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Abstract

Experimental Investigation of the Ternary Mg-Zn-Zr System

Xin Zhang

The MgZn-Zr ternary system wasxperimentally investigatedt 450C using six diffusion
couples and 1&ey alloys. Four new ternary compoundshamely asM1, IM2, IM3 and IM4
weredetectedThe compositiog homogeneity ranges and the XRD patterns of these compounds
were identified in this systenusing Scanning Electron Microscopgoupled with Energy
dispersive Xray spectroscopynd Xray Diffraction techniquesThe homogeneityranges of

IM1, IM2, IM3 and IM4 are Mg23.26)ZNesZ ' 8-11), MO(15-16)ZN66Z1 (18-19), MO(10-11)ZN66Z ' (23-24), aNd
Mge-13ZN7987ZI 5.8 respectivelylM1 compound is determined to hatiee sameprototypeas
MgZn, phasewith the hexagonatructureandP6s/mmcspace groupThe binary compounds do

not have extended solid solubility into the ternary sysfeine. XRD patterns of IM2, IM3 and

IM4 were obtained fronkey alloys study.The liquid area in the M@n-Zr ternary system at
45(°C was verified by several keglloys. Although largeregionsof liquid existin the binary
phase diagramat 450°C, the single phase liquid regioextended only around 1 at.pto the
ternary phase diagrarmwo and thregohase regions that contain liquid are up to around 10 at.%
Zr. Based on the current experimental results of diffusion couples and equilibrated key alloys, the

isothermal section of the Mgn-Zr ternary system at 480 hasbeenconstructed

Studying this system washallengingdue to the large difference in melting points of its
components. In order to overcome this prohlém-Zr master alloys were prepared dbtain
homogenougey samples antb solve the problem of elements evaporation. In addition, two step

annealingnethod wereused to study the microstructurieange®f the key alloys
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Chapter 1

Introduction

Due to light weight, high specific strength and supesastability,the use oMg alloys has been
increasingin automotive and aerospace industrjds 2]. Also, Mg alloys are attractive to
electronic industriesthanks to the advantages of electromagnetic frequency interference
shielding capabilitiesgood heatdissipationand excellent die castabilifyl]. In addition Mg
alloys, such as M@l-Zn, Mg-CaZn, Mg-Al-Mn, Mg-Y-RE and Mg-Zn-Zr, are promising
candidates for biomedical materialae to theirgood mechanical propertie®iocompatibilities

and corrosion resistan¢g, 4, 5].

Currently, castingespecially higkhpressure die casting is timeain process to manufacture Mg
sheets and alloysPressure i@ casting Mg alloys have many advantages such as high
productivity, high precision,good quality surfacefine cast structureand energy saving.
Nonethelessthedie casting Mg alloys aralso restricted by these disadvantages like poor creep
resistance, neheat tretableand unsuablefor welding[1]. Compared to casting Malloys, the
applications of wrought Mg alloyare limited Thisis because¢here are a few slip systemstire
hexagonal crystal structure bfg, thus thedeformation is not easy to initiate. However, wrought
technologies have attracted considerable attention in terms of making highessgimd ductile

Mg alloys [6]. Besides, wrought Mg alloys show better weldability than cast Mg alloys.
Consequentlyboth cast and wrought technologies have advantagesliaadvantagesandtheir

productscan be used idifferentapplications

To date,manyseries of Mg alloys have been developed MgZn-Zr (ZK series)based alloys
are one of the most importacommercialMg alloys. Zn is one of the major alloying elements

addedin Mg alloysto improvecastbility, yield strength as well as creep resistandg 8, 9, 10,
1



11]. Zn also refines the grain size of the Mg alldecause othe constitutionalindercooling
effect [12]. Zr is helpful to obtain fine grain size alloys that ensgo®md room temperature
mechanical properties and corrosion resistddég Firstly, Zris an excellent grain refiner for
Mg alloys [14, 15 becauseZr has close lattice parametéssMg, which mean<Zr is easy to
form heterogeneous nucleatidor Mg grains[16, 17]. Mg alloys containing Zr have better
mechanical properties than pure Migcegrain refinement of Zr can significantly improve the
ductility at room temperature by introducing cross stip nontbasal plane$18]. Furthermore
bettermechanical and corrosigroperties can be obtained whaatdingZn and Z in Mg alloys

simultaneously19].

Apart fromstructural applicationsGu et. al[20] recently reportedhatthe Mg-Zn-Zr alloys are
promisingfor biodegradable implantapplicationsbecausehese alloys hae slower corrosion
rates compared withother Mg alloyssuch as MgCa and MgZn-Y alloys. In addition Mg, Zn
andZr arenontoxic elementdor the human bodyMg existsin the human body as fourth most
prevalentcation andis found in bone tissue naturallj2l]. Zn is an essential elemefdr the
humanbody stimatedl5 mg/day) 2] and has physiologically important influence in bone
formation [ 23]. A small quantity of Zr in the human body (<250 mg) shows good
biocompatibility and low toxicitie$24]. Therefore Mg-Zn-Zr alloys have great potential to be

biomedicalmaterials.

1.1 Motivation

Mg-Zn-Zr system plays an important roleagammercial Mg alloys. ZK60 (M&Zn-0.7Zr wt%)
alloy is widely usedn industrydue torelativelyhigh strength properties antprovedplasticity
[25]. Additionally, bothin vitro immersion and cell attachmeréstsshowthat this alloy has a
greatpotential as biodegradable implaf2g)]. ZK51 (Mg-4.6Zn0.75Zrwt%) alloy hasexcellent
room temperature strength and ductjlignabling it tobe used in military and aerospace

industrieg26]. BesidesZK61, ZK31andZK40 alloyswere reported thhave goodplastigty and

2



are used for different purposd®7, 28, 29]. In summary,Mg-Zn-Zr alloys are significantly
important and promisinglherefore establishing the equilibrium phase relationshipsthe Mg

Zn-Zr ternary systemns proposed in the present research.

1.2 Objectives

The hase diagranfor the MgZn-Zr ternary systenis extremely significant due to the strong
relationshipbetweenthe composition, constituent phases of the alloys and the mechanical and
bio-corrosion propertiesThe aim of the current research isingestigaé the Mg-Zn-Zr ternary
systemexperimentally by means dliffusion couples anequilibratedkey alloys Thespecified

objectives of this study are:

1 To study the phase equilibria of tharious phases in thdg-Zn-Zr ternary system

1 To determine the formation of the tern@gmpoundsand thé crystal structures.

1 To study thesolubility limits of theternary andhebinary compounds

1 To construct the isothermal section of the -BlgZr ternary phasediagramat 450°C

experimentally



Chapter 2

Literature review

In this chapter, the literature revieMfithe Mg-Zn, Mg-Zr and ZnZr binary systemsand theMg-
Zn-Zr ternary systemwill be presentedFor each system, experimental investigations and
thermodynarnt modeling results are coverednalysed and summarized The chapteralso
summarize the presence of the binary and ternary intermetafimpounds and other research

aspects.
2.1 Mg-Zn system

The MgZn system was investigated both experimentally and thermodynamically oweratise
[30-40]. Back to 1904, Boudouard[30] firstly determined he liquidus curvefor the whole
composition rangef the Mg-Zn system Later, the liquidus curve was investigated b{rube
[31], Bruni et al. [32] and Chadwick[33], and their results agreed well with each other.
Chadwick[33] also investigated the solid solubility of Zn lg. However the resuls are not
accuratadue tothe presence ofmpurities inZn. Afterward Grubeetal. [34] and Parletal. [35]
investigated the Mgolidus curve.The maximumsolid solubility of zh in Mg was measured as
2.5 at.%at 340C by Parketal. [35]. The maximum solubility oMg in Zn determined byHume
Rothery[36] is 0.3 at.%at 400C. In terms ofintermediatephasesGrubeet al. [34] reported the
MgZn, binary compound first Chadwick [33] discovered MgZg which was replacedoy
Mg.Zny; laterbased on the more reliable XRihalysisby Samson37]. The MgZn phasewas
reported byHumeRothery and RounsefdlB6], and it was replaced by tihgi1,Zn;3 compound
which was reportedby Chadwick B3]. Mg.Zn; and Mg-;Zn; werefirst reported by Takej38]
andthe compound\Vig;Zn; was later replacedby Mgsi1Znyo throughmore reliableXRD analysis

by Higashiet al.[39].



The newest thermodynamic phase diagram ofavigystem was recently evaluated by Ghetsh
al. [40]. The calculated phase diagrasshownin Figure2.1, and itshows god agreement with
experimentadata reported by several research grolips eutectic reactiond.z MgsiZnyo +
Mg12Zn3 (341°C) and Lz Mg.Zni; + Mg (368°C), take place at 28.7 .& and 92.2 a% of Zn,
respectivelyOneeutectoidreaction ofMgsiZnoZ Mg + Mgi.Znistakesplaceat 32£C. There
are fourperitectic reactionst. + Mg Z Mgs1Zny(342C), L + MgoZnz Z Mg12Zm3(347°C), L
+(MgZny) Z Mg,Znz (410F°C), andL + (MgZny) Z Mg2Zny; (380°C). Five intermediate phases
Mgs1Zno Mgi12Zms Mg.Znz, MgZn, and Mg,Zny3, arein the phase diagranmn addition, the

metastablephase of MgiZn,o only exists in a short temperature range betweefG&1345C.

thtSage"

T T N T
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Figure2.1 Mg-Zn Phase diagrar4(Q].



