 and sample 3 but not reaching sample 4. A further work
should be done in the future to determine the exact composition range and crystal

structure of this phase.
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Figure 5-16: XRD pattern of sample 2 (3.59/78.84/17.57 Ca/Mg/Al wt%)
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Figure 5-17: XRD pattern of sample 3 (2.50/69.79/27.71 Ca/Mg/Al wt%s)
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Figure 5-18: Micrograph of sample 2, 500x (3.59/78.84/17.57
Ca/Mg/Al wt%.)

Figure 5-19: Micrograph of sample 3, 500X (2.50/69.79/27.71
Ca/Mg/Al wt%)
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The morphology of t; phase is tentatively determined using Figures 5-18 and 5-
19. Both micrographs show black spots embedded in the y phase which are more
numerous in sample 3 (Figure 5-19) than in sample 2 (Figure 5-18). This is in agreement
with the XRD results of these two samples shown in Figures 5-16 and 5-17. Furthermore,
these black spots were not observed in other samples like samples 1 and 4 in Figure 5-7

and 5-21 which are in the same phase field but a bit away from 7, area.

The XRD pattern of sample 4 in Figure 5-20 shows clearly the existence of (Mg),
Al,Ca and y. This is in perfect agreement with the current thermodynamic model. The
micrograph in Figure 5-21 also supports the existence of these phases and shows their
pronounced amounts. The micrograph shows that the amount of y phase in this sample is
in between sample 2 and 3. This is in perfect agreement with their position in the

isothermal section in Figure 5-1, and with the XRD peaks of y phase in these samples.
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Figure 5-20: XRD pattern of sample 4 (7.09/72.16/20.75
Ca/Mg/Al wt%.)
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Figure 5-21. Optical micrograph of sae 4 1000X
(7.09/72.16/20.75 Ca/Mg/Al wt%)

The XRD results with thermodynamic calculations for samples 2, 3 and 4 are

summarized in Table 5-2.

5.2.3 Results and discussion of sample S

Sample 5 is located in the Mg-rich corner. The DSC spectra are shown in Figure 5-22.
Two exotherms are in agreement with the thermodynamic modeling. The peak at 524°C,
sharp and narrow, corresponds to the transition L = (Mg) + Al,Ca as can be seen in the
phase assemblage diagram in Figure 5-23. The subsequent peak at 605°C is broader and
tailing back to the baseline. Hence, it is interpreted as a univariant transformation
corresponding to the liquidus that occurs according to L/L + (Mg) in the vertical section

in Figure 5-24.
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Figure 5-22: DSC spectrum of sample 5 (2.66/92.17/5.17 Ca/Mg/Al

wt%)
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Figure 5-23: Phase assemblage of sample 5 (2.66/92.17/5.17
Ca/Mg/Al wt%)

The DSC measurements labeled on the vertical section in Figure 5-24 show an
agreement with the thermodynamic model. The measurements are also summarized in

Table 5-1.
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Figure 5-24: The calculated vertical section at constant 1.7at.% Ca with DSC
signals from cooling curve of sample 5

The XRD pattern of sample 5 in Figure 5-25 showing stronger peaks for (Mg)
than Al,Ca suggests that (Mg) has greater relative amount than Al,Ca in this sample. This
is in agreement with the phase assemblage diagram shown in Figure 5-23. Also, it can be

seen that Mg,Ca was not detected in the XRD pattern due to its small relative amount.
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Figure 5-25: XRD pattern of Sample 5 (2.66/92.17/5.17 Ca/Mg/Al wt%s.)
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The sample’s composition is close to GM-C alloy (4.5 wt% Al, 3 wt% Ca) which
was studied by Korey et. al. [74] using XRD and EDS. They also confirmed the existence

of Al,Ca.

The micrograph of sample 5 in Figure 5-26 shows lamellar structure along the
grain boundaries. This is in agreement with the transition L = (Mg) + Al;Ca indicated in

the phase assemblage diagram shown in Figure 5-23.

Figure 5-26: Optical micrograph of sample 5, 500X
(2.66/92.17/5.17 Ca/Mg/Al wt%.)
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5.3 Samples in the Mg-Al,Ca-Mg,Ca phase field

The eight samples chosen in the Mg-Al,Ca-Mg,Ca region and shown in Figure 5-1 will

be discussed in this section.

5.3.1 Results and discussion of samples 6 to 9

Firstly, samples 6, 7 and 8 will be discussed together because they have common
identified phases, then sample 9 will be discussed. XRD and microstructure results of
these samples indicate that (Mg), Mg,Ca and Al,Ca phases exist in the three samples.
These experimental results are coherent and in agreement with their calculated phase

assemblage diagrams.

The XRD pattern of sample 6 shows strong peaks for Al,Ca but weak peaks for
Mg;Ca in Figure 5-27. The micrograph of sample 6 in Figure 5-28 displays a large
amount of plate-like Al,Ca. There is no distinct shape for Mg;Ca, and they are probably
embedded in the lamellar structure during the invariant transformation that occurs
according to L = (Mg) + AlCa + MgyCa at 480°C as can be seen in the phase
assemblage diagram in Figure 5-29. The XRD results showing the relative intensity are
consistent with the relative amount of phases shown in Figure 5-29. Further, the lamellar
structure appears clearly in Figures 5-28, which is in consistent with the invariant

transformation indicated in the phase assemblage. Nevertheless, in the XRD pattern of
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sample 6 (Figure 5-27), three unknown peaks were observed and do not seems to belong

to any of the phases in this sample.
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Figure 5-27: XRD pattern of sample 6 (32.68/36.30/31.02 Ca/Mg/Al wt%s)

Figure 5-28: Optical microscope of sample 6, 500X
(32.68/36.30/31.02 Ca/Mg/Al wt%s)
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Figure 5-29: Phase assemblage of sample 6 (32.68/36.30/31.02
Ca/Mg/Al wt%.)
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Figure 5-30: Optical micrograph of sample from Grobner’s
work [5]
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Gronbner et al. [5] reported a microstructure (Figure 5-30) of a sample with a
chemical composition close to sample 6. It shows a similar micrograph to that of sample

6 in Figure 5-28.

The XRD pattern of sample 7 shows strong peaks for Mg,Ca as can be seen in
Figure 5-31, which is in contrast to only traces of Mg,Ca in sample 6 revealed by Figure
5-27. The micrograph of sample 7 in Figure 5-32 shows several islands of Mg,Ca, but no
Al,Ca plates. This suggests that Al,Ca is embedded in the lamellar structure since most
of the Al,Ca precipitation occurs according to the eutectic reaction L = Al,Ca + MgyCa +

(Mg) as can be seen in Figure 5-33.
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Figure 5-31: XRD pattern of sample 7 (35.62/58.07/6.30 Ca/Mg/Al wt%.)
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Figure 5-32: Optical micrograph of sample 7, 1000X
(35.62/58.07/6.30 Ca/Mg/Al wt%)
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Figure 5-33: Phase assemblage of sample 7 (35.62/58.07/6.30
Ca/Mg/Al wt%)
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In sample 7, the XRD peaks are better matched with the (MgzCa) solid solution
with 22 at.% Al than pure MgyCa. Therefore, it is confirmed that a ternary solid solution

(Mg,Ca) exist in this sample.