2.2 Mg-Zr system

To date, only partial experimental data the Mg-rich part of the MgZr phase diagranis
available[41, 42, 43, 44, 45. Two earlier workg41, 42] tried to determinethe liquidus of the
Mg-Zr system Their results however,are inaccuratedue to the lack of protective atmosphere
and severe oxidatiof43]. Later, the liquidus resuls obtainedby Vesey and Bray[44] are
consideredio be more reliable since theyused high puritystarting materials and protective
atmosphere to avoid contaminai. In terms ofsolidus Emley et al. [45] used solid diffusion
technologies to determinthe maximum solid solubility(1.042 at.% ) of Zr in Mg. The
maximum solid solubilityof Mg in Zr is negligible [45]. Based orpreviousworks, Schauni42]
studied theMg-rich sidewith thelimited composition range from 0 @&wt% Zr and constructed
the partial Mg-Zr phase diagrarwhich is shownin Figure 2.2. He determinedhe liquidusand
solidusin the Mgrich corner.In addition, a peritectic reactionX+Zri UMg) at 654°C was

reported in théMg-rich part [42].
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Figure2.2 Partial MgZr phase diagram #éhe Mg-rich corner [42].

Hamalainerand Zeng46] reportedthefull rangeof compositionof theMg-Zr phase diagram by
thermodynamic calculatiotdowever, he calculatedesults ofMg solidusarenot completely in
accordwith the experimental dataf Schaum[42]. Later, Arroyaveet al. [47] improvel the
thermodynamic calculatioof the Mg-Zr phase diagramsng first-principles calculatiomethod
in combination with existing experimental datdne phase diagram of Mgy systemis shownin
Figure 2.3. The maximum solubility of Zr in Mg i6.766 at.% and the solid solubility of Mg in
Zr is negligible The peritectic reaction(L1+hcp@r)Y hcpMg)) happened at 6546. The

7



modeling resultsin the Mgrich side show good agreement with the experimental results of
Schaum [42]Zr undergoes an allotropic phase transformatiad864tC from bcqZr) to hcp(Zr).
The phase transformatioreaction in the Zmich side isL z L1 + bcc@r) (1848°C) and

L1+bcc(Zr)z hep(zr)(864°C) [47].

2500 | | | |
liquid #1 + liquid #2
2000 — —
@) - L
5 0 liquid #1 + bee(Zr)
=
3,
o
£ 1000 -
F
liquid #1 + hep(Zr)
500 — |
hcp(Mg) + hep(Zr)
0 | | | |
0 0.2 0.4 0.6 0.8 1.0

Mole Fraction, Zr

Figure2.3 Calculated pase diagram of the Mgr system[47].

2.37Zn-Zr system

The ZnZr phase diagram is not welbnstructedecause of the limited experimental data in the

Zr-rich part Gebbhard{48] studied the liquidus in th&n-rich part below 708C andreported
8



the ZnsZr phase Chiotti and Kilp [49] measuredthe liquidus in the 80@5F°C rangeand

determined the ZnZr, ZnzZr and ZnZr phasesLater, Chen andJeitschko[50] replacedthe

ZnyZr and ZrZr by ZnyZr and ZnsgZrs respectively The ZnZr phasewas reported by

Pietrokowsky $1]. Figure 2.4 shows theZn-Zr experimental phase diagram bytkiewicz [52]

based on therevious findingg48, 49, 51]. Five intermetallic phasesre shownn this phase

diagram and they are ZnZr, ZneZr, ZngZr, ZnyZr and ZnZr Zr undergoes an allotropic phase

transformation at 86& from bZr to UZr. There are two eutectieactionsand theformulaare: L

Zz Zr+2ZnZr 1015C); LZ Zn + ZnZr (419C). Oneeutectoidreaction ishZr z UZr + ZnZr

(750°C). There are four peritectic reactions+ ZngZr Z ZnysZr (545°C), L + ZrgZr Z  ZneZr
(750F°C), L + ZnpZr z ZnzZr (91C°C)and L + ZnZr Z ZnZr (1110C).
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Figure2.4 Experimental pase diagram of the Zir systen [52].

Otherresearcher§s3, 54, 55| studied theZr-rich part of the ZrZr binary system and observed
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the ZnyZr; andZnZr, intermetallic phaseWilliams etal. [56] experimentdy studied theZr-rich

part of the ZnZr system and fawd that ZnZy and ZnZr; phasesare metastablat room
temperatureThe stability range of ZnZis between712°C and 775°C. The ZnyZnz phase was
found to be not stable below 80C. Williams et al.[56] also founéd that the eutectic

temperature in thér-rich part was718°C instead of 750°C.

Arroyave et al. [57] thermodynamically modeled thill range of compositionof the Zn-Zr
systemcombining theprevious experimental resulfBhe calculated phase diagrany Arroyave
etal. [57] is shown in Figure 2.5. lanother pap€i58], Arroyave et alindicatedthatZn,Zr; and
ZnZr, are stable at 1000 + 50°C and 750 + 50&3pectivelyHoweverthey also indicated that

the stability range aZn,Zr3is not accurateue tothe scarcity of experimental data.

2000 1 I I I
1800
1600 -
o
i Zn3Zr h
5 1200 S —
2 1000 v
L
E“ 800 /
L
= 600+
400 ™ -
= = = = =
NN NN N
0 T | T T
0 0.2 0.4 0.6 0.8 1.0
Mole Fraction, Zr

Figure 2.5 Thermodynamienodelingof the ZnZr system by Arroyavet al.[57].
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Figure 2.6 represents a comparison between the experimental phase diagram [57] and the
calculated phasdiagram [52] of the Z#Zr system. The black linesepresentthe calculated

phase diagram byrroyave et al.[57] while the red linegepresenthe experimental phase
diagram byDutkiewicz [52]. Comparing the two data sets, the intermetallic compoundsein t
calculated phase diagram, especially for,,Zn ZmggZrs, ZmZrs, and ZnZs, could be
represented more confidentince Arroyave et al. used the experimental results available in the
literature [53, 54, 55, 56]. Furthermore, the liquidus phase cawormsdered acceptable in the
range of 11 to 100 at.% Zr.

2000 | 1 1 |

Thermodynamic modeling phase diagram

1800

s Experimental Phase diagram

1600

1400 - Ii(llli(l
Zn3Zr h

1200
1000

800 .-_

Temperature, OC

600 - sl

| - I
2 0.4 0.6 0.8 1.0

Mole Fraction, Zr

Figure 2.6 Comparison of the experimef#l] and thermodynamic modelij§7] phase

diagram of the Z#Zr system.
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24 Mg-Zn-Zr system

To date the Mg-Zn-Zr ternary system is not wefitudied Lashkoi [59] identified the (Zn,
MQ).Zr andZny(Mg, Zr) phasesn cast alloysBabkin60] studied the solubility of Zin Mg, and
he found that Zn did not affect Z solubility in liquid Mg. Afterward Lohberget al. [61]
determined the liquidus Mg-rich partof the MgZn-Zr system as shown in Rkige2.7.

Mg aAtomic Percent Zing —

Figure2.7 Partial liquidus projection for the Mgn-Zr systenm61].

The latest experimental isothermal section of M@eZn-Zr ternary systenwas carried out by
Renetal. [62]. The phase diagrams shownin Figure 2.8. Nine key alloys in théMg-rich part
were prepared to obtain the isothermal section at@4Six threephase triangulationsf Zr +
ZmyZrs + Mg, Mg + ZnZr + ZnyZrs, L + (Mg,Zn)Zr + Mg, L + MgZn + (Mg, Zn)Zr and MgZn
+ MgxZn; + (Mg, Zr)Zn, were found (Mg, Zn),Zr is a substitutional solid solutiowhere Mg
replaces around 3 at.% of Zn #n,Zr. The (Mg, Zr)Zn, is a substitutional solid solution of

MgZn,, in which around 15 at.% ofMg is replaced by ZtHowever,the Zn-rich corner was not
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well studied becausal the key samplesverein theMg-rich region.Even inthe Mg-rich corner,
no alloyswere preparedn the L + MgZn + (Mg, Zn)xZr and MgZn+ Mg.Znz + (Mg, Zr)Zmn,

region Therefore, more work is still needed tors system.

¥ “Mg 02 Liquidgy Mgz”osMgzznaoa 1 Zn

Zn, mole fraction

Figure2.8 Isothermal section adhe Mg-Zn-Zr ternary system at 346 [62].
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Chapter 3
Experimental Procedure

Figure 3.1 representshe preliminary phasediagram of theMg-Zn-Zr ternary system at 4580
based on thavailable information irthe literature Several questiomarksare placed onthe
phase diagram. Firstlyat 450C, the composition range of théquid phaseextendng in the
temay phase diagrameed to be identified Secondly, the phase relationstive Zn-rich part
need to be constructedhirdly, the stability of ZpZr; need to be confirmedbecause
contradiction regarding this compound could be found in the litergfite62]. Finally, the

stability of (Mg,Zr)Zn, and(Mg,Zn),Zr need to beconfirmed.

Zr

14

” / A / 7 7 "'/"/. (I. 7
Mg Liquid 2, at.9) Mgzn,  Liquid Zn

Figure3.1A preliminaryphase diagrarmof the MgZn-Zr ternary system at 480.
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3.1 Annealing temperatureand time

In this research, 458G was chosen as the annealing temperature, becausgreliminary
experiments at 338 and 406C showed that no diffusidiayers formedn the diffusion couples
In addition, some key alloydid not equilibrateeven after six weeks annealiag335C and 400
°C. 450°C was high enough to form diffusion layers and reach equilibrium of the key alloys.
Liquid phase exists in thisystem over a wide range of composgitiecausethe melting
temperature of MgsiZnze, Mgi2Znis, Mg2Zns, MgoZny; and Zn are lower than45FC. The

presence of liquichcreassthe difficulty of studyingthe phase equilibria in this system

Diffusion couple technique is a time dependent process. The annealing time shswiitickeant

for diffusion. However,f the annealing time is too long, the activation energy of the species
forming intermetallic compounds might vary. Thus, missing phasestake place, or some
phases are too thin to be detectdde tothe initiation and growth kinetics of phasksing
different. The annealing time for diffusion couples was chosen as 7 days, based on the
preliminary experimental results obtained durimpealing at different time intervalsor key

alloys, the annealing time should be relatively long to acheenslibrium The annealing time

for key alloys was chosen as 28 days (4 weeks). However, the annealing time for specific

compositions may vary.