The XRD pattern of sample 8 in Figure 5-34 shows (Mg), Al,Ca and Mg,Ca
phases. The peaks’ intensity of both Al,Ca and Mg,Ca in sample 8 falls between those of
sample 6 and 7. This is expected because sample 8 is located between sample 7 and 6 as
can be seen in Figure 5-1. Figure 5-35 presents the micrograph of sample 8 and shows
AlyCa clearly, but not Mg,Ca. Again, Mg,Ca is deemed to be embedded in the lamellar

structure occurring due to the eutectic transformation.

1200
5
o (Mg)
800 - x Al,Ca
2 & (Mg,Ca)
[T}
=
2
£ =
400 -
i
Jay
A \ L ) \
O T T o A T
20 30 40 50 60
20
Figure 5-34: XRD pattern of sample 8 (26.16/52.30/21.54 Ca/Mg/Al
wt%.)
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(Mg)+Al,Ca+(Mg,Ca

Figure 5-35: Optical micrograph of sample 8, 500X
(26.16/52.30/21.54 Ca/Mg/Al wt%)

The XRD patterns and micrographs of sample 6, 7 and 8 show the existence of
(Mg) with no doubt. This is consistent with their phase assemblage diagrams shown in
Figures 5-29, 5-33 and 5-36. The identified and the calculated phases in these samples are
summarized in Table 5-3 which suggests a perfect agreement except for Mg,Ca being a

solid solution rather than a pure compound in sample 7 and 8.
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Figure 5-36: Phase assemblage of sample 8 (26.2/52.3/21.5
Ca/Mg/Al wt%)
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Table 5-3 Summary of phase identifications for samples 6, 7 and 8
in (Mg)-Mg,Ca-Al,Ca phase field

Samples Identified phases by XRD Thermodynamic calculation
6 (Al;Ca) + Mg) + Mg,Ca Al,Ca + (Mg)[ﬂl-‘;\]/[gZCa
7 (Mg.Ca) + (Mg) + Al,Ca Al;,Ca + (Mg) + Mg,Ca
8 (Mg) + Mg,Ca) + Al,Ca (Mg) + Mg,Ca + Al,Ca

The DSC results of samples 6, 7 and 8 are shown in Figures 5-37, 5-38 and 5-39,

respectively. These diagrams display common features. The sharp and strong peaks

occurring at 512, 514 and 519°C, respectively, correspond to the eutectic transformation

according to the infinite phase change principle, and that can be expressed as L = (Mg) +

Al,Ca + Mg,Ca according to their phase assemblage diagrams in Figure 5-29, 5-33 and

5-36. These DSC patterns also show that the liquidus temperatures are 772, 621°C for

samples 6, and 7, respectively.

Heat flow /micro V
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600 900

Furnace temperature /°C

Figure 5-37: DSC spectra of sample 6 (32.68/36.30/31.02

Ca/Mg/Al wt%)
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Figure 5-38: DSC spectra of sample 7 (35.62/58.07/6.30 Ca/Mg/Al

wt%,)
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Figure 5-39: DSC spectra of sample 8 (26.16/52.30/21.54 Ca/Mg/Al
wt%)

The DSC results of samples 6, 7 and 8 are summarized in Table 5-4, and labeled
on the vertical sections in Figures 5-40 and 5-41, respectively. Agreement between the

experimental results and thermodynamic calculations can be seen in these figures for
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sample 6 and 7. The melting of sample 8 occurs at a higher temperature than 700°C and

this is why it was not registered in the DSC spectra shown in Figure 5-39.

Table 5-4 The DSC measurements with thermodynamic calculation in (Mg)-Mg,Ca-
Al;Ca phase field for samples 6, 7 and 8 (c: denotes cooling and h: denotes heating)

DSC DSC Thermal Thermodynamic calculation based on the database
measurements | Signals (°C) reported in [14]
Sample Temp.(°C) Reactions or phase boundary
6 516h/512¢ 481 (Mg) + Al,Ca + Mg,Ca/Al,Ca + Mg,Ca + L
- 600 Al,Ca + Mg,Ca+ L/Al,Ca+ L
772¢ 748 Al,Ca/L
7 512h/506¢ 480 (Mg) + Al,Ca + Mg,Ca/Al,Ca + Mg,Ca + L
- 569 Al,Ca + Mg,Ca + L/Al,Ca+ L
640h /621c 650 Al,Ca/L
8 514h/519 ¢ 482 Al,Ca + (Mg) + Mg,Ca/L + Al,Ca + Mg,Ca
- 631 L + Al,Ca + Mg,Ca/ L + Al,Ca
- 666 L + Al,Ca/L
800 -
Liquid (?actSage
v Al,Ca + L
600 [k *+Mg,Ca
%) , Al,Ca+L+(Mg) .
=
400 [
Al,Ca + (Mg) + Mg,Ca
200 |
0 . . .
0 0.1 0.2 0.3 0.4
mole AV/(Mg+Al+Ca)

Figure 5-40: The calculated vertical section at constant 25.3 at.% Ca
with DSC signals from cooling curve of samples 7 (left) and 6 (right)
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Figure 5-41: The calculated vertical section at constant 18.1 at.% Ca
with DSC signals from cooling curve of sample 8

Sample 9 is close to the Mg;Ca-Al,Ca borderline in Figure 5-1. The XRD pattern
in Figure 5-42 reveals Mg,;Ca, (Mg) and Al,Ca, which is in agreement with the phase
assemblage diagram in Figure 5-43. Further, this figure shows the large relative amount
of Mg,Ca, which is reflected in the XRD pattern. In this Figure, the intensity is low in

general, which resulted in higher background noise.
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Figure 5-42: XRD pattern of sample 9 (42.32/42.29/15.39 Ca/Mg/Al wt%)
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Figure 5-43: Phase assemblage of sample 9 (42.32/42.29/15.39
Ca/Mg/Al wt%)

The DSC curves of sample 9 in Figure 5-44 shows a single peak at 506°C. It

corresponds to the transformation L + Al,Ca + Mg,Ca/(Mg) + Al,Ca + Mg;Ca that can be

-67 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



seen in the phase assemblage diagram presented in Figure 5-43 and the vertical section in

Figure 5-45. Melting of this sample was not observed by heating up to 700 °C.
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Figure 5-44: DSC spectrum of sample 9 (42.32/42.29/15.39

Ca/Mg/Al wt%)
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Figure 5-45: The calculated vertical section at constant 16.9 at. % Al
with DSC signals from cooling curve of sample 9
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5.3.2 Investigation of the eutectic point in the Mg-rich

corner

One eutectic point in Mg-Mg,Ca-Al,Ca field can be investigated through examining
samples 10 to 13.