In order to establish a systematic experimental investigation dfith&n-Zr ternary systemo
diffusion couples and6 key alloyswere preparedusing high purity Mg (99.8%), Zn (99.9%)
ingots and Zr slugs (99.95%) supplied by Alfa Aesar (USA) and3BIgw% Zr master alloy
from RichesiGroup Company (China).

3.2Key alloys
While preparingthe alloys in this ternary systemit was difficult to preparehomogeneous

samplesbecaus®f the significant differenceis melting temperaturesf thethree elementdhe
15



melting temperature of Z¢(1852C) is higher tharthe boiling points of Mg(1107C) and Zn
(907°C). It will resultin a very intersive evaporation of Mg and Zduring meliing, which will
lead toa problem ofcompositionshifting and geting inhomogerous samplesTherefore, an

improved experimentgdrocedurevas designed to prepare homogeneous key alloys.

In order topreparehomogemrous samples,Zn-Zr master alloys were preparesing anarc
melting furnace and watercooled Cu crucible using a negonsumable tungsten electrode.
Before melting, Zr slugwere cutto aroundl mm thick andverepressedo increase the contact
areawith the Zn ingot Then theassemblyasshown in Figure 3.2vasmeltedin the arc melting
furnace After melting, the master alloys were dnto small pieceshat werethenremelted 34
times tomake sure all the Zreactedwith Zn. Before every melting processaround0.50 gof

Zinc wasaddedto compensattor the evaporation of Zn during melting.

r

Figure 3.2 Schematic diagram of preparing -Zm master alloy

In the process of meltinghe actual composition of the master allegs not easily controlled.
Fromthe experimentakxperience, the maximuoontent ofZr in the ZrZr master alloy can be
around20 wt.%. The master alloysvere locatedin the ZngZr and ZngZrs two-phaseregion.
Afterwards, ternary alloyswvereprepared in an induction furnace by adding different ansoofnt
Mg and Znto the ZrZr master alloyFigure3.3represents the aredthe ternary phase diagram

in whichkey alloys carbe prepared using this method.
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Mg(wt.%)

Figure 3.3 The key alloy regionvhich can banvestigated wittthe Zn-Zr master alloys

As shown inFigure 3.3, the key alloys can be prepared in a limited area and key afiay®
Mg-rich could not be preparedhis way To solve this problegthe Mg-33 wt% Zr master alloy
was used to prepare sampiasthe Mg-rich part Unlike the ZnrZr master alloy, the Mgr
master alloys were bought from RichesBroup Company (China) Figure 3.4 shows the
backscttered Scanning Electron Microscope (SEM)ageof the MgZr master alloyWhite Zr

particles ardocated in thegray Mg matrix randomly.

To prepare ternarglloys, he MgZr alloy and Znwere meltedin an induction furnace. The
highest temperature of the induction melting furnace in our lab is lower than the melting
temperature of Z However Zr can bedissdved in the liquid Mg and Znf theinductionmelting

time is relatively long. Similarly, Figure 3.5 shows the regioaf key alloysprepared usinghe

Mg-Zr master alloy.
17
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TMG 15.0kV 10.5mm x200 BSECOMP

Figure 3.4 SEM micrograph of the MEy master alloy.

Zr

Figure3.5Thekey alloy regiorwhich can bepreparedisingthe Mg-Zr master alloys

Theoretically, more area of the phase diagram can be covered if mixing heafxd MgZr
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master alloys. The composition of the alloy, however, cannetbity controlled because of the
significant evaporation of both Zn and Mg elementthemaster alloys. Therefore, the method
of preparing key alloys using both master alloys was abandoned. In this case, more diffusion

couples were designed and prepared to cover maoneoéifee phase diagram.

Ternarykey alloys werecutinto two pieces. One pieseas usedor the ICP test andBEM study
as an ascast sample. The other pieesas wrappedin tantalum foi] sealed in argopurged
quartz tubeand annealed in théox furnaceat 450°C for a predefinedperiod After annealing,
the quartz tubewas quenched in wateand the samples weraounted in epoxyThen it was
groundup to 1200grit SiC grinding papers anthenpolishedby 1 ¢ wrolloidal silicapolishing
suspensionsdP-S suspension During grinding and polishing, ethanol was usedadsbricant
Afterward, the polished samples weegaminedoy SEMcoupled with EDSThen, the key alloys

wereanalysedising Xray PowdemDiffraction (XRD).

3.3 Diffusion couples

The dffusion coupletechniqueis an advancetbol that isoften used to study thiermation of
phases in binary, ternary and multicomporgygtemq 63, 64]. First of all, compared with the
key alloy studydiffusion couple candetermineseveral ternary or binary phase equiin one
sample For this reasondiffusion couples can significantly decrease the requitedbersof key
alloys. However, the preparationof diffusion couples is more complex and difficult than key
alloys. In addtion, the possibility of obtaininga successfutliffusion coupleis much lower than
that of key alloys. Also, some diffusion layers may formand growfaster than othersince the
initiation and growthkinetics of phases are differentherefore some layersnay be too thick
while some phasesre too thin to bexaminedoy SEM.To sum up, diffusiortouples are useful
to analy® phase equilibriaDiffusion couplesneed to be coupled witkey sample to verify the
phase relationshipdn addtion, diffusion coupleshaving different compositioa and covering

different regions of the phase diagrahould bepreparedo compareandconfirm theresults

19



To prepare diffusion couples, two entemberswhich were prepareddm pure metals or alloys,
weregroundup to 1200 grit SiC paper angerep o | i s h e dsingcolloidal sificapolishing
suspensions (OB suspension Then the twoendmemberswere clamped together using
clamping ring The diffusion couplesverewrappedin tantalum foil and werannealed a#50°C

for 7 daysin a quartz tube filled witi\r. The annealing periods of some diffusion couples were

adjusted to form thicker layers or to avoid intensive evaporasaran be seen in Table 3.1

The following diffusion couples were prepared to map the phase diagram of ghéniMr
ternary system at 450°0’he compositions of the emdembers and themeding conditionsof

the diffusion coupleare summarizedh Table 31. Figure 3.Gllustratesthe diffusion couples in
the MgZn-Zr ternary systemDiffusion couples 1 and 2 allow us to determine the phase
equilibria in the Mg-rich sideas expected at 450°Miffusion coupls 3, 4, 5,and 6 were
prepared to determine the phase equilibrithe Zn-rich side becausef the existence of many

intermetallic phases ithe Zn-rich corner

Table3.1 List of the diffusion couples

Diffusion couple Endmemberl Endmember2 Annealingcondition
1 Zr 45 Mg 55 Zn at.% 45F°C 3 days

2 Zr 45 Mg 55 Zn at.% 45F°C 7 days

3 Zr 43 Mg 57 Znat%  450°C 7 days

4 Zr 36 Mg 64 Zn at.% 450°C 7 days

5 Zr 30 Mg 70 Zn at.% 450°C 10days

6 Zr 20 Mg 80 Zn at.% 450°C 2 days
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Figure 3.6 Terminal compositions of thaiffusion couplesn the Mg-Zn-Zr ternary system

3.4 Characterization of samples

In this experimental investigation of the Map-Zr ternary systeminductively Coupled Plasma
(ICP), Scanning Electron Microscopy(SEM) coupled with Energydispersive Xray
spectroscopyYEDS), X-ray Diffraction (XRD) were usedto analyse the diffusion couples and

keyalloys

3.4.1Inductively Coupled PlasmaSpectrometer

The actual compositi@of the alloysvary significantly becauseof the intensiveevaporation of
Mg and Zn Hence,it is extremely importanto determinethe global compositionof the key
samples and enchembersof the diffusion couples The actual compositions of the samples in
this researchvere determinedly Inductively Coupled Plasm@CP). To preparesamples for ICP
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test 50 mg of the sampkewere cutfrom 3 different pars of the keysample, andtheywere put

in a clean beakefConcentrated nitric acisvas slowly added in 0.l installments in order to
dissolvethe sample completelyOnce thesamplewas completely dissolvedmore 1% diluted
nitric acidwas addedn the beakerThen the samplerastransferred to a 50 ml clean and dry
volumetric flask Afterward,the sampleavasdiluted to theconcentrations of-A5 ppm becauseét
was found that the best calibration results were obtained in the interval 1 to 20 Bygfore
testing samples, element calibrations were requiee. calibration solutionsvith 5, 10. 15, 20
and 25 ppm concentration$ Mg, Zn and Zrelementsvere preparedAll the processeare done

in the FumeHood using gloves and safety glasd€d is a precise technique to determined the

globalcompositionof the samples, the determination limit can be 0.2 ppm.

3.4.2 Scanning Electron Microscopy

ScanningElectronMicroscopy(SEM) coupled withEnergydispersive Xray spectroscopfeDS)
was mainly used to ana$g the diffusion couplesand key alloysin terms of the constituent
phases, compositionand morphologies Figure 3.7 represenis schematic of the SEMThe
Backscattered ElectronB$E) imagesare usinghigh energy electrons reflected from the sample
by elastic scatteringThe Scondary Electrons (SHagesare usinglow-energy electrons
ejeced from the sample by inelastscattering interactionBoth of the BSE and SE images
provide the information about the phasesSE images aranore powerfulto observethe
topographyof samples' surfac&SE images are more usefoldistinguishphasedbecause BSE
images have higher concentratmmtrast In this reseaitt, BSE mode was mainly used to obtain
pictureswith good contrastHitachi S3400N (SEM) coupled with Oxfor&nergy Dispersive

Spectromete(EDS) detectowasusedto analysis the diffusion couples and key alloys
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Figure 3.7Schematic othe SEM[65].

EDS is a qualitative andguantitative Xray micro analytical techniquethat candetect the
chemical compositioof the phasesBecauseof the overlapping ofpeaks there is arestimated
2-3 at.% error of EDS resultsTherefore for the chemical composition identification;53
measuremestwerecarried oubn different locations foeachphaseand the average composition
was takeras theactualcomposition The determination limit of the EDS technique is around 1
at.%.The area EDS was also used to identify the composition of the key @loysICP and

EDS results shoedgood agreement.