Sample 10 was prepared with the calculated composition of the eutectic point
predicted by thermodynamic modeling. The phase assemblage diagram in Figure 5-46
shows the eutectic transformation, i.e. liquid phase transforms into three phases

simultaneously (L/(Mg) + Al,Ca + Mg,Ca) during cooling.
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Figure 5-46: Phase assemblage of sample 10 (16.44/73.61/9.95
Ca/Mg/Al wt%)

The DSC spectra of sample 10 in Figure 5-47 shows a sharp, narrow and unique
peak. This indicates the infinite heat transfer that occurs during an invariant
transformation. If a lower heating/cooling rate and less mass sample are employed, it is

expected to observe a narrower and sharper peak. This eutectic temperature was
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measured as 512°C using the DSC, however the thermodynamic calculations show that
this transformation is predicted at lower temperature of 483°C as can be seen in Figures
5-46 or 5-48. Labeling the DSC measurements of sample 10 along with sample 11 in
Figure 5-48 shows the consistency of the experimental results. Additionally, the adjacent

samples 11, 12 and 13 support this finding and will be discussed in this section.
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Figure 5-47: DSC spectra of sample 10 (16.44/73.61/9.95 Ca/Mg/Al wt%s)
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Figure 5-48: The calculated vertical section at constant 9.9 wt% Ca
with DSC signals from cooling curve of sample 10 and sample 11
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The optical micrographof sample 10 in Figure 5-49 shows dominated typical

lamellar eutectic feature and some plate-like precipitates. This indicates the sample is

quite close to the eutectic composition.

Figure 5-49: Optical micrograph of sample 10, 1000X
(16.44/73.61/9.95 Ca/Mg/Al wt%.)

The XRD pattern in Figure 5-50 shows the coexistence of the (Mg), Al,Ca and

Mg,Ca phases. This is in agreement with the phase assemblage shown in Figure 5-46.
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Figure 5-50: XRD pattern of sample 10 (16.44/73.61/9.95 Ca/Mg/Al wt%.)
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Therefore, it is concluded that sample 10 has a eutectic temperature at 512°C. The
sample composition 16.44 wt% Ca, 73.61 wt% Mg and 9.95 wt% Al (or 10.8 at.%Ca
79.5 at.%Mg and 9.7 at.%Al) is quite close to the eutectic composition in accord with the
results of the DSC, XRD, microscope and thermodynamic modeling,

This eutectic composition and temperature was also reported by other researchers.
Portnoi and Spektorova [75] reported that the eutectic was located at 9 at.% Al, 79 at.%
Mg. The report on the Dow Chemical [76] confirmed the eutectic nature in Mg-Al,Ca
section and placed the eutectic composition between 74 and 83 at.% Mg with a eutectic
temperature of 535°C. The photomicrographs [76] of alloys With 74 and 83 at.% Mg
support the occurrence of a eutectic at 78-79 at.% Mg. The results in this work are also
quite close to what was found by Tkachenko et al. [17] who reported that the ternary
eutectic Lg = (Mg) + Mg,Ca + Al,Ca occurs at the composition 18.2 wt% Ca, 72 wt%
Mg and 9.2 wt% Al (or 12.1 at.% Ca, 78.8 at.% Mg and 9.1 at.% Al), and at
temperature 510°C.

The locations of samples 11, 12 and 13 are represented in Figure 5-1. The
discussion of the experimental results of these samples along with sample 7 (discussed
earlier) can further validate the accordance of this eutectic transformation.

The XRD pattern of sample 11 in Figure 5-51 displays the phases (Mg), (Mg,Ca)
and Al,Ca. The identified phases are in agreement with the phase assemblage shown in
Figure 5-52 except that the shift of (Mg) and (Mg,Ca) peaks indicating their existence in

the form of solid solution.
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The optical micrograph of sample 11 in Figure 5-53 is consistent with the
solidification process illustrated by the calculated vertical section in Figure 5-55. The
dendrites are primary (Mg) corresponding to the reaction L->L + (Mg). The
interdendritic lamellae are composed of (Mg), (Mg,Ca) and Al,Ca that formed due to the
eutectic reaction L 2 (Mg) + Al,Ca + (MgyCa). The dendrite morphology can be seen

more clearly in Figure 5-54.
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Figure 5-51: XRD pattern of sample 11 (12.65/77.46/9.89 Ca/Mg/Al wt%.)
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Figure 5-52: Phase assemblage of sample 11 (12.65/77.46/9.89
Ca/Mg/Al wt%.)
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A similar statement was also reported by Suzuki et al. [77] and Pekguleryuz and
Kaya [78]. It was stated that Mg,Ca and/or Al,Ca phases are expected to form in the

interdendritic region.

(Mg)+Al,Ca+Mg,Ca) [

Figure 5-53: Optical microscope of sample 11 1000X
(12.65/77.46/9.89 Ca/Mg/Al wt%.)

Ca/Mg/Al wt%.)
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Figure 5-55: The calculated vertical section at constant 82 at.% Mg
with DSC signals from cooling curve of sample 11, 13 and 2

The DSC results of sample 11 in Figure 5-56 is consistent with the calculated
phase assemblage diagram in Figure 5-52 and vertical section in Figure 5-55. The sharp
and narrow peak corresponds to the eutectic transformation at 506°C, according to the

infinite phase change rate principle. The second small peak represents the liquidus point

at 532°C, rather than the phase transformation by L + (Mg)/ L + (Mg) + Al,Ca, according

to the phase amount involvement principle.
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Figure 5-56: DSC spectra of sample 11
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The DSC results of sample 11 and 13 are labeled on the vertical section shown in
Figure 5-55. Similar values for the DSC measurements of the eutectic temperature were
obtained for these two samples indicating the consistency of this work. Here the DSC
results of sample 2, which was discussed earlier, are also labeled on the same diagram to
give a more detailed comparison with the calculated phase diagram. The DSC
measurements and the thermodynamic calculation of sample 11 are summarized in Table
5-5.

Table 5-5: The DSC measurements with thermodynamic calculation for samples 10, 11,
12 and 13 in Mg-Mg;Ca-Al;Ca phase field (c: denotes cooling and h: denotes heating)

Sample DSC Thermal Thermodynamic calculation based on the database
Signals (°C) reported in [14]
Temp°C. Reactions or phase boundary
10 516h/512c¢ 480 L= (Mg) + Al,Ca + Mg,Ca
11 515h/506¢ 482 L + Mg) + Al,Ca/ (Mg) + Al,Ca +
Mg,Ca
- ' 493 L+ Mg)/ L+ (Mg)+ Al,Ca
545h/532¢ 512 L/L+ (Mg)
12 516h/513c¢ 481 (Mg) + Al,Ca + Mg,Ca/Al,Ca + Mg,Ca
+L
- 491 Al,Ca + Mg,Ca+1/AlL,Ca+ L
678h/626¢ 587 Al,Ca/L
13 520h/513¢ 480 (Mg) + Al,Ca + Mg,Ca/ Mg,Ca + (Mg)
+ L
- 502 Mg,Ca + (Mg) + L /Mg,Ca + L
580/548¢ 572 Mg,Ca + L/L

Table 5-6. Comparison between XRD results and thermodynamic predictions for samples
10, 11, 12 and 13 in Mg-Al;Ca-Mg;Ca phase field

Sample Identified phases Thermodynamic calculation [14]

10 (Mg) + Mg,Ca + Al,Ca(weak peak) (Mg) + Mg,Ca + Al,Ca (little)