3.4.3 X-ray Diffraction
X-ray Diffraction is used to study the phaggesent inthe key alloys and to determine the
solubility limits of the phases. For some phases that have similar chemical composition, XRD is

also used tdlistinguishthe phasebased on different crystal structure
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The crystal structure information of the pure elements and binary phases in this wgseem

takenfromthePe ar sonods

thephased r o m

C 1 6¢] e GiF filesDr bet Caystadlaymphic information of
t h e CrysmlBDatabasas Susnmarizedn Table 3.3. The majoritgf the

peaksof the pure elements and binary compouads locatedn the range from Z0to 9(.

Hence, t he

Sspectrum was

acquired fromwas0

addedto the samples for calibrating the zetuft as well as specimen displacementay scans

from a PANalytical Xray Diffract o n

with a

Cu KU r a dweetpdrformed a t

on key alloys. X'Pert HighScore Plus Rietveld analysis softwas@s usedior XRD patterns

analysis The determination limit of the XRD is around 3 volume percentage in a two phase

mixture.

Table 3.3Thecrystallographic informationf thepure elements and binary compounds of the

Mg-Zn-Zr ternary system.

Phase Phase Prototype Space Group Lattice Parameter/nm

a b c
Mg Mg, hP2 P6/mmc (194) 0.3223 0.3223 0.5219
Zn Mg, hP2 P6/mmc(194) 0.2652 0.2652 0.5025
Zr Mg, hP2 P6/mmc (194) 0.3229 03229 0.5164
MgZn; MgZn,, hP2 P6/mmc (194) 0.5220 0.5220 0.5220
ZnyoZr ZnyZr, hP12 Fd-3m O2 (227) 1.4103 1.4103 1.4103
PAQEY VAL Zn3eZrs, mS88 C12/m1 (12) 1.7855 0.8596 1.2546
nsZr CwsAu, cP4 Pm3m (221) 0.4074 0.4074 0.4074
ZnyZr MgCu,, cF24 Fd-3m 02 (227) 0.7400 0.7400 0.7400
ZnZr CsCl, cP2 Pm3m (221) 0.3336  0.3336  0.3336
ZnyZrs 0.7633  0.7633  0.6965
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Chapter 4
Results and discussion

4.1 Experimental investigation through diffusioncouples

4.1. 1 Diffusion couple #1 Zr - Mg45Zn55 at.% (annealed at450°C for 3 days)

Backscattezd electron (BSE) imageof diffusion couple#l; Zr-Mg45Zn55at.%arepresented in
Figure4.1(a). Oneendmembemwas maddrom Zr, and theotherwas maddrom theMgi,Zn;3+
Mg.Zn; two-phase alloyas shown in Figure 4.1 (dpiffusion couple #lwas annealetbr three
days a#45(°C. EDS spot analysis was carried out to measure the compasifiphass, and the
resultsare summarizedn Table 4.1. After analysis eight layerswere observed The phass in
Figure 4.1 (awerecoloredfor clearer presentatiomhree ternary compoundsbeled as IM1,
IM2 and IM3 weredetectedIn addition, avery thinlayerwas observetletweenZone 6(Zn,Zr)
and Zone 8 (Zr). The composition of this layeuld notbe determined by EDS because this
layer wastoo thin The layer wasdeterminedas ZnZr phase based on the-Zn binary system

phase diagram [57].

According to the binary phase diagram of the -Mig system[40], the peritectic reactions:
Mgi2ZnisZz L + MgaZns, MgoZns Z L + (MgZny), occurat 347C and 416C respectively
Thereforethe Mg45Zn55 at.% alloyransforns to liquid and MgZn while annealingat 450°C.
The composition othe liquid could be obtained from the binary phase diagi4j, which was
aroundMg60Zn40 at.%. Interdiffusion happened between Zr andsémisolid endmember
that contaired liquid and MgZn. ZnZr, ZnpZr, IM3, IM2 and IM1 phases formed during
diffusion. While quenching, tte liquid solidified and brmed MgZns and Mg»,Zn;3 phases
However,Mg,Zn; and Mg»Zn;3 phases were not considered togloelibrium phasess theyare

not stable att5@C.
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Mg,,7n;,

TMG 15.0kV 10.1mm x300 BSECOMP 100um

Figure4.1 (a)SEM micrograph ofliffusion couple#l; (b) SEM micrograph of th®1g45Zn55

(at%) endmemberbefore annealing
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Table 4.1 EDS spatnalysis of diffusion couple #1

Phases Composition (abb) Corresponding

Mg Zn Zr phase

: 39 61 0 Mg2Zns

’ 47 53 0 Mg12ZM3

3 22-26 66 812 TVH

: 16 66 18 IM2

> 10 66 24 IM3

° 64 36 ZnyZr

! 50 S0 ZnZr

8 0 0 100 7r

EDS line scan was carried out across the diffusion cdoptetermine the homogeneity ranges
of theternary and binarphasesThe resultsshown in Figure 4.2, indicate that thd1 ternary
compoundis a substiutional solid solution where Mg is substituted by Zrat constant Zn
concentratiorof 66 at.% The homogeneity rangsf IM1 is estimatedas MQ22.26)ZNeeZl 5-12. NO
solid solutionfor IM2 phasewas detected bfDS linescan andits average compositiowas
determinechsMg16ZNnesZris. The homogeneity range of IM3 phasmild notbe determinedrom
this diffusion coupldecause the layer of IM3 was too thin to perform seEDs points across
the layer. The average composition of some points ofdd8g the layelis Mg10ZNesZr24. ZNZY
phase was not detected in the EDS boan,because the layer of this phasdoo thin.When
performing EDS line scan, some points were takithe interface of two layerdhese points
were abandonewhen determiningthe homogeneity ranges of tldetectedphases. No solid

solutionswere olsenvedfor the binary compounds.

The (Mg,Zr¢Zn;, which was reported in the literaturas Mg7s4Zns7.114r1535[62], hassimilar

compositionto the IM2 (MgieZnesZrig). In the literature (Mg,Zr)Zn, was considered assolid
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solution ofMgZn,, because it has simila¢RD patternto that ofMgZn, phase This is doubted
because two compounds can have the same prototypenaitel XRD patters. Further studies
in terms of the crystal structure and composition oftéineary compoundarerequiredand will

be carried out in this work
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Figure4.2 EDS line scan acrodgfusion couple #1

4.1.2 Diffusion couple#2: Zr - Mg45Zn55 at.% ( annealed at450°C for 7 days)

Diffusion couple#2, which hal the sameendmembes to diffusion couple #1was prepared to
study the stability of the existing phasesith longer annealingime. Diffusion couple#2 was
annealedt 450°C for 7 days.The SEM micrographincluding amagnified microstructure of the
area of intergsare demonstrateith Figure4.3. As shown inFigure 4.3 §) to (c), six diffusion
zones were identified by ED§pot analysis. The compositiors and corresponding phasase

summarzedin Table 4.2Thephassin Figure 4.3 (bjarecoloredto improve clarity
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Figure 4.3 (a) SEM micrograph of diffusicouple #2 (b) Magnifiedmicrograph of the white
square area shown in (ag) Magnified micrograph of the dashed white square area shown in (a);

(d) EDS linescan across the diffion zones in(b).

The sequence dfiffusion from zone 1 to zoné canbe writtenas:ZrY Zn,Zr IM3Y | M2
Y IM1Y MgZn,. Except for ZnZrwhich could be missing because it is too thin, the other
phaseshow good consistency witliffusion couple #1Zone 6 (MgZn), asshown in Figure 4.2
(c), is in equilibrium with zone 5 (IM1), that is different from diffusion couple #1 The
morphology in Figure 4 (c) indicates theiduid forms.Duringannealing, MgZnz and Mg 2Zn; 3
phases transformed to Mggphase antlquid (Mg60Zn40 at.%}hrough two peritectic reactions
Mgi2ZnizZz L + Mg»Zng (347°C), Mg2Znzz L + (MgZny) (410°C). Subsequentlyinterdiffusion

happened betweedr and thesemisolid endmemberthat contained liquid and MgZrphase
29



The crack in Figure 4.3 (ay wherethe original interface of diffusiomvas It was clear that
major diffusion happenedtthe Zrendmemberside,becausévig and Zn were more active than
Zr at 450C. A small quantity ofZr diffusedto the Mg45Zn55 at.% allogndmemberside and
formed IM1 phaseThe liquid evaporatedompletelydue to the longannealing time, MgZn
phaseremained in theendmemberafter annealing foi7 days Diffusion couple #2confirmed

thatMg,Znz and Mg,Zn;3 phasesre not stablat45¢°C.

Table4.2 Results ofEDS spotanalysis acrosdiffusion couple #2

Zone Composition (afbo) Corresponding

Mg Zn Zr phase

1 0 0 100 Zr

2 0 64 36 ZnZr

3 10 66 24 IM3

4 15-7 66 17-19 IM2

5 24-27 66 7-10 IM1

6 34 66 0 MgZn;

EDS line scan was used to determine the homogeneity rahdgles phases and the results are
shownin Figure 4.3 (d).The homogemity range of IM1 in diffusion couple 2 was detected as
MQ24-27/ZNeeZr (7-10. The compositions of the IM2 and IM3 weavy16ZnseZr1s andMg10ZNesZr 24,
respectively. The determinedcompositions and #h thicknesses of the ternagnd binary
compoundsn diffusion couplestl and#2 aresummarzedin Table4.3. In terms oftomposition

all phases irdiffusion couple #1showed goodonsistencywith diffusion couple #2 Theslight
difference in theeompositionof IM1 was withn the error range dhe EDS measuremenifter

7 days annealing, the thickness of IM1 layer increased significantly, which means #iagtite

of formation of this phase is high compared to other phades layer thickness of IM2 phase

decreasedThe probable cause of it is the lmeg diffusivity of Mg and Zn inIM2 compared to
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other phasesThe other cause of théicknessreductionof IM2 layer could bedue to more
negative energy of formaticendthe high growth ratef IM1 layer. The layer thickness of IM3

and ZnZr increased slightly witHonger diffusion time. ZnZr phase was not observed in
diffusion couple #2 and the thickness of ZnZr layer in diffusion couple #1 was very thin, that

indicates theinetic of formationand diffusionof theZnZr phase is toslow.