11 (Mg) + Mg,Ca + Al,Ca (Mg) + Mg,Ca + AlL,Ca

12 (Mg) + Mg,Ca + Al,Ca(weak peak) (Mg) + AlL,Ca + Mg,Ca

13 (Mg) + Mg,Ca + Al,Ca(weak peak) (Mg) + Mg,Ca + Al,Ca (little)
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The XRD pattern of sample 12 in Figure 5-57 indicates the presence of (Mg),
Al,Ca, and (Mg,Ca) phases. This is in agreement with the phase assemblage diagram in
Figure 5-58. The micrograph in Figure 5-59 shows that the phase evolution is consistent
with solidification process shown in the calculated vertical section in Figure 5-62. Coarse
plate-like Al,Ca is the primary phase and wrapped up with the white secondary phase
(Mg) and secondary fine Al,Ca. The lamellar structure is the product of the invariant
reaction L>Al,Ca + (Mg) + (Mg,Ca). Even the small amount of Al,Ca appears clearly in

the micrograph.
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Figure 5-57: XRD pattern of sample 12 (19.32/62.65/18.04 Ca/Mg/Al
wt%)
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Figure 5-58: Phase assemblage of sample 12 (19.32/62.65/18.04
Ca/Mg/Al wt%)

There is no doubt to identify (Mg,Ca) with seven characteristic peaks in the XRD
pattern, however, it is hard to see the distinct morphology in the micrograph. This is
because (Mg,Ca) is embedded in interdendritic eutectic structure. A similar view point
was also reported by Suzuki et al. [77]. The eutectic structure of sample 12 can be seen

more clearly with higher magnification (1000X) micrograph shown in Figure 5-60.

Figure 5-59: Optical microscope of sample 12, 500X
(19.32/62.65/18.04 Ca/Mg/Al wt%)
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Figure 5-60. Optical microscope of sample 12, 1000X
(19.32/62.65/18.04 Ca/Mg/Al wt%)
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Figure 5-61: DSC spectra of sample 12 (19.32/62.65/18.04 Ca/Mg/Al
wt%,)
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The simulated XRD pattern of (Mg,Ca) is prepared using the lattice parameters of
Mg,Ca with 22 at.% Al dissolution. It matches the experimental XRD pattern of sample
12 better than the simulated XRD pattern using parameters for pure Mg,;Ca. That means
the Mg,Ca dissolved approximately 22 at.% Al in this sample. The precise amount of Al
dissolution can be determined by microprobe analysis in the future work.

Comparison of the phases found in sample 12 using XRD and the thermodynamic
calculations is presented in Table 5-6 shown earlier.

The DSC spectra of sample 12 in Figure 5-61 show that the eutectic
transformation occurs at 513°C which is characterized by a sharp, narrow and strong

peak, respecting the infinite phase change rate principle, whereas the liquidus occurs at

626°C which is determined by the intersection of tailing and the baseline.
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Figure 5-62: The calculated vertical section at constant 69 at.% Mg
with DSC signals from cooling curve of sample 7 and 12
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The experimental eutectic temperature is in accord with the adjacent sample 11
and the eutectic point represented by sample 10. Summary of these results is in Table 5-5.
Furthermore, the measurement of the eutectic temperature is made certain by labeling the
DSC results of samples 12 and 7 on the same vertical section in Figure 5-62. Both of
them yield common eutectic transformation temperature.

The XRD pattern of sample 13 is shown in Figure 5-63. The identification of
(Mg,Ca) phase is performed using the simulated XRD patterns for both pure Mg,Ca and
the (Mg,Ca) with 22 at.% Al. It can be seen that the sample’s peaks fall between these
two patterns, marked as a triangle and diamond in the legend. This implies qualitatively
that the phase (Mg,Ca) dissolves less than 22 at.% Al. The distortion of (Mg,Ca) lattice
varies with the amount of Al dissolution. The peaks for Al,Ca are small, that is consistent
with the small relative amount of Al,Ca shown in the phase assemblage diagram in
Figure 5-64. Nevertheless, the peaks for (Mg) can be seen clearly in Figure 5-63.

The micrograph of sample 13 in Figure 5-65 shows stone-like primary phase
(Mg,Ca) and eutectic lamellar structure. They are formed at the liquidus L/L + (Mg,Ca)
and the eutectic transformation borderline (Mg,Ca) + (Mg) + L/(Mg) + Al,Ca + (Mg,Ca),
respectively, as can be seen from the phase assemblage diagram shown in Figure 5-64 or
the vertical section in Figure 5-55. The phases of (Mg) + (Mg;Ca) + Al,Ca in this sample
are in agreement with the work of [79], who studied a sample with a close chemical

composition.
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Figure 5-63: XRD pattern of sample 13 (21.69/75.38/2.94 Ca/Mg/Al wt%)
* included in this diagram for comparison.
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Figure 5-64: Phase Assemblage of sample 13 (21.69/75.38/2.94
Ca/Mg/Al wt%)
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Figure 5-65: Optical microscope of sample 13, 1000X
(21.69/75.38/2.94 Ca/Mg/Al wt%)

The DSC spectra of sample 13 are shown in Figure 5-66. The narrow sharp peak
corresponds to the eutectic transformation at 513°C according to the infinite phase
change rate principle, whereas, the small peak corresponds to the liquidus that occurs at
548°C. The DSC results labeled on the vertical section in Figure 5-55 and summarized in

Table 5-5 are in accord with the results obtained for samples 11, 10 and 12.
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Figure 5-66: DSC spectra of sample 13 (21.69/75.38/2.94 Ca/Mg/Al
wit%)

-83-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



5.4 Samples in the Al,Ca- y —Al triangle

There are three phase borderlines in the y -Al,Ca-Al triangle as can be seen in Figure 5-1.
To validate the phase borderlines, four samples 14, 15, 16 and 17 are selected close to
these lines.

Sample 14 and 15 are close to B-AlsCa borderline as can be seen in Figure 5-1.
The XRD patterns of both samples in Figures 5-67 and 5-68 show clearly peaks for (Al)
and Al,Ca. Sample 14 also contains weak peaks for Al4Ca but no peaks for B, whereas
sample 15 contains weak peaks for B but no peaks for Al4Ca. This is not consistent with
the thermodynamic modeling but can be due to the small relative amount of § and Al4Ca
in samples 14 and 15, respectively. Also, the phase assemblage diagram of sample 14 in
Figure 5-69 shows 70 wt% Al;Ca and that of sample 15 in Figure 5-70 contains 60 wt%
B. While Al4Ca and B were not displayed strongly in the XRD patterns, (Al) and Al,Ca
always have strong peaks. This could be due to lower thermal stability of Al4Ca and B. In
fact, as stated in the literature, the phases AlsCa and §§ have a lower melting temperature
than Al,Ca and Al. The B phase starts decomposing at 257°C and melts completely at
447°C and AlsCa starts melting at 610°C [62]. Whereas, Al,Ca has higher congruent

melting temperature at 1079°C and the Al melts at 659°C [62].
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Figure 5-67: XRD pattern of sample 14 (19.12/7.91/72.97 Ca/Mg/Al
wt%)
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Figure 5-68: XRD pattern of sample 15 (11.67/22.04/66.29 Ca/Mg/Al wt%)
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Figure 5-69: Phase assemblage of sample 14 (19.12/7.91/72.97
Ca/Mg/Al wt%)
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Figure 5-70: Phase assemblage of sample 15 (11.67/22.04/66.29
Ca/Mg/Al wt%)