Table 43 Compositions and layethicknesse®f thediffusion couple #land#2

Phase Composition (at.%) Layer thicknessgm)
DC1 DC2 DC1 DC2
IM1 MQ@2226ZNe6Zl (8120  MQ(24-27ZN66ZI (7-10) 45.9 300
IM2 Mg16ZN6eZr 18 Mg16ZNseZr18 24.2 12.7
IM3 Mg10ZNesZr24 Mg10ZNesZr24 3.5 5.9
ZnoZr ZNgaZr3g VA TIVARY 10.9 16.2
ZnZr 0.5 0

Based on theompositios of the diffusion zones and tHeDS line scansthe sequence of the
phases along thdiffusion path can be depictdtbm diffusion couple #1 and#2 as follows
Liquid (Mg60Zn40 at.%) + MgznY | M1IM2Y IM3Y 24rY ZnZrY Zr. The arrows
indicate the phase boundary lind$ie phase equilibria obtained from diffusion cospi¢ and
#2 are representeth Figure 4.4 The two endmembes of diffusion couple #land #2 are
connected by a dhed linein Figure 4.4.The ZnZrwas not observeth diffusion couple #2
which could bedue tothis layer beingtoo thin to bedetectedby SEM. The composition othe
liquid was obtainedrom the MgZn binary phase diagrafdQ]. Diffusion couple #land#2 obey

the mass balance principle becausediffusion patttrossedthe dashetine at leasibnce.
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Figure4 .4 Diffusion path depictettom diffusion couple#l and#2.
4. 1. 3 Diffusion couple#3: Zr - Mg43Zn57 at.% (annealed at450°C for 7 days)

Backscattered electron imagyef diffusion couple #3areillustratedin Figure4.5. Thefirst end
memberwas madefrom Zr and the secondndmemberwas maddrom Mg43Zn57at% alloy
thatis composed oMg;2Zn;3 + Mg.Zns. After annealingat 450°C for 7 days four layerswere
observed and theywere coloredin Figure 4.5 (a)for better observation. The phasegere
analysedoy EDSspotanalysis and the resultarelistedin Table 44. Zone 1, 2, 3 and 4 were
identified tobe Zr, ZnZr, ZnzZr and IM1,respectivelyFigure 4.5 (b) represents the magnified
SEM image near the Zendmember Zone 1 was detected as Zr azwhe2 was detected as
ZnyZr. The ZnZr phaswas notobservedn thisimage which might be because the layer was too

thin to be detectedAs shown in Figure 4.5cj, a thick layer of ZnZr was formed during
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annealing Similar to the previous two diffusion couples, Mgz and Mg»Zn;3 were melted and
transformednto liquid andMgZn, during annealing. Zn diffused faster than Mghe Zr end
membey hencethe sequencef Zn-Zr binary compounds were formed (zone 1 to zone 3). The
forming of athick ZnsZr layer consumed largemaunts of Zn from the semisolid endmember

The diffused Zn atomswere from the liquid and MgZn Meanwhile, the liquidcomposition
shifted towardghe Mg-rich side The composition of the liquid has the tendency to be constant
at Mg60Zn40at.%at 450C. Other Zn sources could be from the decomposifogZn, phase.

Zr diffused to the Mg43Zn5at.% alloy side andstarted forming IM. The IM1 phase with
porositywasobservedn Figure 4.5 (d). The forming qforosity was due tbquid evaporation

during annealing

D e g

R ot

TMG 15.0kV 9.8mm x100 BSECOMP 500um | TMG 15.0kV 9.8mm x1.00k BSECOMP

Line|scan

TMG 15.0kV 8 8mm x300 BSECOMP 100um § TMG

Figure4.5 (a), (b), (c), (dSEM micrograph of diffusion couple #3
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The EDS linescan, shown irFigure 4.6, was performean the diffusion zone® measure the
homogeneity ranges dhe existingphasesThe homogeneity range of IMdlas estimateas
Mg (23257ZN67Z1 (7100 Which showeda good consisteng with the findings obtained from the

previous two diffusion couples. No solid sbility of the third elementvasdetectedor ZnZr

and ZnZr.
100 T T T T T T T T T
9% _ Zr Zn,Zr ZngZr IM1 Eg;
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70- SN
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S 1
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1 ° e A—A _A—A—a
20+
10 ] \.*O—-o—o
0 - —A - I T T = T T T T
0 50 100 150 200 250 300
Distance (mm)
Figure4.6 EDSline scarresultsacross diffusiorcouple#3.
Table4 .4 EDS spotanalysis of diffusion couple #3
Zone Composition (afbo) Corresponding
Mg Zn Zr phase
1 0 0 100 Zr
2 0 64 36 ZnxZr
3 0 74 26 ZngZr
4 2325 67 8-10 IM1
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The phase equilibria obtained from diffusicouple #3arerepresenteth Figure4.7. The dashed
line represents the location of taedmembes. The sequence of phases along thfisiion path
in diffusion couple #3canbe depictedas follows Zr Y ZnyZr Y ZngZr Y IM1 Y Liquid
(Mg60Zn40 at.%) + MgZn

Figure 4.7 Diffusion path depictdébm diffusion couple #3. Numbers in the black boxes

represent the diffusion layerskigure4.5.

4. 1. 4 Diffusion couple #4 Zr-Mg36Zn64 at.% (annealed at450°C for 7 days)

The SEMmicrographof diffusion couple #4is presentedn Figure 4.8. The firstendmember
was madefrom Zr, and the seconéndmemberwas made from th@éwo-phasealloy that
contained MgZpand MgZn; phasess shown in Figure 4.8)( After 7 days annealing &50°C,
sevendiffusion zones werebservedn Figure 4.8 (a) and (b)rhediffuson zoneswerecolored
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for clearerobservation. EDS spot analysis was performed to identify phelse The EDS
results are summarizedin Table 45. Figure 4.8 (b)repregntsthe magnified image of this
diffusion couple near the ZZndmemberside. Avery thinlayerwas observethetween Zone 1
(Zr) and Zone 2 (Zxzr), which wasrecognizedas ZnZr based on the ZAr binary system phase
diagram [57]. However, the actual compmsitof this layer was not determined by EDS because
this layerwastoo thin tobedeteced EDS line scan was carried aattiossthis diffusion couple
and thecomposition profilas shownin Figure 49. Accordingly, IM3 compound was recognized
as Mgi11ZnesZroa. The homogeneity rangeof IM2 compound was determined asvg s
16ZNesZl1820. The homogeneity range of IM1 compoumeis Mg(22-26)ZNeeZ I (s-12), Which agrees
well with theresults obtainedrom previous diffusion couple#As mentioned before, Regt al.
[62] reportedthat (Mg,Zr)Zn, (Mdi17.54£N67.1¥Zr1539 IS an extendedsolid solubility of Zr in
MgZn,. In the currentwork, IM3, IM2 and IM1 pheses are considered as ternary compounds
based on thelearboundaries of the IM3, IM2, IM1 and MgZga phasesn the SEM imagedM1
(zone 6) is formed near toMgZn, (zone 7) in this diffusion couple Therefore the phase
equilibriabetween IM1 and MgZiphasesan beestablishedThe homogeweity range of MgZn

was estimated as Nig34ZNess-68)-

Figure 4.8 €) representshe secondendmemberof diffusion couple #4beforeannealing MgZn,

is locatel in the matrix of MgZns. During annealing, theecondendmemberdecomposed into
liguid and MgZn, through theperitectic reactionL + (MgZn,) Z Mg.Zns (410°C). The
composition of the liquid is Mg60Zn40 at.%. The interdiffusion started between Zr and the semi
solid endmemberthat containel liquid and MgZn. ZnZr, ZnyZr, IM3, IM2, and IM1 formed
during diffusion. Residualliquid evaporatedrom the MgZn endmembeybecausehe annealing

time wasrelativelylong.
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Figure4.8 (a), (b) SEM micrograph ofliffusion couple #4 (c) SEM micrograph of the
Mg36Zn64(at%) endmemberefore annealing
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Table4.5 EDS spotnalysis of diffusion couple#4.

Zone Composition (afbo) Corresponding
Mg Zn Zr phase
1 0 100 Zr
2 50 50 nZr
3 0 67 33 ZnZr
4 11 65 24 IM3
5 14-16 66 18-20 IM2
6 22-26 66 8-12 IM1
7 32-34 66-68 0 MgZn,
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Figure 4.9EDSline scamcross diffusiortouple #4

The diffusion path ofhis diffusion couple carme depictedas follows Zr Y ZnZrY Zn,Zr Y
IM3Y IM2Y IM1Y MgZn,+ Liquid (Mg60Zn40 at.%). Tie phase equilibria obtained from
diffusion couple #4arerepresenteth Figure4.10 The twoendmembes of diffusioncouple #4

are connected by a dashed liumbers in the black boxes represent the diffusion layers in

Figure4.10.
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Figure4.10 Diffusion path depicteffom diffusion couple #4 Numbers in the black boxes

represent thdiffusion layers inFigure4.8.