The phase transformation temperatures of samples 14 and 15 are measured by the
DSC spectra presented in Figures 5-71 and 5-72, which are labeled on the vertical

sections shown in Figures 5-73 and 5-74. The DSC measurements and the
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thermodynamic calculations for these samples are summarized in Table 5-7. To be noted

that the peak of sample 14 at 542°C (Figure 5-71) seems to be linked to the formation of
B according to the infinite phase change rate principle if it is inferred from the phase
assemblage diagram soley. However, § was not detected in the XRD pattern shown in

Figure 5-67. Therefore, the most possible transformation according to the phase amount

involvement principle is L+Al,Ca—ALCa.
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Figure 5-71: DSC spectra of sample 14 (19.12/7.91/72.97 Ca/Mg/Al wt%)
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Figoure 5-72: DSC spectra of sample 15 (11.67/22.04/66.29 Ca/Mg/Al wt%)
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Figure 5-73: The calculated vertical section at constant 19.1 wt% Ca
with DSC signals from cooling curve of sample 14
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Figure 5-74: The calculated vertical section at constant 8 at.% Ca with
DSC signals from cooling curve of sample 15
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Table 5-7 The DSC measurements and calculated transformation temperature
in Al,Ca-y -Al region (h. denotes heating and c: denotes cooling)

Sample | DSC Thermal | Thermodynamic calculation based on the database reported

Signals (°C) in [14]
Temp. (°C) Reactions or phase boundary

14 - 444 L+ Al,Ca+ (Al) /AlkCa+ (AD) + B
- 492 AlyCa + L/L + Al4Ca + (Al)
542¢/548h 540 AlyCa+ Al,Ca+ L/AL4sCa+ L
620c/628h 618 Al,Ca + L/Al4Ca + Al,Ca+ L
- 838 L/Al,Ca+L

15 450¢/456h 445 L + Al,Ca + A4Ca/Al,Ca + Al4Ca + JB
505¢/496h 491 L + ALCa/L + Al,Ca + Al4,Ca
633¢/640h 714 L/L + Al,Ca

16 454¢/464h 454 L + ALCa/AlL,Ca+ vy
774¢/783h 752 L/L + Al,Ca

17 446¢/452h 446 AlyCa+ Al,Ca+ L/AL4Ca + AlL,Ca+ B
488¢/482h 469 Al,Ca + L/Al4Ca + Al,Ca + L
- 884 L/ALCa+L

The DSC spectra of sample 16 in Figure 5-75 show sharp and narrow peak at
454°C in the cooling session. This relates to the invariant transformation on the
borderline of L. + Al,Ca /Al,Ca + v as can be seen in the vertical section shown in Figure

5-76, according to the infinite phase change rate principle. Correspondingly, the tailing

temperature at 752°C is the liquidus. Labeling the DSC signals on the vertical section in
Figure 5-76 shows a good agreement with the solidus, but a small deviation from the
liqudus.

The XRD pattern of sample 16 in Figure 5-77 shows the peaks of (Mg), (Al) and
Al,Ca phases. These results do not agree with the calculated phase assemblage diagram
shown in Figure 5-78 which shows that this sample should contain y, Al;Ca and B at
room temperature. Although it is not expected to detect B due to its small relative amount
indicated in the phase assemblage diagram, it is still not clear why y was not detected,

nevertheless, this is probably due to a nonequilibrium solidification which might have
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occured in this sample. Samples 16 and 17 also show some unknown peaks which do not
belong to any known phases and any possible oxides. It needs more investigation around
sample 16 to check the reproducibility of the unknown peaks and clarify whether these

belong to a new phase or an inclusion.
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Figure 5-75: DSC spectra of sample 16 (15.68/33.28/51.04 Ca/Mg/Al wt%)
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Figure 5-76: The calculated vertical section at constant 38.5 at.% Mg with
DSC signals from cooling curve of sample 16
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Figure 5-77: XRD pattern of sample 16 (15.68/33.28/51.04 Ca/Mg/Al
wt%)
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Figure 5-78: Phase assemblage of sample 16 (15.68/33.28/51.04
Ca/Mg/Al wt%)

Sample 17 is located close to Al,Ca- borderline in the isothermal section in
Figure 5-1. The XRD pattern in Figure 5-79 indicates the peaks for Al,Ca, B and ?, but no
peaks for Al4Ca. There is a discrepancy with the phase assemblage diagram in Figure 5-

80, which predicts the formation of Al4Ca but no ?. Probably the nonequilibrium
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solidification leads to the precipitation of y, and the small amount and the instability of
AlyCa lead to no traces of AlsCa in the XRD pattern. Similarly, the XRD pattern of

sample 15 (Figure 5-68) does not show the expected Al4Ca, too.
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Figure 5-79: XRD pattern of sample 17 (22.81/15.31/61.88 Ca/Mg/Al wt%)
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Figure 5-80: Phase assemblage diagram of sample 17
(22.81/15.31/61.88 Ca/Mg/Al wt%)

The DSC spectra of sample 17 in Figure 5-81 shows three peaks with onset

temperatures at 669, 488.6 and 446°C, taken from the cooling cycle. These temperatures
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labeled on the vertical section in Figure 5-82 show an agreement with the thermodynamic
model in the solidus, but a discrepancy in the liquidus. The determination of the

temperature of 446°C as being an invariant transformation obeys the infinite phase

change rate principle by referring to the phase assemblage diagram in Figure 5-80.
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Figure 5-81: DSC spectra of sample 17 (22.81/15.31/61.88 Ca/Mg/Al wt%)

1000 T T T Y

Liquid L+ Ai,Ca

800

L+ Al,Ca + Mg,Ca

v L + Al,Ca *W(Ca

L +Al,Ca + Al,Ca

L+ Al,Ca + Mg,Ca
AlLCa +y+ B
L + Al,,Cay, + Mg,Ca ’ //
A f
400 F / ]
AlL,Ga +y

600

T(°C)

L +AlCa + (A))

Al,Cag + Al;,Ca,q + Mg,Ca
200 ~ p,Ca+ Al,Ca+ |B
Al,Ca + Al Ca;; + Mg,Ca
AliCa + Mg,Ca 1 (Mg) AlLCa + y+B

AlCa+(A)+ B
0 ! L ALat (Mg v X
0.3 0.4 0.5 0.6 0.7 0.8
mole AV/(Mg+Al+Ca)

Figure5-82: Calculated vertical section at constantl8 at.% Mg with
DSC signals from cooling curve of sample 17
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The DSC measurements and the calculated phase transformation temperatures of

sample 14 to 16 are summarized in Table 5-7.

5.5 Samples in the Mg,Ca-Al,Ca-Al4,Ca,; phase field

Samples 18, 19 and 20 are selected in this phase field as shown in Figure 5-1. The XRD
patterns of samples 18, 19 and 20 in Figures 5-83, 5-84 and 5-85 show the peaks for
Al,Ca, Mg,Ca and Alj4Ca;; phases. The peaks for Alj4Ca;; in sample 18 are weak
because this sample is almost located on the Mg,;Ca-Al,Ca borderline as seen in Figure 5-
1. Sample 19 is a bit farther away from the Mg,Ca corner and closer to the Alj4Caj3
corner than sample 20. Therefore, it ends up with stronger peaks for Al;4Ca;; and Al,Ca,
but with weaker peaks for Mg,Ca than sample 20.