4. 1. 5 Diffusion couple #5 Zr-Mg30Zn70 at.% (annealed at45(°C for 10 days)

The firstendmemberof diffusioncouple #5vas maddrom Zr, and thesecondendmemberwas
made from Mg30Zn70 at% binary alloy that contaed MgZn, and MgZn;; phases Two
diffusion couples witthe sameendmembes were annealed fardays andhe other forlO days
However, diffusion layers were observed only in the diffusion couple annealelD fdays,
because the diffusion rate in this diffusion couple was siter annealingat 45¢°C for 10 days
six diffusion zones wer&lentified by EDS spotanalysis, as shown in Figure 411(a) and (b)
The EDS spoanalysiswasperformedo eachphaseand the resultaresummarizedn Table4 6.
Zone 1 2, 3 and4 were identifiedas Zr,Zn,Zr, ZnzZr and IM2, respectivelyThe equilibrium

between ZgZr and IM2was observeith this diffusion couple.
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Line scan

Figure4.11 (a), (b)SEM micrograph of diffusion couple #5

Before annealing, the send endmembercontainedMgzZn, and MgZn;;. During annealing,
Mg.Zny; transforns into liquid and MgZn according tathe peritecticreaction L + (MgZny) Z

Mg»Zny; (380°C). The composition of the liquid is abouvig12.5Zn87.5 at.% which was
obtainedfrom the binary phase diagraj#0]. Afterward, nterdiffusiontook placebetween the

solid Zr andthe semisolid endmemberto form six diffusion layers.As shown in Figure 4.11 (b),

IM1 phase was not onfiprmedin zone 5 but also locatesithin MgZn, layer. This is because

Mg and Zn atoms diffused to the @ndmember side and formed the IM1 layer (zone 5), and Zr
atoms diffused into theemtsolid endmemberand formed the IM1 phase in zoneTherefore,

the layer structure of IM1 was observed in zone 5 and island structure of IM1 was observed in
zone 6.Residual liquid evaporated since the annealing time was relatively ToiegZnZr was

not observed in thigiffusion couple, whichcould be because the layer was too thin to be
detected by SEM. The possible reason is the kinetic of formation and diffusion of the ZnZr phase

is too slow.

EDS line scan wasarriedout across zone 4 to zoreand the resultareshownin Figure 4.12
For IM1 compound, Mgwas replaced by Zr while Zn concentration wkept constant. The
homogeneity range of IM1 was estimated to beabgZneesZre-11. For IM2, thehomogeneity
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range was estimated to be Mge)ZNeeZI(18-19).

Table4.6 EDS spotnalysis of diffusion couple #5

Zone Composition (afbo) Corresponding
Mg Zn Zr phase

1 0 0 100 Zr

2 0 65 35 ZnyZr

3 0 73 28 ZnzZr

4 1516 66 18-19 IM2

5 2325 66 9-11 IM1

6 32 67 1 MgZn,

E I B g,

Compostion (at.%)

Figure4.12 EDS line scan across diffusion zoe$ and6.
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The sequence of the diffusi@onesof this diffusion couplecanbe depictedas follows Zr Y

ZnpZr Y ZnsZrY IM2 Y IM1Y MgZn,+ Liquid (Mg12.5Zn87.5 at.%). Ae phase equilibria

obtained from diffusioncouple #5are presentedin Figure 4.13. The two endmembes of
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diffusion couple #5are connected by a dashed liumbers in the black boxe®rrespond to

diffusion layers in Figure 411

Mg,,,,,,,,,,,,,,,,_,_,,Z/n
Zn (at.%) Man2 Liquid

Figure4.13 Diffusion path depictedrom diffusion couple #5Numbers in the black boxes

correspond tehe diffusion layers ifrigure4.11.
4.1. 6 Diffusion couple #6 Zr-Mg20Zn80 at.% (annealed at450°C for 2 days)

The BSE images of diffusiotouple #6arepresentedn Figure 4.14ab). The firstendmember
was madefrom Zr, and the scondendmemberwas maddgrom Mg20Zn80 at% binary alloy
containingMgZn, and MgZny; phass. This diffusion couplevas annea&tl at 450°C for 2 days
After annealing, EDS spainalyss wasused to identify theevendiffusion zones in Figure 4.14
(a). Chemical ompositions and the corresponding phamesummarzed in Table4.7. A new
ternary compound (IM4yas observeth zone6. Besides, thequilibrium between IM4 (zoné)
and ZngZrs (zoneb) could be established in this diffusion coupgtggure4.14 (b is amagniied
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part ofthis diffusion couple Zr, Zn,Zr and ZnZr were detected by ED§potanalyss. Besides,
thereis another phase between Zr and,Zmn It shouldbe the ZnZr phase. However, théger
was too thin tde detectedIn Figure 4.14c), a porousnorphologywas observedAs explained

in diffusion couple #5 initially, Mg,Zn;; transformed to liquid (Mg12.5Zn87.5 at.%) and solid
MgZn, phase Mg and Zn somsfrom the Iquid and MgZndiffused toZr, and Zr atoms from the
Zr endmemberdiffused to the semrsolid endmemberside. The diffusion rate was fast because
of alargeamountof liquid. Therefore the annealing periodf this diffusion couplevas short.
ZnZr, ZrpZr, ZreZr, ZngeZrs and IM4 layersformedduring annealingAfter annealing the end

membercreateda porous structureecaus of theliquid evaporabn.
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Fig 4.14 (a), (b), (c)SEM micrograph of diffusion couple #6 (d) EDS line scan across diffusion

layers.
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EDS line scan was carried out through this diffusion couptketermine the homogeneity ranges
of theternary and binarphasesand the results were presented in Figure 4.145d¥ linescan
was used tstudy the homogeneity range of the IiMdnd the results showed Mg wasbstituted
by both Zr and Zn. The homogeneity range of el estimateds Mgr.9)ZNn7.8nZf (10-15)-

The sequence dfiffusion in this diffusion couple carbe depictedas follows Zr Y ZnzZr Y
ZnZr Y ZngZr Y ZnseZrs Y IM4 Y MgZn, + Liquid (Mgl12.5Zn87.5 at.%). fle phase
equilibriaobtained from diffusiortouple #6arepresentedn Figure4.15 The two enedmembers

of diffusion couple #6are connected by a dashed liNembers in the black boxes represent the
diffusion layers in the Figure 4.1%omparedto diffusion couple #5, diffusion couple #6
followed adifferentdiffusion path, whichs due to thelifferent composition of the secometd
member. Thecompostion of the second enthember ofdiffusion couple #6 was close to
Mg.Zn;;, which means more liquid at 4%D (20 at.% liquid in Mg30Zn70 at.% and 75 at.%
liquid in Mg20Zn80 at.%) [40]

Table4.7 EDS spotanalysis resultsof diffusion couple #6

Zone Composition (afbo) Corresponding

Mg Zn Zr phase

1 0 0 100 Zr

2 0 50 50 ZnZr

3 0 64 36 ZnyZr

4 0 74 26 ZnzZr

5 0 87 13 VAR VAL

6 7-9 77-81 10-15 IM4

7 33 67 0 MgZn;,
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Fig 4.15 Diffusion path depicteérom diffusion couple #6Numbers in the black boxes represent

the diffusion layers ifrigure4.14.
4.1. 7 Summary of the diffusion couples results
In this work, 6 diffusion couples werg@reparedand annealed at50°C. A partial isothermal
section of the MgZn-Zr ternary system a45F°C was constructed by combining thesults of
thesesix diffusion couplesThe phase relatiorere demonstratad Figure 4.16.
The diffusion pattdepictedfrom the diffusion coupleare listedas follows:

Diffusion couple #1Zr ¢ ZnZrf ZnyZri IM3f IM2f IM1;

Diffusion couple #2: Zf¥ ZnyZri IM3f IM2f IM1f MgZn,+ Liquid (Mg60Zn40 at.%);

45



Diffusion couple #3: ZF ZnyZrf ZngZri IM1¥§¢ MgZn,+ Liquid (Mg60Zn40 at.%);

Diffusion couple #4: Zrf ZnZr f ZnpZr f IM3 F IM2 f IM1 f MgZn, + Liquid
(Mg60Zn40 at.%);

Diffusion couple #5: Zif ZnyZr f ZngZrt IM2 f IM1F§¢ MgZn,+ Liquid (Mgl12.5Zn87.5
at.%);

Diffusion couple #6: Zif ZnZr f ZnyZr f ZngZr f ZngeZrs f IM4 f  MgZn, + Liquid
(Mg12.5Zn87.5 at.%).

It is clear thatdiffusion couple #1#2 and#4 followed the same diffusion path. Three ternary
compoundswere detectedn these diffusion couplesonfirming the results of one another
Equilibria between ZgZr and IM3, IM3 andIM2, IM2 and IM1, IM1 and MgZa could be
establishedhrough theseexperimens. ZnZr layer was in equilibrium with IM1 irdiffusion
couple #1 and it was in equilibrium with IM2 in diffusiocouple #5 Based on the phase
diagram rules, phase equilibriubetweenzZn;Zr and IM3 should be establishedhe ZnpZr +
ZnzZr + IM3, IM3 + IM2 + ZngZr, and IM2 + IM1 + ZngZr threephase equiliba were
establishedhrough these diffusion coupleBhe compositions of the ternary phases detected by
EDS indiffusion couple #1- #6 aresummarizedn Table 4.8.The compositionsof the ternary
compoundsare consistent among thdifferent diffusion couple The deviation of the
compostion was within theerror range of the EDS measuremd@tat.%) IM1 and IM2ternary
compoung have substiutional solid slubilities that Mg is substituted by Zrat constant Zn
concentration(66 at.%) The homogeneityrange of IM1 and IM2are Mg 23.25ZNseZrg-12) and
Mgs-16ZNeeZl(18-19), respectively No solid sollility of IM3 was observedin the diffusion

couples and the composition of IM3 compound wdstermined asvigi10ZngeZro4. IM4 was
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detected by ED$neasuremestin diffusion couple #6 EDS line scan results showed tiag
atomswere substitutedby both Zr and Zn atomd’he homogeneity range of IM4 wadg ;.
9ZN77.80Zr(10-15. IN addition,the phaseequilibria between ZgZr and ZngZrs, ZngoZrs and IM4,
IM4 and MgZn were established based on diffusioouple #6results. The layer of ZnAwvas
observednly in diffusion couple #, #4 and#6. The possible reasdor that was this layer was
too thin tobe observedThe possible reason is tkimetic of formationand diffusionof the ZnZr

phase is too slow.

Table 4.8 Compositisof theternarycompoundsased omiffusion couplesanalysis

Diffusion M1 IM2 IM3 IM4

Composition (at.%) Composition (at.%) Composition (at.%) Composition (at.%)

Couple
Mg Zn Zr Mg Zn Zr Mg Zn Zr Mg Zn Zr

DC1 22-26 66 8-12 16 66 18 10 66 24

DC2 24-27 66 7-10 1517 66 17-19 10 66 24

DC3 2325 67 8-10

DC4 22-26 66 8-12 1416 66 1820 11 65 24

DC5 2325 66 9-11 1516 66 1819

DC6 79 7781 1015
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Figure4.16 Partial phase diagradepictedfrom diffusion couples.

The compositions of the liquiere takerfrom the MgZn binary phase diagram [40]. However,
the liquid range wilbe extendedo the ternary area, whiagteeded to be verifiedy key alloys.
The phase equilibria in thdg-rich corner and Zsrich cornes were notclear Key alloys were

designed angreparedto confirm thesdindings of the diffusion couplesnd to identifyother

regions inthis system.
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4. 2 Experimental investigation throughkey alloys

4.2.1 1M1, IM2 and IM3 ternary compounds study

4.2.1.11M1, IM2 and IM3 ternary compoundsphase transformatiors study

Fourternary compounds, namelji1, IM2, IM3 andIM4 weredeterminedy diffusion couples
experiments The key alloys No. 1-3 were prepared to verify the formation dhe ternary
compounddM1, IM2 and IM3,and the phase equililarin the Mg- MgZn;- Zn,Zr as shown in
Figure 4.17 (d) The key alloys were annealedat 450°C for 4 weeks and thebackscattered
electron imageof thesekey alloys are presented fiigure4.17 (a)- (c). SEM coupled with EDS
wasused todeterminethe observedohases. Thactualchemical compositions of the key alloys
were identified by ICP tests and confirmed by EDS area analysis.actual chemical
compositions and theorrespondingphase of the key alloysarelistedin Table 4.9In these key
alloys, MgZn, wasfoundin equilibrium with IM1, IM2 and IM3. As shown in Figure 4.1{d),

this phase relation results anossingtie lines.The possible reason for the crossing tie lines is
that thekey alloys could notreachequilibrium, because of the slow formatikmetics of IM1,
IM2 and IM3 Another assumption is that IMIM2 and IM3 are only compositions of one
extended solid solution between MgZmd ZnZr. However, this assumpticzannot be adopted,
becauselear boundaries between IM1, IM2 and IM3 were observed in diffusion couples #1, #2
and #4, which indicated that they are three different ternary compotihis point will be
tackled further using key alloy No. 4n addition, My,Zn; was observed at the edge of the
MgZn, grains.Liquid formed in these alloys at 4%0) and theMg,Zn; formedbecause of the

diffusion duringliquid solidification. This point will be tackled further using key alloy No. 5.
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— Alloy No. 1
Alloy No. 2

Figure 4.17 (a) SEM micrograph of key alloy N9.(b) SEM micrograph of key alloy N&; (c)
SEM micrograph of key alloy N&,; (d) Phase equilibria depicted from the key alloys.
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Table4.9 List of key alloysNo. 1-3.

Sample Numbel Actual composition (at.% EDS composition (at.% Corresponding Phase

Mg Zn Zr Mg Zn Zr
11 65 24 IM3
37 63 0 MgZn,
1 61.74 3654 1.72
40 60 0 Mg2Zng
70 30 <1 Eutectic
18 65 17 IM2
36 64 0 MgZn,
2 47.46 4925 3.29
40 60 0 Mg.Zn;
73 27 <1l Eutectic
22 66 12 M1
35 65 0 MgZn,
3 41.37 56.77 1.86
40 60 0 M922n3
77 23 <1 Eutectic

From the phase analysis above, it can be seen that INRL,and IM3 have the same Zn
concentration, whicnay suggest that thegghases could be a ternary solid solution extending
from MgZn. Key alloy No. 4 (Mg60.5Zn36.4Zr3.1 at.%yas preparedto provide a better
understanding of the phase relationshipgh the target compositionKey alloy No.4 was
annealedat 45°C for 1 week. The hckscattered electron imageof this key alloy are
demonstratedh Figure 4.18.The ascastsample, shown in the Figure 4.18 (a), contained IM3,
Mg.Znz andMg + Mg,Zn; eutectic. Figure 4.18 (l@nd(c) presenthe same key sample after
weekof annealing at5F°C. According to the Gibbs' phase rule ( # 0 ¢), maximum three
phases can be detected in the equilibrium samplésough the microstructure ohis sample
changed dramatically after annealing, it is stdt in equilibrium This could be attributedo the
short annealing time, which was not sufficiéat the phase transformation being observed in

this sampleAfter 1 week annealing at 480, IM3 phase islecomposingand IM1 is forming
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instead. Between IM3 and IM1, there is another |laych is recogiizedas IM2. Therefore, the
clear grain boundariedbetweenIiM1, IM2 and IM3 compoundsconfirmed that three ternary
compoundsform between the ZiZr and MgZn binary phasesThe resultsshowed good
consistency withthe results obtained frordiffusion couples.Since IM1, IM2 and IM3 are
determined as three ternary compourstsne samplesf the key alloys 1, 2, 3 were not in
equilibrium after4 weeks annealingTherefore, the phase relations and triangulations will be

different from what is presented in Figure 4.17 (d) as will be discussed below.

TMG 15 0kY 10.0mm x2 00k BSECOMP

Figure4.18 SEMmicrographs oample No4 (a) As-cast (b), (c)annealed fof week at 45€C.
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To study thephase transformatigrof the IM1, IM2 and IM3 ternary compoundsdto solve the
crossing tie lines problermew key alloys (No5 andNo. 6) were prepared and anneaiad2
stepsinstead of oneThe first step involves heating the alloys ugts6’C and holding thenfior 2
weeks Thenthey wereanalysed using SEM and XRD.The second step involves annealing the
same alloys for2 more weeks at45(°C, then analyzing them usingSEM and XRD. The
backscattered@mages okeyalloy No. 5 (Mg42.16Zn53.527r4.32 at.%yeshownin Figure4.19.
Figure4.19 @ showsthe SEM4.19 (b) and (cdemonstratehe microstructure of the same
sample(Mg42.16Zn53.527r4.32 at.%gfter 2 weeksannealing a#50F°C. MgZn,, IM2 phases
and eutecticstructureof Mg + MgZn, were detected by EDS spot analy$dsiring annealing,
Mg.Zns phase decomposed according to the peritectic readfigsZznsZ L + MgZn; (410°C)
into MgZn, and liquid IM3 phasetransforned creating IM2 phase. If the cooling rate is slow,
the liquid will form Mg,Zn; and Mg»Zn;3 through two peritecticeactions L + (MgZn,) 2
MgoZns (41FC), L + MgZnsZ Mgi12Zms (347°C). However, the liquid formed the aitectic
structure of Mg #MgZn,, due toquenchingln addition, MgZn; was observedtthe edge of the
MgZn;, grains It formed by diffusionduringliquid solidification. Itwas expectethat avery thin
layer of Mg.Zn;3 alsoforms at the edgeof Mg,Zns. EDS area analysis on the eutesticicture
and MgZn; phasewereused toobtainthe compositionof liquid. The compositionvas estimated
asMg71Zn29at.%and the amount of Zr was less tHaat.%. After4 weeks annealing at 4%0,

the key alloy (Mg28.51Zn66.99Zr4.5t.%) achievedequilibrium containingMgZn, and IML.
Therefore, the IM2 was not a stable phiasthis key alloy.The liquid, however, evaporated and
left porosity as shown in Figure 4.19 (@he composition of the key alloy No. 5 did not change
after 2 weeks annealing, indicates that the liquid evaporation is not a fast process. Even after 4
weeks annealing, the composition of the sample shifted but it was still in the same triangulation,
therefore, thethreephase equilibtim of MgZn, + IM1 + Liquid canbe determinetbecause only
liquid evaporatedluring annealingln addition the thregphase equilibtim of MgZn, + IM1 +

Liquid can besupportedoy key alloy No. 3 which is annealed at 460for 4 weeks, because

53



alloy No. 3 and No. 5 are in the samm@ngluation The composition oliquid can be obtained
from keyalloy No. 3.The compositiorwas estimateas Mg70Zn30at.% and the amount of Zr
was less thaid at.%. The phase relationshipuld be inferredfrom alloy No.5 in different
conditions and theyare shownin Figure 420. Three phasesof Mg + IM3 + Mg,Zn; were
observedn the ascast alloyMgzZn, + IM2 + Liquid were determined in the annealed alloy after
2 weeks annealing at 4%D. The threephaseequilibrium of MgZn, + IM1 + Liquid is

determinedn thesample annealed fdrweeks.

"N

Eutectic

TMG 15.0kV 10.2mm x3.20k BSECOMP

Figure 4.19 SEM micrographs of sample. 5 (a) ascast; (b), (c) annealed for 2 weeks at 450
(d) annealed for weeks at 45{C.
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. ... As-cast
- - :450°C 2 weeks ..
450°C 4 weeks ..

Figure 4.20 Phase relationshipskafy alloy No. 5 in ascast,2 weeks annealing andl weeks
annealing conditions. The actual composition of the key alloy Nio. &cast and 2 weeks
annealing conditions is shovam the diagram and laleel as 5(1, 2). The actual composition of

the key alloy No. 5 at 4 weeks annealing condition is shown on the diagram and labeled as 5 (3).