The XRD pattern of sample 18 indicates that the phase Al,Ca with 5 wt% Mg
matches the XRD pattern better than pure Al,Ca. Hence, it is denoted by (Al,Ca) in the
legend of Figure 5-83. Figure 5-83 and 5-84 show an unknown peak at 37.6°. It does not

belong to any known phases and any possible oxides.
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Figure 5-83: XRD pattern of sample 18 (44.30/23.76/31.94 Ca/Mg/Al wt%)
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Figure 5-84: XRD pattern of sample 19 (46.73/13.00/40.27 Ca/Mg/Al wt%)
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Figure 5-85: XRD pattern of sample 20 (47.47/22.42/30.11 Ca/Mg/Al wt%)

The XRD results of samples 18, 19 and 20 are in agreement with their phase

assemblage diagrams shown in Figures 5-86, 5-87 and 5-88, respectively.
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Figure 5-86: Phase assemblage of sample 18 (44.30/23.76/31.94
Ca/Me/Al wt%)
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Figure 5-87: Phase assemblage of sample 19 (46.73/13.00/40.27
Ca/Mg/Al wt%)
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Figure 5-88: Phase assemblage of sample 20 (47.47/22.42/30.11
Ca/Mg/Al wt%)

The DSC spectra of samples 20, 19 and 18 in Figures 5-89, 5-90 and 5-91 show a

single peak all at 506°C. This temperature corresponds to the invariant transformation in
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the phase assemblage diagrams respecting the infinite phase change rate principle. The
DSC spectra of sample 19 in Figure 5-91 show a weak signal and did not reveal a usual

pattern. The sample is so brittle and became fine powder spontaneously.
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Figure 5-89: DSC spectra of sample 20 (47.47/22.42/30.11 Ca/Mg/Al

wit%)
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Figure 5-90: DSC spectra of sample 18 (44.30/23.76/31.94
Ca/Mg/Al wt%s)
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Figure 5-91: DSC spectra of sample 19 (46.73/13.00/40.27
Ca/Mg/Al wt%)

The DSC measurements are labeled on the vertical section in Figures 5-92 and 5-

93. These diagrams show consistent experimental results, but discrepancy with the

calculated phase diagrams.
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Figure 5-92: The calculated vertical section at constant 36.5 at.% Ca
with DSC signals from cooling curve of sample 19 and 20
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Figure 5-93: The calculated vertical section at constant 31.9 wt% Al
with the DSC signals from cooling curve of sample 18

The DSC measurements in the MgyCa-Al,Ca-Alj4Ca;; phase field are
summarized in Table 5-8. The samples in this field could not be melted due to the high
temperature required which might have caused oxidation of the samples.

Table 5-8 The DSC measurements with thermodynamic analysis in the Mg,Ca-Al;Ca-

A114Ca13 phaseﬁeld
Sample | DSC Thermal Thermodynamic calculation based on the database
Signals (°C) reported in [14]
Temp.°C Reactions or phase boundary
18 506¢/512h 550 L + Al,Ca + Mg,Ca / Al,Ca + Mg,Ca +
Al4Cays
- 631 L + AlL,Ca/L + Al,Ca + Mg,Ca
- 810 L/L + AlCa
19 506¢/520h 550 L + Al,Ca + Mg,Ca/Al,Ca + Mg,Ca +
Al4Cayz
- 620 L + Al,Ca + Mg,Ca/ L. + Al,Ca
- 909 L + AlL,Ca/LL
20 506c/514h 550 L + Al,Ca + Mg,Ca/Al,Ca + Mg,Ca +
AlyCaps
- 627 L + Al,Ca+ Mg,Ca/ L + Al,Ca
- 785 L + Al,Ca/L
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5.6 Sample in the Mg,Ca-Al,Ca;3-Al;Cag phase field

Sample 21 was prepared in this phase field. The DSC spectra of this sample in Figure 5-
94 show a peak at 507°C. This corresponds to either the invariant transformation at phase
borderline L + Al,Ca + MgyCa / L + MgyCa + AljsCajz at 550°C or at the phase
borderline L + Mg,Ca + Al14Ca;3/Al;Cag + Mg,Ca + Alj4Cays at 491°C because both of

the cases obey the infinite phase change rate principle by referring to the phase

assemblage in Figure 5-95. However, when sample 18, 19 and 20 are taken into account,
it might be better to correlate the peak temperature to the first reaction at 550°C in order
to be consistent with the other samples in this region. The DSC results are summarized in

Table 5-9 and labeled with solid triangle on the vertical section shown in Figure 5-96.
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Figure 5-94: DSC spectra of sample 21 (59.39/15.78/24.83
Ca/Mg/Al wt%)

- 101 -

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



100 [ A T T T T T M T M T T A T A T

80 [ Ali4Caqs
)] - 4
[12]
©
£ L ]
x 60
c - Liquid _
S ! ]
240 [ AlsCas 1
> L ]
(] ]
)] L 4
%’ 20 Mnga A|2Ca |
o
o - .

0 i 1 i i s I . 4 —, | i 1

50 250 450 650 850
T(°C)

Figure 5-95: Phase assemblage of sample 21 (59.39/15.78/24.83

Ca/Mg/Al wt%)
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Figure 5-96: Calculated vertical section at constant 24.8 wt% Al with
DSC signals from cooling curve of sample 21
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Table 5-9: DSC measurements with thermodynamic analysis of

in Mg,Ca-Al14Ca;3-Al;Cas phase field phase field

Sample | DSC Thermal | Thermodynamic calculation based on the database reported
Signals (°C) in [14]
Temp.(°C) Reactions or phase boundary

21 - 633 L/L+ AlLCa

- 577 L+ AlLCa/ L+ Al,Ca + Mg,Ca

512h/507¢ 550 L + Al,Ca + Mg,Ca / L + MgyCa + Al14Ca;3

- 491 L + Mg,Ca + Alj4Ca;3/A13Cag + MgyCa +

Alj4Cays
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CHAPTER 6

Summary, Contributions and Suggestions

6.1 Summary

A thorough understanding of the Mg-Al-Ca system has been built through
extensive experimental work and overall analysis coupled with thermodynamic
calculation.

The phase transformation temperatures detected by the DSC were compared with
the pertinent vertical section calculated based on the current thermodynamic modeling.
Many samples match perfectly with the thermodynamic findings, such as samples 1 to 5
and 15 to 17. A considerable discrepancy in the transformation temperature was detected
in samples 6 to 13 and 18 to 21. However, the experimental results are not scattered, but
rather consistent with each other. Also a few samples show a large discrepancy with the
liquidus temperature compared with the calculated values, such as samples 15 and 17.
This suggests that the Mg-Al-Ca system model should be reoptimized using the
experimental results obtained in this work.

A ternary eutectic point in the Mg-rich corner was verified in this work. The
typical eutectic features were observed with all the techniques used in this research such
as DSC, XRD, microscopy and thermodynamic calculation. A lamellar structure was
obtained in the micrograph. The eutectic temperature is determined at 512°C. The

eutectic composition is close to 10.8 at.% Ca, 79.5 at.% Mg and 9.7 at.% Al (sample 10).
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This result is in agreement with the report of Portnoi and Spektorova [75], the Dow
Chemical Co. [76] and the results of Tkachenko et al.[17]. Another five samples: 6, 8§,
11, 12 and 13 around sample 10 were used to further support this finding because they
too undergo this eutectic transformation at later stages of their solidifications.

The phases predicted from current thermodynamic modeling [14] agree with the
XRD and metallographic results in the phase field Mg-Mg,Ca-Al,Ca and Mg-Al,Ca-y.
However, the phases predicted do not agree with the XRD results in the phase field vy-
Al,Ca-Al due to the unstable nature of Al4Ca. This is also due to the fact that the samples
are selected on the phase borderline, which has higher chance to go into nonequilibrium
state.

The morphology of the Al,Ca, v, (Mg) was recognized through analysis of many
samples. The morphology of Mg,Ca was observed but still needs more samples to make
further verification.

Sample 6, the composition of which closely resembles one of Groébner’s [5]
samples, has been identified with the phases Al,Ca, Mg and Mg,Ca by XRD and
metallography. It shows similar micrograph to that of Grébner. This partially supports the
methodology used in this work.

A new phase was found close to the Mg-Al side by the XRD. The morphology of
the new phase was tentatively linked to dark dots embedded in the y phase.

The Mg,Ca was found to exist as a solid solution with a certain amount of Al
dissolution by XRD, named as (Mg,Ca). Also, Mg and Al form solid solutions and were

named (Mg) and (Al).
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6.2 Contribution to the knowledge

1. A systematic and consistent way of interpreting the DSC results is presented in this
thesis. It was found that the cooling rather than the heating spectrum is reasonable and
practical to be used in extracting the transformation temperature, unlike what was noted
in the literature where they were using sometimes heating curve and in other instances
they used the cooling curve. Further, on the cooling spectrum, the onset rather than the
offset or the peak maximum point which were used randomly by other researchers should
be chosen in determining the phase transformation temperature. Supercooling effect on
the cooling spectrum can be settled by calibration of DSC instrument. Setting the onset of
the peak of pure Mg as the known melting point at 650°C seems to eliminate the
supercooling effect of pure Mg, and therefore minimizing the surpercooling effect of
other Mg alloys in this work.
2. The presence and the absence of the DSC peaks for the transformation can be predicted
with the aid of the vertical section. The relationship between the phase borderline slope
and the shape of the DSC peak was clarified. However, it was found out that the relation
between phase borderline in the phase assemblage diagram and the shape of the DSC
peak is more practical in correlating DSC peaks to the phase transformation.

To simplify the description and the reason of correlating each of the DSC peaks to
the exact phase transformation, two principles were followed. First: the sharpness of the
DSC peaks for the transformation is related to the slope of the borderline in the phase

assemblage diagram. Therefore, the sharpest peak of the DSC spectrum is always related
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to the vertical borderline in the phase assemblage which corresponds to the invariant
transformation. This finding is named as infinite phase change rate principle. Second: the
intensity of the DSC peaks is dependent on the phase amount involved in the
transformation. When there is large amount, more nucleation and energy accumulation
take place which results in higher heat flux flowing between the DSC’s crucibles causing

stronger peak. This finding is named as the phase amount involvement principle.

3. The phase morphologies of Al,Ca, v, and (Mg) were observed by metallography and
reported in this study.
4. The eutectic point in the Mg-rich corner was verified in this work.

5. A new phase region was found and its composition limits were put forward.

6.3 Suggestion for future work

1. Mg-Al-Ca system should be re-optimized taking the current experimental findings into
consideration.

2. Further experiments should be conducted to verify all the invariant transformations in
this system.

3. It is recommended to further study the solubility of Al in Mg,Ca using the microprobe
technique and to further investigate the microstructure of Mg,Ca-containing samples by
the SEM.

4. The crystal structure and composition of the new phase should be determined by

combining the XRD and SEM/EDX techniques.
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APPENDIX A

XRD Patterns Simulation

A-1 XRD pattern calculation of Al,Ca

Table A-1: The crystal structure data of Al,Ca [69-71]

Structure CuMg
Spacegroup Fd-3m
Space number 227
Lattice parameter(nm) a b C
0.8040 0.8040 0.8040
Angles a B Y
90° 90° 90°
Atoms in unit cell 24

Table A-2: Atoms positions in the unit cell of AlL,Ca [69-71]

Atom Wyckoff X y z
position
Ca 3a 0 0 0
Al 16d 5/8 5/8 5/8
17407 |
8703 8 -
g o _ § o
0 ""[""I'L"'l""J’l""T"':‘OII""I{' -J
20 25 30 35 40 45 50 55

Figure A-1: Calculated XRD diffraction pattern for Al;Ca
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A-2 XRD pattern calculation of Mg,Ca

Table A-3: Crystal Structure Data of Mg,Ca [71]

Structure MgZn,
Space group P6;/mmc

Space number 194

Lattice parameter(nm) a b C
0.6225nm 1.018nm
Angles a B Y
- - 120°
Atoms in unit cell 12

Table A-4: Atoms Positions in the Unit Cell of Mg,Ca [71]

Atom Wyckoff X y z
position

Mgl 2a 0 0 0

Ca 4f 173 2/3 0.062

Mg2 6h 0.830 0.660 1/4

4306 [T
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Figure A-2.: Calculated XRD diffraction pattern for Mg,Ca
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A-3 XRD pattern calculation of y

Table A-5: Crystal Structure data of y [71].

Structure Cubic
Spacegroup [43m
Spacegroup number 217
. a b c
Lattice parameter (4) 10.55(3) | 10.55(3) | 10.55(3)
o p Y
Angles 90.00 90.00 120.00
Atoms in unit cell 58

Table A-6. Atoms positions in the unit cell of y [71]

Atom Wyckoff position X y z
Mgl 2a 0 0 0
Mg2 8¢ 0.3240 0.3240 0.3240
Mg3 24¢ 0.3582 0.3582 0.0393
Al 24g 0.0954 0.0954 0.2725
1@ T 1 T J 1 T T L 1
56 B
0 T T I T T T I O D
5 0 1 » % 0 % © & 50 % &

Figure A-3: Calculated XRD diffraction pattern for y.
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A-4 XRD pattern calculation of Al,Ca

Table A-7: The crystal structure data of AlsCa [53, 71]

Structure type Al Ba
Spacegroup 14/mmm
Space number 139
Lattice parameter(nm) a b C
0.4353nm 1.070nm
Angles o B Y
90° 90° 90°
Atoms in unit cell 18

Table A-8: Atoms positions in the unit cell of AlsCa [53, 71]

Atom Wyckoff X y z
position
Ca 2a 0 0 0
All 4e 0 0 0.38000
4601 T T T T T T T
el g
. v o 8 2
2300 o S =) by
s 8 3
A l L A
0 1 N B Y i - 1] 1
20 25 30 35 40 45 50 55 60

Figure A-4: Calculated XRD diffraction pattern for Al,Ca.
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5965

2983 |

A-5 XRD pattern calculation of Al;Cag

Table A-9: The crystal structure data of AlsCas [63]

Structure triclinic
Structure type Cagln;
Spacegroup P-1
Space number 2
Lattice parameter(nm) a b C
0.94950(8)nm 0.95922(8) 0.96704(7)
Angles a B Y
99.057(6) 101.152(7) 119.613(8)°
Atoms in unit cell 22