The chemical compositions and tberrespondingonstituentphase of the key alloy No. 5 at
each annealing stagese listedin Table 4.10. The composition of IM2 afteweeks annealing
was MgoZnesZris. This composition was reportedin the literature [62] as(Mg,Zr)Zn,
(Mg17.54ZNn67.114r1539. It is highly probable that the key alloy in the literature was not
equilibriated because it was annealed only 15 days at@4&hich provedto be insufficient in

the current studyThe currentresults confirm that key alloys No. 3 and No. 5 have reached
equilibrium, whereaskey alloys No. 1 and No. 2 did not. The thrpbase equilibrium in key
alloy No. 5 is MgZa+IM1+Liquid.
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Table4.10Actual composition and corresponding phasdsegfalloy No.5

Annealing Actual composition EDS composition Corresponding
condition (at.%) (at.%) Phases
Mg Zn Zr Mg Zn Zr

11 65 24 IM3
As-cast 42.16 53.52 4.32 40 60 0 MgoZns
100 0 0 Mg
73 27 <1 Eutectic
37 63 0 MgZn,
450°C 2weeks 4216 53.52 4.32
20 65 15 IM2
41 59 0 Mg2Zns
25 67 8 IM1
450°C 4weeks 28,51 66.99 4.50
37 63 0 MgZn,

Key alloy No. 6(Mg75.52Zn22.597r1.89 at.%yas annealedt 45F°C in two sepsthe same as
key alloy No.5. The backscattered image¥ this key alloy are shownin Figure 4.21. Figure
4.21 (a) represents the micrograph of #seastsample No6. Mg, Mg,Zns, IM3, and Zn,Zr
phases weraentified by EDS spot analysig\round 3 at.% of Zr wassubstitutedoy Mg in the
Zny(Zr, Mg) solid solution A peritectic morphology containingn,Zr as aprimary phaseand
surroundedby the peritectic phaséM3 was observedZn,Zr is decomposingo form IM3.
However the process was not completed dunnelting due tothe shorttime. Meanwhile, Mg
and MgZns; wereobservedn the ascast alloy. Although MgZns is not stable at 45Q, it forms
in the ascast conditionsFigure4.21 ) represergthe samplafter2 weeks annealing at 4%0D.
Mg, IM2 and eutectic were observdtl was expectethat he IM3 phase decomposed creating
the IM2 compound because IM2 is the onpghasethat contained Zim Figure 4.21 (k)During
the process of rapid quenching in watearial liquid solidified to eutecticmicrostructure oMg

andMgZn,. The BSE images of the same sampléer 4 weeks annealingre shownin Figure
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4.21 (c) and (d). IM1, Mg and eutectic were observed in the Skivages For the Mgsolid
solution it dissolvesaround4 at.% Zn. With longerannealing IM2 decompose to form IM1.
This key samplewas finally broughtto equilibrium after 4 weeks annealindecausethe
metastable phases were not observed andthe- IM1 + Liquid threephase equilibriumhas
beenreached.The compositionof the eutectic arealentified by EDS area mapping ED®/as

Mg72Zng at.% The Zr amount in the eutecttompositiorwas less that at.%.

Theactualchemical compositions and tlerrespondingonstituenfphass of the key alloysare
listed in Table 4.11.The phase relationgts couldbe inferredfrom alloy No.6 in different
conditionsand theyare showrin Figure 422. Fourphase®f Mg + IM3 + ZnZr + Mg,Znzwere
observedn the ascast alloy.Mg + IM2 + Liquid were determined in the annealed alloy aer
weeks annealing at 4%D. The threephaseequilibrium of Mg + IM1 + Liquid weredetermined

in the4 weeks annealinglloy.
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Figure4.21 SEM micrographs ofa) ascastsampleNo. 6; (b) after2 week annealing at50°C;
(c), (d) afterd weeksannealing a#t5¢°C.

) n,Zr

... As-cast B

- - -450°C 2weeks . -

——450°C 4 weeks - w IM3
' L =IM2

-
-

’ M1 3955
i . Zn, Zr
' 7 7 ———7 7 2
M % %. % Zn
g 9"/0, e\—‘/\? e?

Figure 4.22Phaseelatiorshipsof key alloy No.6 in ascast,2 weeks annealing artiweeks
annealingconditions The actualcompositionof the key alloy No.és shownon the diagram and

labeledas 6.
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Table4.11 Actual composition and corresponding phasesegfalloy No.6

Sample Number Actual composition (at.%) EDS composition Corresponding Phase
(at.%)
Mg Zn Zr Mg Zn Zr

3 65 32 Zny(Zr,Mqg)

pscast 7552 2259 189 0 < < Mo
40 60 0 Mg.Zn;
11 65 24 IM3
16 66 18 IM2

450°C 2weeks 7552 2259 1.89 96 4 0 (Mg)
64 30 6 Eutectic
26 65 9 IM1

450°C 4weeks 7552 2259 1.89 96 4 0 (Mg)
72 28 <1 Eutectic

4.2.1.2 1M1, IM2 and IM3 ternary compoundsXRD study

IM1, IM2 and IM3 ternary compounds wedetectedin this systemThe XRD dataof these
ternary compounds were not availaligheliterature Alloys No.7-9 werepreparedo obtainthe
crystallographic data of thernary compounds. Thectual compositionsvere obtainedby ICP

andthe phasesvereconfirmed by EDS andRD as summarzedin Table4.12.

For crystalstructure refinemergtudyof a new compound singlephasesample is the best and
first choice. However, its difficult to preparea singlephasesamples for the ternary compounds
in the MgZn-Zr system, because tWo reasons. Firstly, Mg and Zn evaporated during melting.
Thus, the composition shifted from the nominal ddecondly as explained in the experimental
procedure it was difficult to preparehomogeneougkey alloys with high Zr content. In the

present worka single phase sample of IM1 wasccessfullypreparedafter several attempts. The
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SEM micrograph of the annealed sample No. 7 {M@nss 121763 at.%)is presentedbelow in

Figure 4.23.The single phase sample was studied by XRihg Rietveldanalysis The XRD

pattern of IM1 is illustrated in Figure 4.24 (a). IM1 compound is determined tothesame

prototype as MgzZnwith the hexagonatructureandP6s/mmc space group.

Table4.12 Actual compositions and corresponding phasdeghlloys No. 7-9

Sample Numbet

Actual composition (at.% EDS composition (at.% Corresponding Phase

Mg Zn Zr Mg Zn Zr By EDS By XRD
7 27.25 65.12 7.63 27 65 8 IM1 IM1
17 65 18 IM2 IM2

8 90.97 6.54 2.50
97 3 0 (Mg) (Mg)
13 64 23 IM3 IM3

9 72.63 19.62 7.76
98 2 0 (Mg) (Mg)

TMG 15.0kV 10.2mm x200 BSECOMP

Figure4.23 SEM micrograph of theeyalloy No. 7.
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Figure4.24(a) XRD pattern of IM2 (b) XRD pattern of IM1 ananodified MgZn;, phase.

The XRD patterrs of IM1 are verysimilar to the MgZa XRD patterns. By replacing 30% of Mg

by Zr, the modified MgZpnpatterrs, as shown in Figure 4.24 (pareperfectly corresponding to

IM1 patterns.This substitution did not shift the peaks because there is no large difference in the
atomic size between M=0.16 nm) and Zr (r=0.159 nn{)67]. The calculated chemical
composition of IM1 was MgZngeZri0, which was consistent with the EDS resultgainedfrom

the key alloys and diffusion couples.

Although the singlgphase IM2 and IM3alloys were not preparedsuccessfly, two-phase
samples No8 (Mdgo.9ZNe 5421250 at.%) and No0.9 (Mg72.63ZN19.6227.76 at.%) containing these
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phasesvere successfullyprepared The micrograpls of the equilibratedsampls are presented
belowin Figure4.25 (a) and (b)SEM coupled with EDS asused to determine the phases and
their chemicalcompositios. Two-phase equilibe of Mg + IM2 and Mg + IM3 were illustrated
from key alloys No. 8 and No. 9 respectivelf£DS results show th&at.% and at.% of Mg in
the Mgsolid solutionwas replaced by Zn in N& and No.9 respectively, which isonsistent

with the literaturg40Q].

TMG 15.0kV 9.6mm x1.50k BSECOMP

Figure4.25 (a) SEM micrograph of sampho. 8 after4 weeks annealing #50°C; (b) SEM

micrograph of samplBlo. 9 after4 weeks annealing @50C.

The XRD patterns of these samples viitentified phasesare shownn Figures 4.26(a) and 4.27
(a). As shown in Figure 4.26a), despite Mg and thenternal calibration standard Si, it was
obviousthat another phasgasin this sample. Because Mg and IM2re identifiedin the EDS
analysis, theunknownpeakswere determinedsIM2 phase.The XRD pattern of the IM#vas
shown in Figure 4.26 (b).The crystal structure and prototype of the IMave not been
determinedyet. Sudies regarding the crystal structure of the2lbfe still neededn the future

work.
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Figure4.26(a) XRD pattern osampleNo. 8 (b) XRD pattern of IM2.

The XRD pattern of sample N@®. is presentedn Figure 4.27(a). The peaks of IM3 were
identified positively using the same methaas sample No.8. The XRD pattern of IM3was
shown in Figure 4.27 (b).The crystal structure and prototype of the IMave not been
determinedyet Studies regarding the crystal structofethe IM3 are still neededh the future

work.
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Figure4.27(a) XRD pattern of sampldlo. 9; (b) XRD pattern of IM3.

The crystal structure and prototype of IMdedeterminedn this work. The XRD peaks of IM2
and IM3 canbe obtainedrom key alloy No. 8 and No. 9, respectively, although the crystal
structureand prototype of théMi2 and IM3 have not been determined, the peaks can be ased t
analyse the samples in this systeifherefore, the XRDanalyss of the key alloys containing
IM1, IM2 and IM3 become feasibl€igure4.28representshe refined XRD pattern dfey alloy

No. 5 in two amealingconditions. As shown in 4.28 (a), IMRJgZn,, Mg.Znz and Mg were
observed in the sample aféweeks annealing. Mg and MgZformed the eutectic structure. In
the sampleannealedor 4 weeks IM1 and MgZn were detectedThese results are consistent

with the EDS resultas shown in Table 4.10

64



(a)

(b)

Figure4.28 XRD results okey alloy No.5 annealed a450°C for (a) 2 weekand(b) 4 weeks.

The XRD analysis okey alloy No.6 is presentedh Figure4.29.Figure4.29 (a) showthe XRD
pattern of the sample aft@rweeks annealingM2, Mg and MgZn weredetectedn the XRD
analysis Asillustratedin Figure4.29(b), IM1, Mg and MgZn weredeterminée by XRD. Hence,
the XRD results confirmed that the IM2 decomposed to When samplesvere subjected to

long annealing.The existence of MgZnindicated that the eutectivas composedf Mg and

MgZn,.
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