Table A-10: Atoms positions in the unit cell of Al;Cas [63]

Atom Wyckoff X y z
position

All la 0 0 0
Al2 1h 1/2 1/2 1/2
Al3 2i 0.679(5) 0.348(5) 0.037(4)
Al4 2i 0.828(5) 163(5) 490(4)
Cal 2i .027(3) 4344) 315(3)
Ca2 21 .058(3) .701(4) .108(4)
Ca3 2i .12003) .108(4) .341(3)
Ca4 2i .262(3) 342(3) 695(3)
Cas 2i .688(4) -0.003(4) 121(3)
Cab 2i .342(3) .369(5) 116(3)
Ca7 2i .532(3) 211(4) .654(3)
Ca8 2i .557(3) 211(3) 344(3)

35 40
Figure A-5: Calculated XRD diffraction pattern for Al;Cas.
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A-6 XRD pattern calculation of Al;4,Cay;

Table A-11: The crystal structure data of Al14Cays [64, 71]

Structure type Monoclinic symmetry
Spacegroup C2/m

Space number 12

Lattice a b c
parameter(nm) 15.551(4) nm 9.873920 9.726 (2)nm

Angles [0} B y

90° 108.09° 90°
Atoms in unit cell 54

Table A-12: Atoms positions in the unit cell of Al14Ca;; [64, 71]

Atom X y z
Cal 0.14628(7) 0.2027(1) 0.3659(1)
Ca2 0.36159(7) 0.2819(1) 0.2275(1)
Ca3 0.1969(1) 0 0.0851(2)
Ca4 0.5036(1) 0 0.2024(2)
Ca$ 0 0 0.5
All 0.1581(1) 0.3653(2) 0.0827(2)
Al2 0.0013(2) 0 0.1578(3)
Al3 0.2586(2) 0 0.6548(3)
Al4 0.3398(2) 0 0.4311(3)
AlS 0 0.3542(2) 0.5
Al6 0 0.2249(2) 0

2287 T T

403
132

1143 |

Figure A-6.: Calculated XRD diffraction pattern for Al14Cai;
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A-7 XRD pattern calculation of 3

Table A-13: The crystal structure data of B [49, 71]

Structure
Structure type Cu
Spacegroup Fm-3m

Space number 225
Lattice parameter(nm) a b c
0.42155nm - -
Angles a B Y

90° 90° 90°
Atoms in unit cell 4

Table A-14: Atoms positions in the unit cell of B [49, 71]

Atom Wyckoff X y z
position
M 4a 0 0 0
M= Al, Mg

10747 [C T

5373 | 1

111

200

20 25 30 35 40 45 50 56

Figure A-7: Calculated XRD diffraction pattern for
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A-8 XRD pattern calculation of Al

Table A-15: The crystal structure data of Al [50, 71]

Structure type Cu
Spacegroup Fm-3m
Space number 225
Lattice a b c
parameter(nm) 0.404950nm 0.404950nm 0.404950nm
Angles o B Y
90° 90° 90°
Atoms in unit cell 4

Table A-16: Atoms positions in the unit cell of Al [50, 71]

Atom Wyckoff X y A
position
Al 4a 0 0 0

12168 |C T T T T T T
- o
Aad (=)
« o =
6084 j N pog
0 { i L l
20 25 30 35 40 45 50 55 60 65 70 75

Figure A-8: Calculated XRD diffraction pattern for Al
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A-9 XRD pattern calculation of Mg

Table A-17: The crystal structure data of pure Magnesium [71]

Structure
Structure type Mg
Spacegroup P63/mmc
Space number 194
Lattice parameter(nm) a b c
0.3210nm - 0.5212nm°
Angles Q B Y
- - 120°
Atoms in unit cell 2

Table A-18: Atoms positions in the unit cell of pure Mg [71]

Atom Wyckoff X y z
position
Mg 2¢ 1/3 2/3 1/4
- T l§ T T T T T T
L] | | [ :
| [ [ ] | | 1 f {
20 25 30 35 40 45 50 55 60 65 70 75 80

Figure A-9: Calculated XRD diffraction pattern for Mg
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Table A-19: Solid phases lattice parameter comparison

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Phase Pearson Lattice parameter (nm) Phase Reference
symbol composition
prototype
Al,Ca cF24 a=0.8038 At0at% Mg | [80]
<1086°C MgCu,
a=0.807 At 5 at.% Mg
(Al Mg),Ca |[5]
Al;Cag, aP22 A =10.9495, a=99.057 At0at% Mg | [63]
<579°C Cagln; B =0.95922,3=101.152
C=0.96704,y=119.613
A=0.926, a=9948 At 10 at.% Mg
B=0.9466, p=9942 Al;(Ca, Mg)s | [5]
C=0.978, y=119.89
CaMg, hP12 A =0.623 At0at% Al |[80]
<715°C MgZn, C=1.015
A =0.607 At 22 at.% Al
C=0.973 [5]
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APPENDIX B

Metallographic technique

1. Grinding; Mechanically grind through series SiC abrasive paper (240, 320, 400, 600
grit) using light pressure. Grind only long enough to remove previous scratches. Rinse
the sample well in water and dry with methanol and a blast of hot air. In the progressing
from one grit size to the next, the specimen should be turned 90°. It should be cleaned
with a cloth saturated with a water soluble solvent, such as industrial ethanol, to prevent
coarse abrasive particles from being carried to disks with fine particles. Greater pressure
is applied to the trailing side of the specimen than the leading side, to keep the surface

parallel and flat.
2. Mechanical polishing is done in two stages:

a. Rough Polishing: Removes the major part of the disturbed metal remaining
after the final grinding step, using 1200 grit abrasive paper with alcohol for
approximately 6 minutes. Mounts should be cleaned well with diluted soapy water and

cotton, rinse in water and dry with methanol and a blast of hot air.

b. Refining Polishing: Removes the superficial scratches that remain after
rough polishing using 0.3 microns alumina powder on cloth Anamet 621. Polish in 5 min
by rotating mount clockwise under medium pressure (polishing time should be twice as
long as is needed to remove the scratches from the final grinding operation). The
suspension should be made with distilled water using the ratio of 10 grams of alumina per

500 ml of water. The cloth should be kept just moist enough to prevent seizure of the
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specimen. The specimen should be reciprocated across the face of the wheel and rotated
counter to the wheel rotation to change the contact point between that specimen and the
wheel and distribute the abrasive. During the last 5 seconds scratches can be reduced to a
minimum by flooding the wheel with the abrasive suspension and using light pressure on
the specimen. Finally, mounts should be rinsed in water and cleaned with a cotton swab

then dried with methano! and a blast of hot air.

3. Chemical polishing: etching using Nital solution (1 ml volume of HNOs in 100 ml
ethanol). The specimen is swabbed for 4 to 10 seconds. Light scratches and cold worked
surface metal on the polished specimen can be removed by alternate light etching and
light repolishing. If soap was used in the polishing slurry, it must be thoroughly rinsed

away, because it can cause considerable staining.
4. Steps 2 and 3 were repeated until all scratches and deformation have been removed.

5. For faster drying, a hand-held dryer should be used. It is worth mentioning that Ca rich

alloys reacted fast with oxygen and immediately showed corroded surfaces when dried.
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